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REVIEWS I

M) Check for updates

polymerase |l

The Mediator complex as a master
regulator of transcription by RNA

The RNA polymerase II (Pol IT) complex initiates tran-
scription as part of a preinitiation complex (PIC), which
is about 4 MDa in size in humans'. The PIC contains the
general transcription factors (TFs) TF IIA (TFIIA), TFIIB,
TFIID, TFIIE, TFIIF and TFIIH, Pol II and Mediator
(FIC. 1). Because Pol I transcribes all protein-coding genes
and many non-coding RNAs, including enhancer RNAs
(eRNAs), it initiates transcription at tens of thousands of
sites in a typical human cell. Pol IT is recruited to correct
transcription start sites through the coordinated action of
the PIC and sequence-specific DNA-binding TFs such as
p53. Whereas some Pol II transcripts are short (for exam-
ple, eRNAs or small nuclear RNAs), others can extend to
100kb or more in human cells. Numerous factors, dis-
tinct from those in the PIC, interact with elongating Pol II
to control its function’.

The Mediator complex exists as two composition-
ally and functionally distinct entities, depending
upon whether it is bound to a Mediator kinase module
(MKM), to form a larger cyclin-dependent kinase (CDK)—
Mediator complex. The basic functions of Mediator or
CDK-Mediator are to activate or block Pol II tran-
scription initiation, and to regulate Pol II elongation.
Throughout this Review, we discuss many fundamental
aspects of Pol II transcription regulation — including
initiation, pausing, chromatin architecture, enhancer
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Abstract | The Mediator complex, which in humansis 1.4 MDa in size and includes 26 subunits,
controls many aspects of RNA polymerase Il (Pol ll) function. Apart from its size, a defining feature
of Mediator is its intrinsic disorder and conformational flexibility, which contributes to its ability
to undergo phase separation and to interact with a myriad of regulatory factors. In this Review,
we discuss Mediator structure and function, with emphasis on recent cryogenic electron
microscopy data of the 4.0-MDa transcription preinitiation complex. We further discuss how
Mediator and sequence-specific DNA-binding transcription factors enable enhancer-dependent
regulation of Pol Il function at distal gene promoters, through the formation of molecular
condensates (or transcription hubs) and chromatin loops. Mediator regulation of Pol Il reinitiation
is also discussed, in the context of transcription bursting. We propose a working model for
Mediator function that combines experimental results and theoretical considerations related

to enhancer—promoter interactions, which reconciles contradictory data regarding whether
enhancer-promoter communication is direct or indirect. We conclude with a discussion of
Mediator’s potential as a therapeutic target and of future research directions.

function, molecular condensates and transcription
bursting — focusing on the mechanistic roles of
Mediator. We also propose a model for Mediator func-
tion at enhancers that reconciles evidence for their
direct or indirect regulation of Pol II activity at pro-
moters. We conclude with a discussion of key topics
for future research. For additional information about
Pol II-mediated transcription that is not focused on
Mediator, we direct readers to other reviews on this
topic~°. We note there is extensive literature on the
Mediator complex in plants, a topic we do not discuss
here but that is covered in other reviews®*.

Mediator composition and structure

Although Mediator is conserved from yeast to humans,
its subunit composition and sequences and its over-
all structure have evolved considerably (BOX 1). Yeast
(Saccharomyces cerevisiae) Mediator includes 21 sub-
units and is approximately 0.8 MDa in size, whereas
human Mediator includes 26 subunits and is 1.4 MDa
in size (FIG. 1a and Supplementary Movie 1). The yeast
Mediator complex has a modular organization with
subcomplexes called the ‘head, ‘middle’ and ‘tail, which
can each be biochemically reconstituted. The recon-
stituted yeast modules helped to establish the first set
of high-resolution structural data for the Mediator
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Cyclin-dependent kinase
(CDK)—Mediator complex
Mediator bound to the
Mediator kinase module
(MKM]), which may contain
CDK8 or CDK19; because
MED26 is mutually exclusive
with MKM, CDK-Mediator
consists of 29 subunits.

complex’ . Through genetic knockout or depletion
experiments, individual modules have been shown
to function independently in yeast'*"'%; the head and
middle modules associate directly with Pol II, whereas
the tail does not. This modular architecture is roughly
conserved in mammalian Mediator complexes.

Mouse and human Mediator complexes are highly
conserved, each containing 26 subunits that are exten-
sively interconnected'”-*" (FIG. 1a and Supplementary
Movie 1), suggesting greater functional coordination
between modules compared with yeast. In both yeast and
mammalian Mediator, the MED14 and MED17 subunits
span nearly the entire length of the complex and contact

regions in the head, middle and tail modules (BOX 1).
MED14 and MEDI17 are also part of an a-helical bundle
formed by nine subunits that serves as a major structural
scaffold'”"" (Supplementary Movie 1). In humans, this
a-helical bundle is twice as large as in yeast, supporting a
larger tail module that may integrate more diverse regula-
tory inputs and may direct conformational changes®'. In
both yeast and human Mediator, the tail module is more
flexible compared with the head and middle modules®,
and can adopt distinct conformational states'®.

The four-subunit MKM reversibly associates with
Mediator (BOX 2). Unlike the other Mediator modules
(head, middle and tail), the kinase module exists as a
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Fig. 1| Structures of human Mediator and Mediator-PIC. a| Structural
features of Mediator in the tail-bent conformation®. In this conformation
(compared with the tail-extended conformation), MED23 and MED24
separate in combination with a shift in the MED16 propeller domain. The
scaffold subunits MED17 and MED14 run through the head and middle
modules and contact the tail. For the ‘top view’ shown on the right, structural
disorder among Mediator subunits is indicated as semi-transparent ovals.
The size of the oval correlates with the size of the disordered region
unresolved by cryogenic electron microscopy®. The location of MED6 is
denoted with an asterisk. The middle module includes MED1, MED4, MED7,
MED9, MED10, MED19, MED21, MED26 and MED31; the head module
includes MED6, MEDS8, MED11, MED14, MED17, MED18, MED20,
MED22, MED27, MED28 and MED30; the tail module includes MED15,
MED16, MED23, MED24, MED25 and MED29. See also Supplementary
Movie 1. b | Surface renderings of two views of the Mediator—preinitiation
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complex (PIC) structure®. The Mediator complex is shown in the tail-bent
conformation, suggesting it contains MED16 isoform 1 (REF."%). Mediator sits
atop the PIC, with the cyclin-dependent kinase (CDK)-activating kinase
(CAK) module of transcription factor IIH (TFIIH) sandwiched between the
Mediator hook and MED6. The CAK module is tethered to core TFIIH
through its flexible MAT1 subunit. Consistent with its role in promoting
phosphorylation of the RNA polymerase Il (Pol ) caboxy-terminal domain
(CTD), Mediator positions the CTD near the CAK, which contains CDK7.
The TFIID subunit TATA box-binding protein (TBP) binds DNA upstream
of the transcription start site. The TAF2 subunit of TFIID contacts the TFIIH
subunits p52 and p8 (not shown) to help position the DNA translocase XPB,
thereby promoting its interaction with downstream DNA, the Pol Il jaw
(not shown) and the Mediator hook domain. Finally, the Pol Il stalk is an
interaction hub, making contact with several Mediator subunits and with
TFIE, TFIIH and TFIIB in the PIC. See also Supplementary Movie 2.
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Box 1| Similarities and differences between the human and yeast Mediator complexes

Research in yeast has driven our understanding of Mediator structure and
function. Many basic Mediator functions, such as binding the RNA poly-
merase |l (Pol 1) carboxy-terminal domain, conformational flexibility and
transcription factor (TF)-dependent activation of Pol Il, are conserved from
yeast to humans. However, the regulation of Pol Il-mediated transcription
is more complex in mammals, and mechanistic findings from yeast are not
always relevant in human cells. Recent data suggest that perhaps 80% of
yeast genes do not require TF-dependent regulation*®, in apparent con-
trast to mammalian cells. Some additional distinctions between human
and yeast Mediator are summarized below.

e Different subunit composition and structure: whereas yeast and human
Mediator share a similar core architecture (for example, similar organiza-
tion of orthologous subunits), the structures of yeast Mediator and
human Mediator are different; the figure shows human Mediator in the
tail-extended conformation, which best resembles the Saccharomyces
cerevisiae conformation. Structured regions of MED14 and MED17 are
depicted as ribbons in each structure. The structural distinctions result
primarily from the additional subunits in human Mediator (MED23,
MED24, MED25, MED26, MED28 and MED30) and expanded sequence
in MED1 and MED14, which collectively account for about 600 kDa of
additional molecular mass.

e Diversification of subunit functions: alternative splicing can alter protein
structure and function and is widespread in humans but rare in yeast.
Human Mediator subunits include 363 exons (261 among the 26 Mediator
subunits; 102 in the four kinase module subunits), whereas S. cerevisiae
Mediator includes 27 exons (54 exons in Schizosaccharomyces pombe).

Human Mediator
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stable entity in cells and likely functions independently
of Mediator. For example, the MKM can be isolated
as a stable entity from human cells*, and in yeast, the
kinase module is selectively degraded following nutrient
stress* and can be recruited to genomic loci separately
from Mediator'“*>*. The kinase module subunits CDK8,
cyclin C, MED12 and MED13 are conserved from yeast
to humans, although the sequences and subunit sizes
have diverged. A structure for the yeast kinase module
has been determined?, but high-resolution data for the
human complex are not yet available. The human kinase
module is about 600 kDa in size, and when bound to
Mediator, it markedly alters Mediator function by pre-
venting its association with Pol II**-*%; furthermore,
MKM binding is mutually exclusive with inclusion of
the metazoan-specific subunit MED26 in Mediator®'-*,
resulting in a 29-subunit CDK-Mediator complex.

Disorder and conformational allostery. Disorder
and/or conformational flexibility is a common charac-
teristic of proteins and protein complexes that regulate

Moreover, vertebrates have paralogues of Mediator kinase module
subunits CDK8, MED12 and MED13 (BOX 2).

* An expanded set of TF-Mediator interactions: in accordance with
the diversity of cell types in humans, the number of TFs has expanded
greatly from yeast to humans, from approximately 300 to more than
1,600 (REF.*). The metazoan-specific Mediator subunits are commonly
bound by TFs (TABLE 2), suggesting that these subunits evolved in part to
accommodate an expanding set of TFs. In yeast, the tail subunit Med15
is a major target of TF binding®, whereas TFs target many subunits in
human Mediator (TABLE 2), and complexes lacking the tail can still
respond to TFs

241

Regulation through enhancer—promoter interactions: Pol Il transcription
in humans is controlled by arrays of cell type-specific enhancers,
which interact with promoters across large stretches of genomic

DNA. Such long-range regulation is absent in yeast'*’. In humans, an
expanded Pol Il carboxy-terminal domain (52 repeats of the general
consensus YSPTSPS, compared with 26 in S. cerevisiae) and Mediator
interactions with cohesin®''’*, which is dependent on MED30,

a metazoan-specific subunit**?, may contribute to enhancer—-promoter
interactions

Postinitiation transcription control: Pol Il promoter-proximal pausing

is largely absent in S. cerevisiae, which lacks negative elongation factor
(NELF) and some subunits of the super elongation complex. Human
Mediator regulates Pol Il pausing and elongation in a variety of ways,
including through its metazoan-specific MED26 subunit’’ or through
the Mediator kinase module (BOX 2).

S. cerevisiae Mediator
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transcription®. Mediator is a quintessential example of
disorder and flexibility, having subunits that contain
more intrinsically disordered regions (IDRs) than other
protein complexes of comparable size* (FIC. 1a and
TABLE 1). Large sets of disordered sequences contribute
to Mediator’s ability to undergo phase separation into
molecular condensates™, an aspect of Mediator function
that we discuss later.

Structural disorder and conformation dynamics are
hallmarks of information processing in biology, and Pol I
transcription requires integration of a large number of regu-
latory inputs”. As the primary intermediate between TFs
and the PIC (see later), Mediator serves as a hub through
which diverse and combinatorial inputs can be simulta-
neously coordinated to yield context-specific outcomes;
Mediator’s role as a ‘signal integrator’ is likely enabled by
its intrinsic disorder and conformational allostery™. In
support of this concept, Mediator adopts distinct confor-
mations and interacts with different regulatory factors in
distinct biological contexts. For example, Mediator under-
goes structural shifts upon association with Pol II**** or
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Box 2 | The MKM

The Mediator kinase module (MKM) contains four subunits in yeast or
human cells: cyclin-dependent kinase 8 (CDK8), cyclin C, MED12 and
MED13. Paralogues of CDK8, MED12 and MED13 emerged in vertebrates
(CDK19, MED12L and MED13L, respectively); the biological roles of these
paralogues remain poorly understood, but they appear to be functionally
distinct. The subunit organization of the MKM is approximated in the fig-
ure (CDKS8, cyclin C, MED12 and MED13). Through its association with
Mediator (forming the CDK-Mediator complex), the kinase module deliv-
ers the only known enzymatic activity to the complex. Transcription fac-

functions as CDK-Mediator or as an independent entity. Structural data

for the human preinitiation complex reveal that the kinase module and the

CDK-activating kinase module of TF IIH (TFIIH) bind overlapping sites on

Mediator (the hook region; dashed oval in the figure inset), suggesting that

TFIIH will dissociate from the preinitiation complex upon MKM binding.
The putative location of the kinase module in promoter-bound CDK-

Mediator would position it downstream of the transcription start site (TSS),

which could enable its phosphorylation of, and interaction with, pausing
and elongation factors such as AF4/FMR2 family member 4 (AFF4), nega-

tors (TFs) are a major class of CDK8 phosphorylation targets in human and
yeast cells, although a more diverse set of substrates have been identified

tive elongation

factor (NELF) and positive transcription elongation factor b

(P-TEFb). Inset shows top view of Mediator in tail-extended conformation.

in humans (see the figure). The MKM phosphorylates itself (not
shown) and the Mediator complex (see the figure inset; sites
labelled ‘P’ approximate phosphorylation locations in MED14
and MEDZ26). In general, the MKM appears to be especially
important for driving changes in gene expression, such as during
a stress response or during development’®’%7*243:2**_Because
changes in gene expression are controlled by TFs, these CDK8-
dependent or CDK19-dependent changes likely reflect their
regulation of TF function (see the figure).

The kinase module controls Mediator function by preventing
its association with RNA polymerase Il (Pol ll), as observed in
both yeast and human cells?**°. Consequently, the kinase module
may help to shut down transcription from an active promoter
and/or it may serve to mark a genetic locus for future activation.
In support of the latter hypothesis, several laboratories have
concluded that CDK-Mediator can mark genes for future
activation?*****, which presumably occurs upon dissociation of
the kinase module from Mediator.

Major biological roles of the human MKM include the control
of enhancer function and the regulation of transcription elonga-
tion (see the figure). Many laboratories have demonstrated that
disruption of MED12 function or inhibition of Mediator kinase
activity prevents normal enhancer function and disrupts activa-
tion of gene expression programmes’®’*114246 ' Hyman MED12
may also contribute to enhancer function through binding
enhancer RNA"? and/or through regulation of CDK8 or CDK19

Enhancer
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[—' mRNA

Nucleosome

Enhancer
regulation

MED26

\ " MEDIZ
MED13 L MKM
\CycllnC |
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Pol Il CTD —
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function”?”. The MKM also controls Pol Il promoter-proximal |
pausing and elongation in human cells, most likely through

its association with the super elongation complex (SEC)"’.

It remains unclear whether the kinase module mediates these

—mpp-  ITanscript elongation
A )ﬁ

Paused NELF
Pol Il

CTD, carboxy-terminal domain; DSIF, 5,6-dichloro-1-B-b-ribofuranosylbenzimidazole sensitivity-inducing factor.

Carboxy-terminal domain
(CTD). The disordered
carboxyl terminus of the RNA
polymerase Il (Pol II) subunit
RPB1, composed of heptad
repeats of the general
sequence YSPTSPS, which are
differentially phosphorylated
during Pol Il transcription
initiation, pausing, elongation
and termination.

upon assembly into the PIC*. TF binding can also trig-
ger conformational shifts in Mediator*, and proteom-
ics experiments suggest that some factors preferentially
bind Mediator conformations induced by TF binding,
including the cohesin, CREB-binding protein (CBP; also
known as KAT3A)-p300 (also known as KAT3B) and
SAGA complexes’. Mediator structural shifts also allow
stable, high-affinity Pol II carboxy-terminal domain (CTD)
binding'®** (Supplementary Movie 1) and may activate
Pol IT within the PIC*.

Although yeast and human Mediator are divergent
in amino acid sequence, disordered regions and con-
formational flexibility are conserved in yeast Mediator
complexes™, which similarly show evidence of struc-
tural changes upon binding TFs or Pol II'**". Moreover,
a recent structure of Mediator from the fungus
Chaetomium thermophilum showed evidence of struc-
tural shifts and conformational coupling between head,
middle and tail modules even in the absence of other
bound factors*.

A recent study reported human Mediator structures
with the tail module in two different conformations
(Supplementary Movie 1), called ‘extended’ and ‘bent’.
The structural change appeared to result from incorpo-
ration of distinct MED16 isoforms: a MED16 isoform
lacking only 36 residues at the carboxyl terminus (iso-
form 1) caused a p-propeller domain to shift about 55 A,
thereby bending the tail and shifting the MED23 subunit
about 25 A away from MED24 (at the tail) towards the
head and shoulder region (Supplementary Movie 1).
This ‘tail-bent’ conformation establishes new MED23
contacts with MED14 and MED15. Furthermore, large
portions of MED16 and MED25 become disordered
during the transition from the tail-extended conforma-
tion to the tail-bent conformation'®, which raises the
question of whether other Mediator structured domains
become disordered (or vice versa) in different contexts
(for example, binding to a TE).

Given that IDRs commonly represent protein—protein
interfaces, Mediator IDRs may function, at least in part,

www.nature.com/nrm



Pol Il jaw

RNA polymerase Il domain

composed of subunits

RBP1 and RBP5 that contacts
DNA downstream of the

transcription start site.

as sites of interaction with other regulatory proteins®.
This possibility is consistent with the diverse array of
cofactors that interact with Mediator*. Different sets
of IDRs may be exposed when Mediator is bound to
different factors, and this may contribute to its confor-
mational allostery and may to help regulate the timing
of Mediator’s interactions with other proteins. However,
because IDRs cannot be resolved to high resolution, it is
difficult to determine whether Mediator IDRs undergo
structural reorganization (for example, upon TF binding

Table 1 | Disordered regions in Mediator subunits

Subunit®
MED1
MED4
MED6
MED7
MED8
MED9
MED10
MED11
MED14
MED15
MED16
MED17
MED18
MED19
MED20
MED21
MED22
MED23
MED24
MED25
MED26
MED27
MED28
MED29
MED30
MED31
Kinase module
MED12
MED12L
MED13
MED13L
CDK8
CDK19
CyclinC

Disordered residues®

Propensity score

518-1581¢ 4.0
192-270 2.0
192-246 —-0.6
175—233 1.0
192-268 1.0
1-65 2.0
None NA
None NA
1-50,965-1454 4.2
1-615° 5.4
None 0.6
None 0.9
None -1.5
1-62,159-244 2.8
None 0.1
None -1.6
139-200 0.7
1334-1368 1.0
None 0.3
199-747 2.7
1-480¢ 2.8
None —-0.8
1-42,146-178 1.3
1-55 0.4
1-29 -0.8
None NA
1-75,308-356,619-728,1731-2177 3.9
1-58,633-717,1750-2189 23
429-591,674-887,1472-1630 3.7
310-1109, 1529-1680 4.6
1-49, 340-464 2.4
1-50, 321-502 3.4
245-283 -1.2

CDK, cyclin-dependent kinase. “Subunits with unresolved regions in the structure provided in
REF.* are listed, with disordered residues indicated. The propensity score is also shown, which
estimates the propensity for intrinsic disorder”". Some Mediator subunits (designated ‘NA')
contain too few amino acids to be evaluated by the propensity score metric. Structurally
unresolved regions from subunits highlighted in bold are shown in FIC. 1a.Predicted disordered
residues are given for the kinase module. “Regions that were built by polyalanine chains'®.
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or during PIC assembly). Indeed, removal of the MED1
IDR increased structural homogeneity of Mediator for
cryogenic electron microscopy (cryo-EM) analysis'®.

Mediator controls PIC function

Recent cryo-EM structures of the human PIC com-
plement earlier structural data from yeast*>*. Here we
focus on Mediator and the human (rather than the yeast)
PIC, because the recent cryo-EM data include the entire
TFIID complex (FIC. 1b and Supplementary Movie 2);
by contrast, structural data for yeast PICs thus far have
contained TATA box-binding protein (TBP), but not the
other TFIID subunits. TFIID binds promoter DNA at
three different sites: the TATA box sequence upstream
of the transcription start site, the initiator element at the
transcription start site and the downstream promoter
element. These interactions are mediated, respectively,
by the TFIID subunits TBP, TAF1 and TAF1 with
TAF2 (REFS**). Most human promoters contain at
least one of these sequences, but few contain all three®.
Nevertheless, TFIID binds promoters with different
combinations of sequence elements in a similar but not
identical fashion®.

Structural data for the human PIC reveal that
Mediator and TFIID work together to organize the
PIC on promoter DNA (FIC. 1b and Supplementary
Movie 2), in agreement with prior biochemical and cel-
lular data®-**. Mediator and TFIID cooperate to posi-
tion TFIIH within the PIC, through multiple contacts'®.
TAF2 contacts the p8 and p52 subunits of TFIIH to help
position XPB for interaction with the Pol Il jaw (RPB5
subunit), whereas Mediator contacts XPB through
its hook domain (FIC. 1b and Supplementary Movie 2).
Thus, Mediator and TFIID sandwich XPB and posi-
tion its ATP-dependent translocase for promoter
opening', a first step in Pol II transcription initiation
(see later). Mediator also positions the CDK-activating
kinase (CAK) module of TFIIH, which includes
CDK7, cyclin H and MAT1, within the PIC, through
contacts with MEDG6 and the hook domain (FIG. 1a and
Supplementary Movie 2). This Mediator-CAK inter-
action properly orients the kinase CDK7 for Pol II
CTD phosphorylation'”'®. Furthermore, CDK7 was
observed to adopt an active conformation (compared
with autoinhibited) upon binding Mediator in the PIC".
These data provide a structural basis for prior obser-
vations that Mediator activates the kinase activity of
TFITH">.

TFIID and Mediator also recruit” and orient Pol IT
within the PIC. This sets up the entire PIC structure,
because the remaining PIC factors assemble around
Pol II: TFIIA and TFIIB bind opposite sides of the TFIID
subunit TBP, whereas TFIIE and TFIIF bind directly
to Pol II (FIG. 1b and Supplementary Movie 2). TFIIB
also directly binds Pol II; therefore, TFIID affects the
TFIIB-Pol II interaction through TBP. Mediator inter-
acts extensively with Pol II'’, making contact with the
Pol II stalk (RPB4 and RPB7 subunits), the Pol IT dock
domain (within RPB1), the Pol II RPB3-RPB11 dimer,
RPB8 and the Pol II CTD'"'%,

Biochemical and proteomics data indicate that
Mediator and TFIID directly interact through the TFIID

NATURE REVIEWS | MOLECULAR CELL BIOLOGY
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Hook domain

A region within the Mediator
middle module, at the opposite
end of the tail, which is formed
by MED10, MED19 and the
amino-terminal portion of
MED14.

Stalk

Composed of the RNA
polymerase Il subunits RPB4
and RPB7, the stalk serves as
an interaction hub within the
preinitiation complex.

Bridge helix

An a-helix that spans the RNA
polymerase Il (Pol II) active
site and undergoes structural
changes in coordination

with the trigger loop during
nucleotide incorporation and
Pol Il translocation.

Trigger loop

A domain near the RNA
polymerase Il active site that
transitions between an open
state and a closed state with
each nucleoside triphosphate
added to the nascent RNA,;
helps to detect base pair
mismatches.

subunit TAF7 and the amino terminus of MED26 (REF*%).
Whereas the MED26 amino terminus is structured on
its own”, it is not resolved in current PIC structures'”'%,
suggesting it is not stably bound. Notably, biochemical
and cell-based experiments suggest that Mediator con-
verts TFIID into an active structural state’’. In agree-
ment with these experiments, the structure of TFIID
shifts upon Mediator binding to the PIC'*"".

The PIC is structurally dynamic. Although the PIC
structures show a single conformational state (FIC. 1b
and Supplementary Movie 2), the complex is highly
dynamic. TFIID, TFIIH and Mediator account for
most of the protein density, and each of these factors
contains disordered regions and can adopt different
structures®**°!. Furthermore, Pol II is an enzyme that
generates a substantial pulling force to move along
DNA®, including proofreading and translocation
that require coordinated movements involving the
bridge helix and trigger loop with each newly incorporated
RNA base®. Cryo-EM analysis of the complete human
PIC (that is, containing TFIID and Mediator) revealed
distinct structures, in which XPB, TBP and promoter
DNA were not correctly positioned for transcription
initiation'®. To orient the PIC for transcription initia-
tion, conformational changes involving TFIID, TFIIH
and TFIIE were observed; moreover, rearrangement of
the Mediator hook and knob, combined with a 20° rota-
tion of Mediator around the Pol II stalk, was required
(Supplementary Movie 2). In addition, biochemical and
structural data suggest that a flexible MED7-MED21
‘hinge’ promotes stable Mediator-Pol II association™.
These results underscore the structural dynamics
associated with PIC function.

Structural changes occur not only from spontane-
ous, thermodynamically permissible fluctuations (for
example, from the conformational rearrangement
of the PIC to an initiation-competent form) but also
from energy-dependent enzymatic processes. The XPB
subunit of TFIIH is an ATP-dependent translocase that
activates Pol II transcription initiation by opening the
DNA duplex at the transcription start site, through
the generation of torsional strain®. XPB translocation
not only opens the DNA duplex but also shifts the posi-
tion of the Pol II stalk; this shift disrupts both the con-
tact of MAT1 with the stalk and a structural interface
between the TFIIH subunits XPB and XPD®. Because
the stalk is an interaction hub within the PIC (FIG. 1b),
we speculate that this XPB-induced structural shift may
trigger additional conformational changes among its
associated factors (for example, Mediator, TFIIE and
TFIIH) during transcription initiation. Likewise, XPB
is a PIC interaction hub, and its ATPase-dependent
translocation may initiate conformational rearrange-
ments in TFIID and/or Mediator that could facilitate
Pol II promoter escape.

Mediator undergoes a structural shift upon bind-
ing the Pol I CTD', which orients the CTD for phos-
phorylation by the TFIIH-associated kinase CDK7""'¢
(FIC. 1b and Supplementary Movie 2). During transcrip-
tion initiation, CDK7 phosphorylates the CTD, and it
has been proposed that Mediator may sequentially

bind and release the CTD through a structural gating
mechanism to allow multiple CTD repeats to access the
CDK?7 active site'”'. Because Mediator does not bind
phosphorylated CTD repeats®, this mechanism would
help to release Pol II from contacts with the PIC; that is,
it would facilitate promoter escape, which must occur
for the next phase of transcription: promoter-proximal
pausing.

Pol II pausing and transcript elongation. Following pro-
moter escape, Pol II typically pauses after transcribing
20-80 nucleotides®**. Pol II promoter-proximal pausing is
regulated by a host of factors, including 5,6-dichloro-1-f-
p-ribofuranosylbenzimidazole sensitivity-inducing fac-
tor (DSIF) and negative elongation factor (NELF), which
bind Pol II surfaces that in the PIC are occupied by TFIIB,
TFIIE and TFIIF®. Pol II pausing serves numerous bio-
logical functions and coincides with 5’ capping of the
nascent pre-mRNA. The ‘release’ of pausing is regulated
in part by the kinase CDK9, which is a component of the
super elongation complex (SEC).

The CDK-Mediator complex has a role in controlling
Pol II pausing, at least in certain biological contexts.
Inhibition of Mediator kinase CDK8 inhibits Pol II
pause release (increases pausing) during interferon-y
activation’’; likewise, CDK8 depletion increases pausing
at hypoxia-inducible genes’'. Biochemical and proteom-
ics data revealed a physical association of SEC subunits
with CDK-Mediator, but not with Mediator lacking the
CDK module*"”* (but see below). The mechanism by
which CDK-Mediator may cooperate with the SEC at
Pol II promoter-proximal pause sites remains unclear;
however, Mediator kinase activity may contribute to
pause release, as CDK8 or CDK19 phosphorylate fac-
tors that regulate Pol II pausing, including NELF and
SEC subunits”.

The MKM also influences Pol II-mediated transcript
elongation. Depletion of CDKS or inhibition of its kinase
activity correlates with slower Pol II elongation rates at
gene bodies””>"*. Moreover, MED12 depletion causes
elongation defects and reduced CDK9 occupancy at
gene bodies”, underscoring a functional link between
the MKM and the SEC. Perhaps related to this functional
coordination, acute (2-h degron-mediated) depletion
of MED14 in human cells caused a global reduction in
Pol II transcription’®; however, many genes maintained
expression through compensatory activation of CDK9,
which promotes pause release.

Finally, the Mediator subunit MED26 has been linked
to control of Pol II elongation through interactions
with SEC subunits”. This is notable because MED26
is mutually exclusive with CDK module-Mediator
association’ %, suggesting the existence of distinct,
co-dependent or redundant functions for SEC regulation
through MED26 or through the MKM.

Mediator-TF reciprocal regulation

Mediator subunits lack any discernible DNA-binding
domains, and there is no available evidence that
Mediator can bind DNA in a sequence-specific manner.
In this section, we discuss how Mediator is recruited to
specific genomic locations.
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TF activation domains TFs recruit Mediator to genomic loci. Sequence-specific  ionic strength, yet maintains structural disorder at the
Regions of transcription factors ~ DNA-binding TFs appear to be the main mechanism by  interface®. A key feature of the interaction is a large,
(TFs) that interact with other which Mediator is recruited to the genome, although ~ multivalent interaction surface that involves many
proteins, such as chromatin transcription hubs or molecular condensates’” may dispersed amino acids. Such multivalent interfaces are
;i?f;if?ooégfsd;t:n also contribute (see later). In general, TFs activate observed among TF-Mediator interactions as well,
typically disordered with transcription by recruiting Mediator and chromatin  and binding affinities are typically measured in the
low-complexity sequences modifying factors such as CBP or chromatin remodel-  10-100-nM range®".
and may phase separate at ling complexes such as SWI/SNF to specific genomic
physiological concentrations. locations. TF-dependent recruitment of these factors  TFs control Mediator function. TFs control Mediator
helps to establish conditions favourable for transcrip-  function in part by recruiting Mediator to specific
tion, through histone acetylation (for example, by CBP  genomic sequences, such as enhancers (FIC. 2), to facil-
or p300) and nucleosome remodelling (for example, by itate interactions with Pol II and other PIC factors.
SWI/SNF) around transcription start sites*’. Although However, TFs also appear to activate Mediator func-
the human genome encodes more than 1,600 TFs*', tion through additional mechanisms. Biochemical
only a fraction of these TFs have well-characterized experiments have shown that TFs stabilize Mediator-
molecular mechanisms, and many interact with dif- containing PICs at transcription start sites, providing
ferent Mediator subunits (TABLE 2), suggesting that a longer time frame for Pol II to successfully initiate
subunit-specific TF-Mediator interactions are required  (or reinitiate) transcription’’. In agreement with
to activate TF-specific gene sets. In agreement with this  these findings, transcriptional output is increased
hypothesis, removal of individual Mediator subunits has  in a Mediator-dependent and TF-dependent manner in
been shown to block gene activation by TFs that bind  reconstituted transcription systems™°>*. TF-Mediator
the missing subunit. For example, in mouse embry-  binding coincides with conformational changes in the
onic fibroblasts, knockout of Med1I blocks activation =~ Mediator complex (FIC. 2a), which can be observed even
by nuclear receptors®, and knockout of Med23 blocks  at low resolution'>”, and TF-Mediator binding corre-
activation by ELK1 (REFS**). lates with changes in Pol II activity*””. Consequently,
Few structural details of TF-Mediator interactions  TF-directed structural shifts in Mediator may contribute
are available, owing to the disorder and dynamics of to Mediator-dependent activation of Pol II transcription.
TF activation domains. Available evidence shows that  Such a regulatory mechanism could help to ensure that
TF activation domains retain their disorder even upon  Mediator is activated at the appropriate ‘time and place’
Mediator binding, adopting a so-called fuzzy interface®®.  in the nucleus: when bound by a TF on genomic DNA.
By contrast, the TF-binding surface of Mediator is TF-dependent control of Mediator recruitment,
structured, at least in reported cases. We emphasize structure and function highlights the biological
that disordered or fuzzy interfaces are compatible with  importance of the TF-Mediator interface. Evidence
high affinity and selectivity. For example, an interac-  of TF-induced conformational shifts suggests that TF
tion between histone H1 and its chaperone yields bind-  binding to a Mediator subunit will change its struc-
ing affinities in the picomolar range at physiological ture. However, few data are available, and the results
are mixed: NMR data for the yeast Med15 interaction
with the TF Gal4 or Gen4 show no evidence of Med15
structural rearrangement upon binding®’; by contrast,
NMR data for human MED25 bound to several different
Subunit Transcription factors Refs  E26 transformation-specific (ETS) family TFs* or NMR

Table 2 | A representative set of mammalian Mediator subunits and
transcription factors that bind them

MED1 TRa, TRB, RARa, RXRa, PPARY, VDR, PPARa, ER, AR, GR, 9522026 data of the human vitamin D receptor-retinoid X recep-

HNF4, PGC1a, POU2AF1

tor heterodimer bound to MED1 (REF*’) show evidence

MED14 HNF4, PPARy of structural changes at the Mediator subunit interface
MED15 SMAD2-SMAD4 SMAD3-SMAD4. SREBP1A upon binding the TF activation domain. Notably, in each
- : of these cases (MED25 or MED1), amino acids periph-
MED17 VP16,p53 eral to the main TF-Mediator interface influenced the
MED19 REST structural shift, further highlighting the extended and
MED23 RUNX2, E1A, ELK1 multivalent nature of TF-Mediator interactions. To
MED24 R date, no high-resolution crystallography or cryo-EM
data have been obtained for any TF-Mediator interface,
MED25 ETS factors, ATF6a " presumably because such interactions are too dynamic,
CDK8® MYC 25 despite their high affinity.
MED122 B-Catenin, REST, GLI3 236-238 . . . .
The published evidence of transcription factor—-Mediator interactions is too extensive to catalogue Me,dmtor controls TFfunCl’lOt.i. Evidence that Medlator
here; thisis a curated list. AR, androgen receptor; ATF6q, activating transcription factor 6a; CDKS, reciprocally controls TF function has emerged in recent
cyclin-dependent kinase 8; E1A, adenovirus early region 1A; ER, oestrogen receptor; ETS, E26 years. For example, structural and biochemical experi—

transformation-specific; GLI3, GLI family zinc-finger 3; GR, glucocorticoid receptor; HNF4, s 1 s
hepatocyte nuclear factor 4; PGC1a, proliferator-activated receptor-y coactivator 1a; POU2AF1, ments revealed that a domain within MED.25 .bl.nds and
POU class 2 homeobox-associating factor 1; PPAR, peroxisome proliferator-activated receptor; sequesters ETS TF sequences that are aUtOmhlbltOFY for
RARa, retinoic acid receptor-a; REST, RE1 silencing transcription factor; RUNX2, RUNX family DNA binding. Thus, ETS TF occupancy on DNA was
transcription factor 2; RXRa, retinoid X receptor-a; SREBP1A, sterol regulatory element-binding h din th £ MED25 57§ 1

protein 1A; TR, thyroid hormone receptor; VDR, vitamin D receptor. *Subunit of the Mediator enhanced in the presence o (REF™). Separately,
kinase module. other regions of MED25 participated in multivalent
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Partial PIC

binding of the ETS TF activation domains. This distinct
TF-Mediator interaction (that is, MED25 binding of TF
sequences inhibitory to DNA binding) may also help to
control ETS TF function by increasing its residence time
on DNA.

Mediator could influence TF residence time on
genomic DNA in other ways. At transcriptionally active
loci, a high local concentration of unbound TFs would
compete with DNA-bound TFs and reduce their resi-
dence time, through a mechanism called ‘facilitated dis-
sociation’”. If there is high TF occupancy at enhancer
regions, multiple TFs may bind Mediator simultaneously,

a

ConformatiPnal change Facilitated dissociation ang competitive substitution Dissociation ‘and rebinding

1T 1 T
Mediator
Mediator )
N bed
TFs N
Enhancer
b
Mediator—PIC
(active)
H3K27ac—
/

Mediator-PIC
(active)

which would increase Mediator residence time, because
Mediator would remain tethered to DNA even upon dis-
sociation of one of its bound TFs (FIC. 2a). Identical TFs,
through their disordered activation domains, may also
displace each other on Mediator, through competitive
substitution'® (FIC. 2a). Finally, the TF could be retained
near the enhancer following its dissociation from DNA
if the TF activation domain remained bound to Mediator.
The TF-Mediator interaction would facilitate TF rebind-
ing to DNA (FIG. 23, right). In this way, Mediator and
TFs may cooperate to maintain enhancer occupancy
and activity over physiologically relevant time frames.
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< Fig. 2| Models for Mediator function at enhancers. a | Potential mechanisms of recip-
rocal Mediator—transcription factor (TF) regulation: TFs can induce conformational
changes in Mediator upon binding (left), which may influence Mediator function.
Different molecules of a given TF could exchange with each other on DNA over time,
especially if their local concentration is high'®®, but this may not alter Mediator occu-
pancy if itis bound by multiple TFs (middle). Also, intrinsically disordered activation
domains of TFs may displace each other on Mediator, in a process called ‘competitive
substitution™!, which is favoured at high local concentrations (middle). Finally, TFs may
transiently dissociate from DNA, but if Mediator-bound they would remain positioned
to rebind DNA (right). b | Mediator function at a super-enhancer, which is shown at the

centre, densely bound by TFs, Mediator complexes and other preinitiation complex (PIC)
factors (not shown). This clustering of factors favours a high local concentration of intrin-

sically disordered regions (not shown), which are present in TFs, Mediator and other
PIC components. Mutual weak attraction forces among intrinsically disordered regions

will enforce a high local concentration of these factors (blue shading). Multiple Mediator

complexes can bind the super-enhancer and can be oriented in all directions, to enable
a single super-enhancer to activate multiple promoters at once if they are in spatial
proximity. Enhancer RNAs (eRNAs), which are transcribed bidirectionally from the
enhancers, may contribute to gene activation through the formation of additional
multivalent weak interactions?*® or through binding TFs or other regulatory factors.

Over time, many promoters may colocalize with a super-enhancer, but activation will not

occur unless a PIC can be fully assembled for activation. CAK, cyclin-dependent kinase-
activating kinase module of transcription factor IIH; CTD, carboxy-terminal domain;
H3K27ac, acetylated histone H3 Lys27; Pol I, RNA polymerase II; TBP, TATA box-binding
protein; TFIIA, transcription factor II1A; TFIIB, transcription factor IIB; TFIID, transcription
factor IID; TFIIE, transcription factor IIE; TFIIF, transcription factor IIF, TFIIH, transcription
factor IIH.

Another means by which Mediator controls TF func-
tion is through the Mediator-associated kinases CDK8
and CDK19 (BOX 2). This was first observed in yeast,
which expresses a CDK8 orthologue but lacks a CDK19
orthologue. Numerous studies demonstrated that TF
phosphorylation by yeast Cdk8 could either activate or
inhibit TF function, depending on the TF and the cellu-
lar context'*>'””. In human cells, CDK8 and CDK19 have
an expanded set of substrates compared with yeast’, but
TFs are common targets. On the basis of existing data,
CDKS8 and CDK19 can positively or negatively regulate
TF activity in mammalian cells. For example, sterol
regulatory element-binding protein 1 (SREBP1) activ-
ity is repressed'** whereas STAT1, NOTCH and SMAD
TFs are activated by Mediator kinases”'*>!%. Whether
CDKS or CDK19 phosphorylates TFs as a separate entity
(that is, the MKM) and/or as part of the CDK-Mediator

complex remains an open question.

Mediator function at enhancers

Enhancers are metazoan-specific DNA regulatory ele-
ments that are dispersed throughout the genome. It is
estimated that the human genome contains approxi-
mately 150,000 enhancers'”, but ‘only” about 10,000-
50,000 of them are active in any given cell type'®. Active
enhancers are characterized by bound TFs, acetylated
histone H3 Lys27 and bidirectional transcription.
Importantly, enhancers are mobile in 3D space'”, and
therefore have the potential to interact with multiple

promoters over time.

The bidirectional transcription at active enhancers
generates eRNAs, which are unstable and typically 1kb
or shorter in size'’. The biological functions of eRNAs
remain poorly understood; however, Mediator is capa-
ble of binding eRNAs, perhaps through MED1 (REF.'")
and/or the kinase module subunit MED12 (REF.!"?).

REVIEWS

Binding of eRNA to MED12 was linked to changes in
Mediator kinase function and contributed to the activa-
tion of nearby protein-coding genes''”. Consistent with
these results, other laboratories have linked MED12
to enhancer function''*'", although potential links to
eRNAs were not examined. Enhancer activation during
induction of oestrogen receptor-a required Mediator at
all stages, starting with rapid initiation of eRNA tran-
scription, followed by target gene activation and stable
recruitment of co-activators such as p300 (REF.'").

The MKM also appears to affect enhancer func-
tion in cell type-specific and context-specific ways. For
example, Mediator kinase activity appears to restrain TF
function at super-enhancers — clusters of enhancers that
collectively span several kilobases or more in mamma-
lian genomes — in acute myeloid leukaemia cells''® and
in embryonic stem cells'’; by contrast, CDK8 activity
is required for maximal activation of enhancer-bound
JAK-STAT pathway TFs during the interferon response
in mouse embryonic fibroblasts or human cells”. This
discrepancy in functional outcomes likely results from
CDKS8-dependent or CDK19-dependent phosphoryla-
tion of enhancer-bound TFs, which will differ between
cell types and biological contexts.

Enhancer sequences are characterized by clusters of
TF-binding sites, and, consequently, active enhancers
will be bound by an array of TFs (FIC. 2b). Because typical
mammalian enhancers encompass several hundred base
pairs, and because TFs recruit Mediator to enhancers
through high-affinity binding interactions, it is plausi-
ble that multiple Mediator complexes'* could simultane-
ously occupy an active enhancer (FIC. 2b). In agreement
with this possibility, chromatin immunoprecipitation
followed by sequencing (ChIP-seq) experiments provide
evidence of high Mediator occupancy at enhancers''*'".

Transcription hubs or condensates? Cell imaging exper-
iments have revealed the existence of Pol II clusters in
mammalian cells'**'*! that correspond with sites of active
transcription. Mediator appears to stabilize these clus-
ters, as they are lost upon its depletion”. Combined with
measurements of 3D genome topology, factor occupancy
and gene expression, a model has emerged in which
active enhancers and promoters are juxtaposed in cell
nuclei, whereas transcriptionally silent regions are
sequestered elsewhere'”. Clustering of enhancers and
promoters through spatial proximity will result in high
local concentrations of bound factors such as chroma-
tin remodellers, TFs, Mediator and Pol II (FIG. 2b). Why
did this phenomenon evolve? What are the biological
consequences of this clustering?

IDRs are common among eukaryotic proteins and
are over-represented in transcription regulators'”. A
common feature among TFs is clusters of IDRs within
their activation domains®. These IDR-containing
activation domains directly bind Mediator and also
allow TFs to undergo phase separation at physiologi-
cally relevant concentrations®*'**. Because TF-binding
sites are clustered at enhancers and promoters, TF
binding will similarly cluster the multivalent IDRs on
each TE This clustering may promote liquid-liquid
phase separation'® and the formation of molecular
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condensates. Interestingly, the TF Kriippel-like factor 4
can form localized condensates on DNA at concentra-
tions that are an order of magnitude lower than required
for phase separation in bulk water (that is, in the absence
of a consensus DNA-binding surface)'*®. These ‘surface
condensates’ were observed in vitro but are too small for
reliable identification in live cells, at least with current
techniques. It remains challenging to experimentally
verify condensate formation at transcriptionally active
loci in cells, and precisely how or whether molecular
condensates contribute to Pol II transcription remains
controversial, in part because high local concentra-
tions of TFs, Pol II, Mediator and other factors can be
achieved in the absence of phase separation'”~'%.

Live-cell imaging experiments in S. cerevisiae show
that Mediator, TFIID and Pol II control PIC assembly
in real time as other PIC factors rapidly converge at
sites co-occupied by these three factors”. In addition,
compared with smaller PIC factors such as TFIIB and
TFIIE, Mediator and TFIID show limited diffusion in
yeast nuclei, suggesting they are constrained to scan
specific genomic regions”’. These observations are con-
sistent with the hypothesis that molecular condensates
(or hubs that do not undergo phase separation but retain
high local concentrations of TFs and PIC factors) help
to direct PIC assembly in cell nuclei. Mediator, TFIID
and Pol II each possesses IDRs and are predicted to
undergo phase separation under physiologically relevant
conditions”, which has been confirmed experimentally
for Mediator and Pol IT"**"*-13%3! "Moreover, Mediator
and Pol II condensates will merge and incorporate TFs
within the same condensate’®'**'%,

These and other results'* suggest that condensates or
hubs regulate gene expression through compartmental-
ization, which helps to maintain a high local concentra-
tion of TFs, Pol II, Mediator and other factors, thereby
increasing factor residency time on genomic DNA and
facilitating PIC-promoter assembly. Intrinsic disorder
alone has also been shown to increase rates of binding
interactions'*, independently of condensate formation.
We emphasize that well-characterized high-affinity
protein—protein interactions such as TF-Mediator inter-
actions and protein-DNA interactions such as TATA
box binding by TBP remain essential for Pol IT regulation
regardless of whether condensate formation occurs.

Interestingly, among the cohort of transcription
regulation proteins, Mediator is an outlier in terms of
the number and length of IDRs within its subunits™
(TABLE 1), suggesting that Mediator evolution was driven
in part by optimizing its phase separation properties'*.

Super-enhancers. A functionally relevant distinc-
tion among enhancers is their size; large enhancer
regions, ranging between 5 and 50kb, are often des-
ignated as ‘super-enhancers’**. Because of their size,
super-enhancers will bind more TFs compared with
typical enhancers; more bound TFs will recruit more
chromatin remodellers, Mediator, Pol II and other
PIC factors''>'*'*°, This concentration of factors at
super-enhancers may promote liquid-liquid phase
separation, which, in turn, could influence chromatin
architecture and help to retain active promoters and

enhancers in spatial proximity'*>'*. Indeed, the surface
tension of molecular condensates establishes a force that
can help to pull genomic loci together'*!. In this way,
super-enhancer condensates (or hubs) may complement
other factors such as cohesin, TFs and/or Mediator to
maintain enhancers and promoters in spatial proximity.

Super-enhancers appear to be especially important
for driving expression of lineage-specific genes'*>, which
are among the most highly transcribed genes in any
given cell type. This high level of expression suggests
a requirement for stable clustering of Pol II, TFs and
Mediator, which could be established with the formation
of molecular condensates>'*’. Mediator occupancy is
exceptionally high at super-enhancers (FIC. 2b); estimates
of Mediator occupancy based on ChIP-seq data are a
common means to identify super-enhancers in human
cells'”. The ability of Mediator to promote phase sepa-
ration while interacting with TFs, Pol II and other fac-
tors is consistent with its central role in super-enhancer
function'”. Also consistent with this model, rapid
depletion of Mediator (through a MED14 degron) was
shown to disproportionately affect the expression of
lineage-specific genes in human cells™.

Transcription bursting

Bursting involves multiple transcription initiation
events from the same promoter, in a short time frame
(for example, up to 10 min)'**-'**. In mammalian cells,
bursting appears to be a general phenomenon, gener-
ating numerous transcripts before turning off'*’, with
prolonged dormancy periods'”’. Following a pioneering
round of transcription, additional Pol IT complexes may
assemble at the promoter to reinitiate transcription at
the transcription start site (FIG. 3). On the basis of live-cell
imaging experiments, burst initiation (that is, activation
of transcription at a promoter) correlates with enhancer—
promoter proximity'**, TF binding'* and recruitment of
Mediator and/or TFIIH to the promoter'*’. These events
are not mutually exclusive, and others have proposed
that chromatin looping through enhancer-promoter
interactions may allow complete PIC assembly by
delivering Mediator to gene promoters'”’. Consistent
with this model, forced enhancer-promoter looping
increased the frequency of transcription bursts from
the pB-globin gene promoter in mammalian cells'*.
A Mediator requirement for transcription bursting was
suggested by MED11 depletion experiments in human
cells'**, but the precise mechanisms by which Mediator
may control bursting remain unclear.

A basic requirement for bursting is reinitiation,
which may be facilitated by a PIC scaffold complex
that remains at the promoter after the initial round
of Pol II transcription. Biochemical experiments have
shown that reinitiation occurs more rapidly compared
with a pioneering round of transcription'”, in agree-
ment with the PIC scaffold model. ChIP-seq data pro-
vide general support for scaffold PICs, because bound
PIC factors are commonly observed at loci that are not
undergoing active transcription™ (note that such partial
PIC assemblies may also facilitate rapid induction of
transcription from a dormant state). Direct evidence
for the existence of a reinitiation scaffold comes from
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Fig. 3 | A working model for Mediator function. An enhancer—promoter interaction (loop) is shown on the left, within
alarger topologically associating domain formed by CTCF and cohesin. Mediator is bound to one or more transcription
factors (TFs) that occupy the enhancer, and the preinitiation complex (PIC) at the promoter is fully assembled and active.
Such local architecture of enhancer-promoter chromatin looping could be further stabilized by Mediator-associated
cohesin'®, but this association would be transient (dashed circle) relative to topologically associating domain boundaries
(solid circle). Following a brief, direct enhancer—promoter interaction, the enhancer detaches from the promoter (for
example, through dissociation of TFs from enhancer DNA); however, if one or more TFs remain bound to Mediator, the

complex could remain in an active conformational state. This state could allow continued transcription reinitiation (burst-
ing) from the PIC scaffold complex, provided RNA polymerase Il (Pol 1) and other PIC factors continue to associate for rein-
itiation (right). Ultimately, reinitiation may stop (not shown), because of TF-Mediator dissociation, binding of the kinase
module to Mediator (which would block Mediator—Pol Il interaction) or PIC disassembly. The light blue shading represents
a hub or condensate that establishes a high local concentration of PIC components that promotes transcription initiation

and bursting. TFIIH, transcription factor IIH.

biochemical experiments with yeast nuclear extracts
in which PICs were assembled on promoter DNA and
bound factors were probed by western blotting before
and after addition of nucleoside triphosphates’. On
the basis of these results, the scaffold PIC retained
TFIIA, TFIID, TFIIE, TFIIH and Mediator — that is,
Pol I, TFIIF and TFIIB were missing. Furthermore, the
PIC scaffold was stabilized by a TF (GAL4-VP16 in
this case), and TF binding resulted in a higher rate of
transcription reinitiation™.

TFIID also contributes to transcription bursting
and reinitiation". Mutations in TFIID-binding sites
on promoter DNA decrease burst size or frequency,
suggesting that transcription initiation or reinitiation
is affected'*>'>>¢, TFIID is structurally dynamic® and
undergoes reorganization during PIC assembly'*” and fol-
lowing a pioneering round of transcription'*. Before
transcription initiation, TFIID binds DNA downstream
of the promoter through its ‘lobe C’ subunits TAF1, TAF2
and TAF7 (REFS**). For Pol II to transcribe this region,
the contact between TFIID and the downstream DNA
must be released. Biochemical data suggest that TFIID
does not re-engage downstream DNA following an ini-
tial round of transcription'**, which probably favours

reinitiation from a scaffold PIC. Whereas cooperativity
between Mediator and TFIID is widely reported™™, it is
unclear whether Mediator contributes to TFIID function
during reinitiation and transcription bursting.
Although studies are limited due to the technical
challenges associated with live-cell imaging of transcrip-
tion, reinitiation was suggested to occur every 4s during
a bursting event'*. This fast time frame suggests that
barriers to a pioneering round of transcription, includ-
ing de novo PIC assembly, are removed for reinitiation.
We hypothesize that promoter DNA may remain open
(single-stranded) at the transcription start site, to bypass
the requirement for XPB to rebind downstream DNA
and hydrolyse ATP to melt the template (again) for rein-
itiation. Evidence for the maintenance of an open pro-
moter at highly transcribed genes has been reported'™'*.
Interestingly, evaluation of Mediator’s role in bursting
kinetics by comparing wild type and MED11-depleted
HeLa cells showed that the reinitiation rate was slowed
from 4s to approximately 8s in MED11-depleted cells'*.
Moreover, the burst duration was reduced from 90s in
wild type cells to 68 s in MED11-depleted cells, result-
ing in reduced transcriptional output'®. These results
suggest Mediator is required for rapid transcription
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reinitiation and that a scaffold PIC remains poised
for reinitiation.

Looping: direct or indirect contacts?

In mammalian cells, genomic regions of 1 Mb or more
in size are organized into topologically associating
domains (TADs), which are formed and maintained by
CTCF and cohesin'®'. Within TADs, formation of chro-
matin loops of 10-100kb in size may juxtapose regu-
latory regions such as enhancers and promoters (FIG. 3).
However, because enhancer-promoter loops within
TADs are more dynamic and transient compared with
TAD boundaries'®, they have been challenging to detect.
This challenge is compounded by cell-to-cell variabil-
ity in genome architecture: enhancer—promoter inter-
actions are not uniform across a population of cells'®.
Experiments that assess 3D genome architecture across a
population of cells have shown little correlation between
enhancer-promoter interactions and gene expression
patterns'®’. These data could reflect biological variability
and the limitations of existing assays, or they could indi-
cate that enhancers affect promoter activity at a distance
(that is, indirectly).

Perhaps the best evidence for direct interactions
between enhancers and promoters derives from inno-
vative experiments that showed that enforcement of
enhancer-promoter loops increases transcriptional
output in mammalian cells'*>'®. Moreover, a technique
called ‘Micro-Capture-C’ provided evidence of direct
enhancer—promoter contacts within TADs that appeared
to be maintained in part through cohesin, CTCF and
TFs'*. Prior chromatin conformation analyses similarly
inferred the existence of direct enhancer—promoter con-
tacts during active transcription, resulting in looping
of the intervening chromatin'**'*, and many labora-
tories have provided evidence of Mediator-dependent
enhancer-promoter looping'”*~'”*. Furthermore, data
from yeast suggest Mediator physically connects
TF-bound upstream activating sequences with adja-
cent gene promoters***'7*!7, Collectively, these results
suggest that Pol II is activated through the formation of
direct enhancer—promoter interactions, and that enhanc-
ers may help to deliver TF-bound Mediator complexes to
gene promoters, as a final step in PIC assembly.

By contrast, several groundbreaking reports have
argued against the existence of direct enhancer—promoter
contacts, and suggest that Mediator does not directly
tether promoters and enhancers, but instead implicate
enhancer function at a distance*"'”*. Other studies have
shown that enhancer—-promoter proximity appears to be
maintained by active transcription'”’. A model*' con-
sistent with these findings proposes that TFs bound
to enhancers that are close in space to promoters can
diffuse and bind Mediator at promoter-bound PICs;
TF-Mediator binding then activates Pol II through
induction of conformational changes.

Technological improvements in live-cell imaging have
allowed observation of Pol II transcription and estimation
of enhancer-promoter distances in real time, represent-
ing an exciting advance. Measured enhancer-promoter
distances have ranged between 100 and 350 nm at actively

transcribed loci'?**#7¢-18! These measurements support

a model in which enhancer-promoter proximity, not
direct contact, is the predominant means by which Pol I
activity is regulated in mammalian cells.

The seemingly contradictory results summarized
above raise the question of whether enhancer-dependent
activation of PICs at promoters is direct or indirect.
Addressing this question is extremely challenging given
the transient and dynamic nature of chromatin loops,
their cell-to-cell variability and the requirement of aver-
aging results of chromosome conformation experiments
across cell populations'®. Current estimates of enhancer—
promoter distances are at the practical resolution limits of
fluorescence microscopy. Even at the technical resolution
limit (50 nm or greater) and in the absence of measure-
ment error, it would be impossible to resolve enhancer—
promoter separation'® given the size of Mediator-PIC
(approximately 40 nm). Many live-cell imaging experi-
ments also rely on fluorophores tethered to 5’ ends of nas-
cent RNA transcripts, which may diffuse away from Pol I1,
and this complicates interpretation of data. Moreover,
imaging transcription in live cells requires averaging flu-
orescent signals over time frames of seconds to minutes,
which may prevent detection of transient or infrequent
enhancer—-promoter interactions'®’.

Despite these limitations (all experimental methods
have limitations), live-cell imaging data'®* and chromo-
some conformation methods'* have transformed our
understanding of mammalian enhancers and genome
organization. On the basis of available data and the limi-
tations outlined above, we propose a working model (see
the next section) in which enhancer function requires
direct contact with PICs at promoters; however, this
‘direct’ model retains key aspects of other models that
invoke action at a distance®.

A working model of Mediator function
A model for TF-dependent and Mediator-dependent
activation of Pol II transcription is summarized in
FIG. 3, which attempts to reconcile a diverse and some-
times contradictory set of experimental data, and draws
on concepts proposed by others. The enhancer (or
super-enhancer) shown in FIC. 3 is mobile'”” and densely
occupied by TFs, Mediator, Pol II and other factors,
such as CBP or p300 (REF.'”). At any point in time, the
enhancer may contact nearby promoters, and the proba-
bility of interaction will increase with prolonged proxim-
ity, which could be favoured by tethering elements'®-'%"
Enhancer-promoter contacts could also be favoured by
Mediator interactions with the extended, disordered
Pol I CTD*. In agreement with this concept, defects
in enhancer-dependent gene activation occur upon
Pol II CTD truncation'®, which may partially reflect a
reduced probability of Pol II-Mediator interaction. Note
that the model in FIG. 2b allows a single enhancer to acti-
vate multiple promoters at once, an observation verified
in Drosophila melanogaster and mammalian cells'*>'*.
Simultaneous enhancer interactions with several pro-
moters could be feasible if enhancer-promoter con-
tacts occur through multiple distinct enhancer-bound
Mediator complexes.

To reconcile this model with observations that active
enhancer-promoter pairs are maintained in spatial
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Hysteresis

In the context of Mediator
and transcription, hysteresis
could involve a structural
isomerization to achieve a
more active state, triggered by
transcription factor—-Mediator
binding and/or Mediator—
preinitiation complex
association. These interaction-
induced structural changes
may persist, rendering
Mediator activity dependent
on prior protein—protein
interactions.

Proteolysis-targeting
chimaeras

Bivalent small molecules that
bind a protein of interest and
target it to an E3 ubiquitin
ligase, thereby promoting its

ubiquitylation and degradation.

proximity with little evidence for stable, direct interac-
tion, we combine the well-established structural plasticity
of Mediator with a hysteresis model proposed recently'*.
The hysteresis model postulates that promoters can
remain active after a transient enhancer interaction; that
is, the enhancer does not need to maintain direct contact
with the promoter to continue to influence its function,
because the brief enhancer-promoter interaction stably
alters the structure and function of the promoter-bound
PIC. How could this occur? We propose that TFs (one
or more) could remain bound to Mediator after the
enhancer region moves away from the PIC (FIC. ). This
would require dissociation of the TF DNA-binding
domain from the enhancer, but TF dwell times on DNA
are unexpectedly short in cells, likely due to binding
competition with other TFs'". TFs can alter Mediator
structure®, and TF-Mediator binding correlates with
activation of Pol I within the PIC*"”” and with increased
rates of transcription reinitiation’’. Thus, as long as at least
one TF remains bound to Mediator, and as long as Pol II
and other PIC factors remain clustered around the pro-
moter at high concentration, repeated rounds of initiation
(bursting) could occur in the absence of direct enhancer-
promoter contacts. This ‘Mediator-centric’ model is also
consistent with an independent theoretical explana-
tion for prolonged promoter activity in the absence of
continual, direct enhancer-promoter interactions'*.

We emphasize that despite the Mediator-centric
aspects of the model shown in FIG. 3, the key to tran-
scription activation depends on promoter-bound PIC
factors. A stabler PIC (or PIC scaffold) would increase
the probability of successful transcription initiation and
reinitiation. This is consistent with data that show a cor-
relation between promoter elements that bind TFIID,
such as the TATA box and initiator, and the burst size
(that is, the number of Pol IT complexes that initiate
transcription) and duration'*>'*°. Finally, we note that
maintenance of a high local concentration of TFs and
PIC factors through condensates or hubs™ would favour
prolonged Pol IT activity.

Mediator as a therapeutic target

Mediator has been implicated in myriad diseases,
such as developmental disorders, cardiovascular dis-
eases and cancer'”, and viral pathogenesis, including
HIV and severe acute respiratory syndrome corona-
virus 2 pathogenesis'**'*. This broad spectrum of dis-
eases reflects the general requirement of Mediator for
Pol II transcription.

Enzymes are common targets for molecular thera-
peutics, and an array of CDK8 and CDK19 inhibitors
have been discovered. Existing inhibitors target the
ATP-binding site, which is virtually identical in CDK8
and CDK19, and as a result are unable to selectively tar-
get either kinase. Nevertheless, several Mediator kinase
inhibitors are in clinical trials, which may ultimately
yield treatments for cancers or developmental disorders
linked to CDK8 or CDK19 function'**"”.

Recent insights into the importance of phase sep-
aration in Pol II transcription, and the discovery that
Mediator itself undergoes phase separation, suggest new
therapeutic strategies to influence Mediator function.

REVIEWS

Altered expression of Mediator subunits is commonly
observed in cancer (for example, increased MED1
expression)'?*'’, and we speculate that in some cases
this change may disrupt Mediator-dependent conden-
sate formation and contribute to disease. In support
of this concept, elevated expression of MED1 altered
the properties of transcriptional condensates in cells
and disrupted oestrogen receptor-dependent gene
activation’”. Recent data suggest that beneficial thera-
peutic outcomes can be achieved through modulation
of condensate properties”’, and new targeting strategies
are being developed™”.

TFs are high-impact therapeutic targets because they
establish cell type-specific gene expression programmes
and direct transcriptional responses that are relevant
to all physiological processes. Many oncoproteins and
tumour suppressors are TFs, and many developmental
diseases are caused by mutations in TFs that disrupt
normal TF function or expression*”. TFs activate Pol I
through their interactions with Mediator, suggesting that
disruption of TF-Mediator binding could effectively
block TF function (FIG. 4).

In support of this concept, TF-specific transcrip-
tional responses are blocked in cells lacking specific
Mediator subunits*****. For example, knockout of Med1,
which is bound by nuclear receptors, blocked nuclear
receptor-dependent gene activation in mouse embry-
onic fibroblasts®; similarly, a MED23 knockout pre-
vented activation of ELK1 target genes*>**. Importantly,
different TFs target different Mediator subunits (TABLE 2),
suggesting that blocking one TF-Mediator interface will
not adversely affect activation by other TFs. Indeed, tran-
scriptional responses directed by other signal-specific TFs
occurred normally in cells lacking individual Mediator
subunits®; thus, Mediator subunit loss of function pro-
vides a means to selectively regulate entire gene expres-
sion programmes. Validation of this concept has emerged
in recent years using various strategies to target specific
TF-Mediator interfaces to block TF function®”-2%.
Whereas these proof-of-concept examples used drug-like
compounds or stapled peptides to target a TF-binding
site on Mediator, proteolysis-targeting chimaeras®'’ may
also be effective, provided subunit-specific targeting
could be established*'".

Concluding remarks

The many ways in which Mediator affects Pol II-mediated
transcription create many experimental questions, rang-
ing from the structure of a TF-Mediator interface to the
role of Mediator in chromosome organization. Because
Mediator is a large complex that affects Pol II transcrip-
tion genome-wide, it is a challenging factor to study.
Biochemical experiments, including structural analysis
and in vitro transcription, can best assess mechanistic
questions, but they require isolation of the complex to
near homogeneity. Common cell-based approaches such
as Mediator subunit depletion or knockout trigger a cas-
cade of events due to Mediator’s general role in Pol II
transcription. Furthermore, compensatory mechanisms
involving other transcription co-activators” may be
triggered upon loss of specific Mediator subunits. Such
indirect effects create challenges in data interpretation.
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a Mediator
kinase module

B-Catenin (MED12)

4

Fig. 4 | Mediator as a therapeutic target. a | Structure of the Mediator
kinase module of Saccharomyces cerevisiae”’, in which a MED12 interaction
with B-catenin in human cells is indicated”**. b | The human Mediator
structure is shown, with a subset of identified transcription factor
(TF)-binding sites highlighted. A potential strategy to manipulate TF
function is to block specific TF-Mediator interactions, or to degrade a

b Mediator interactions
with transcription factors

p53
(MED17)

SREBP1A
(MED15)

. ETSTFs
(MED25)

ELK1
(MED23)

Mediator subunit targeted by a specific TF. Because different TFs
bind Mediator at different sites, this strategy may allow gene activation
by other TFs to occur normally. AR, androgen receptor; CDKS8, cyclin-
dependent kinase 8; ER, oestrogen receptor; ETS, E26 transformation-
specific; GR, glucocorticoid receptor; SREBP1A, sterol regulatory
element-binding protein 1A.

Fortunately, innovative methods such as rapid subunit
depletion using degrons continue to improve our under-
standing of Mediator, in part by helping to distinguish
direct versus indirect effects in cells. Here we highlight
some areas that are poised for new discoveries in the

coming years.

e Structure and function: despite major advances in
our understanding of Mediator structure, many
interesting questions remain due to the varied roles
of Mediator in Pol II transcription and its confor-
mational flexibility. For instance, structural and bio-
physical experiments may reveal how Mediator acts

* Enhancer function: the mechanisms by which
Mediator functions at enhancers (for example, direct,
indirect or both direct and indirect) remain unclear,
due in part to the experimental challenges. Related
to this question, whether Mediator binds eRNAs
specifically or promiscuously, such as in the case of
Polycomb repressive complex 2 (REF.*'%), remains to
be determined.

Tethering elements: several research groups have
identified DNA elements that lack enhancer activ-
ity but promote enhancer-promoter interactions
through a ‘tethering’ function'**"'¥". It remains unclear
whether Mediator might affect the function of these
tethering elements, but data from mouse embry-
onic stem cells suggest tethering elements influence
Mediator recruitment to nearby enhancers'®, and we
speculate that such elements may act in part through
recruitment of the CDK-Mediator complex®".
Molecular condensates: the realization that liquid-
liquid phase separation contributes to Pol II tran-
scription regulation has been revolutionary. Mediator
appears to have a central role in the regulation of
transcription condensates, but it remains unclear
whether Mediator condensates possess biophysical
properties that directly affect Mediator functions, or
how its condensate properties could be altered, for
example through post-translational modifications,
conformation switching or alternative splicing of
subunits.

Transcription bursting: although Mediator is known
to regulate bursting'**, the molecular mechanisms by
which Mediator might promote rapid reinitiation at
scaffold PIC assemblies is not understood.

to thread the Pol II CTD through the CDK7 active
site during transcription initiation, and additional
Mediator conformational changes may be resolved
to high resolution using cryo-EM.
e Compensatory responses and Mediator subcom-
plexes: is Mediator required for all Pol II tran-
scription? Rapid, 2-h depletion of MED14, which
disrupts Mediator structure, showed that Pol II can
continue to transcribe some genes despite a 90%
reduction in MED14 levels; this condition revealed
a compensatory mechanism involving positive tran-
scription elongation factor b (P-TEFb)’®. Although
MED14 loss over longer time frames (60 h) revealed
expected global reductions in Pol II transcription”,
these results collectively suggest that Pol II tran-
scription can occur in the absence of Mediator,
at least temporarily. Mediator subcomplexes may
contribute to P-TEFb compensation, but it remains
to be determined whether Mediator complexes
with altered subunit composition (for example,
missing MED14 and other subunits) could help
to control gene expression in mammalian cells.
Similarly, there is great potential for variation
through alternative splicing of Mediator subunits,
but few isoform-specific functional roles have been
reported*.
Regulatory functions beyond enhancers and promot-
ers: studies in model organisms and in mammalian
cells have implicated Mediator, at least peripher-
ally, in the control of co-transcriptional splicing”",
termination*®*'” and mRNA export?'®.
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