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Abstract

Although we have made significant progress, we still possess a limited understanding of how 

genomic and epigenomic information directs gene expression programs through sequence-specific 

transcription factors (TFs). Extensive research has settled on three general classes of TF targets in 

metazoans: promoter accessibility via chromatin regulation (e.g., SAGA), assembly of the general 

transcription factors on promoter DNA (e.g., TFIID) , and recruitment of RNA polymerase (Pol) II 

(e.g., Mediator) to establish transcription pre-initiation complex (PIC). Here we discuss TFs and 

their targets. We also place this in the context of our current work with Saccharomyces (yeast), 

where we find that promoters typically lack an architecture that supports TF function. Moreover, 

yeast promoters that support TF binding also display interactions with cofactors like SAGA and 

Mediator, but not TFIID. It is unknown to what extent all genes in metazoans require TFs and their 

cofactors.

Graphical Abstract. Promoter activation.

TFs bind to their cognate sequences in enhancers and promoters, where they coalesce cofactors to 

increase chromatin accessibility and assembly of the transcription machinery.
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Enhancer–Promoter Communication

Logic of gene regulation

Cells need to constantly produce more biomolecules to maintain homeostasis. Maintenance 

of homeostasis also requires cells to reprogram themselves in response to environmental 

changes [1]. This is achieved by regulating gene expression. In maintaining the basic 

constituents of life that exist in all cells, each gene often needs to be expressed at a 

characteristic level relative to all other genes. The promoters that drive such constitutive 

expression may have a fundamentally common architecture. If they do not change in a gene-

specific manner in response to signaling events, then they would not have evolved gene-

specific control. Reprogramming in response to environmental and cellular signals is 

expected to incur additional regulatory architectures that tie the signal(s) to increased or 

decreased gene expression from its prior state [2, 3]. This creates a large dynamic range of 

expression that is focused in part on the initiation of transcription as one of many points of 

gene regulation.

To achieve these systems requirements, each gene may be under the control of a basic core 

promoter having a limited range of output [4]. Cis-regulatory elements (enhancers) can 

augment output as needed [5]. Whether all aspects of transcription initiation control can be 

classified into these two broad groups (core promoters and enhancers) remains to be 

determined. In mammals, it is unknown whether all genes are defined by enhancers, or just 

those that require a greater dynamic range of control than can be offered by a core promoter 

architecture. How enhancers communicate with core promoters remains an active area of 

investigation with many outstanding questions. For example, what exactly are the protein 

constituents of enhancers, and their function? How diverse is their composition? What are 

the protein-protein interactions that define enhancer-promoter connectivity? How pervasive 

and diverse are condensates that bring multiple promoters together into hubs of greater 

activity? Here we review some of the literature that has helped elucidate our understanding 

of gene control through regulated transcription initiation.

Core promoter and enhancer basics

Gene regulatory elements are highly prevalent in mammalian genomes, albeit promoter 

elements are not always all present in every promoter and the biological functions of some 

elements are unclear [6]. Among those gene regulatory elements are individual and clusters 

of sequence motifs that act on core promoters locally or from afar [7] (Fig. 1). Long-range 

interactions by promoter-enhancer loops fundamentally contribute to the control of 

transcription [8]. A core promoter with a transcription start site (TSS) assembles RNA 

polymerase (Pol) II transcription machinery with general transcription factors (GTFs) 

TFIIA, -B, -D, -E, -F and -H to establish a pre-initiation-complex (PIC) [9]. However, 

transcription driven only by a core promoter which lacks gene-specific enhancer elements is 

usually at a low level [9]. Core promoter sequences that would drive specificity seem to be 
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largely undefined in mammalian and yeast systems, although a small fraction of all core 

promoters have a variety of site-specific DNA regulatory elements [6]. These range from 

TATA boxes [10] that help define the transcription start site (TSS) to dispersed sequence-

specific transcription factor (TF) binding sites (in mammals) with less-defined positioning 

[11]. The TATA box binds the TATA-binding protein (TBP) to position the PIC [12], 

whereas surrounding TF binding sites help recruit the transcription machinery. Invertebrates, 

as modeled through Drosophila, appear to have much more defined core promoter elements 

[13].

High levels of transcription at genes is achieved by enhancers acting on core promoters, 

often in a tissue-specific manner [14]. Active transcription at enhancers also appears to be a 

critical but poorly understood phenomenon [15]. Enhancers are bound by transcription 

factors (TFs) that recognize 6–12 bp-long DNA sequences. The traditional classification of 

gene regulatory elements define promoter and enhancers as having distinct molecular 

features that are placed far apart. However it has been shown that regulatory elements can 

have both promoter and enhancer activities [16]. Chromatin immunoprecipitation followed 

by high-throughput sequencing (ChIP-seq) [17, 18] has identified the bound locations of TFs 

genome-wide. TF binding can increase or decrease at diverse sets of enhancers at different 

cell developmental stages or conditions [19–22]. Such dynamic and context-dependent TF 

occupancy often corresponds to combinatorial interplay of multiple cofactors and regional 

deposition of epigenetic markers like histone acetylation or DNA methylation.

CTCF and 3D architecture

Enhancer-promoter communication has traditionally been observed to occur in the context of 

chromosome folding. Eukaryotic genome organization is constructed in part for the 

formation of self-associating domains and enhancer-promoter communication. Current 

models of eukaryotic genomes depict a hierarchical series of folding steps, bringing genomic 

regions that are relatively distal from each other into close proximity, particularly within 

“topologically associating domains” (TADs) [23]. These steps may be driven by TFs with 

the consequence of orchestrating developmental programs [1, 24, 25]. TADs allow distal 

enhancer factors and their target promoters to coalesce [26].

How TFs interact with or maintain their interactions with targets in the context of TAD 

formation is unclear. In mammalian nuclei, cohesin directs TAD formation through a ‘loop 

extrusion’ process. CTCF anchored at looped barriers interacts directly with cohesin to 

protect it from loop release [27]. CTCF occupancy does not always coincide with TAD 

insulation that restricts enhancer activity to within the TAD. In one view, enhancers might 

scan throughout a TAD for its intended target promoters. This might contribute to the 

formation of genome topology that is cell-type specific [28].

Condensates

Eukaryotic cellular processes require the coalescence of molecules to facilitate their 

interactions and reactions [29]. During induced transcription, the concentration of Pol II is 

increased locally in membrane-less compartments, within which its unstructured and highly 

repetitive C-terminal domain (CTD) undergoes cooperative liquid phase separation [30]. The 
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transcription events led by Pol II clustering are often related to super enhancers, that 

compartmentalize and concentrate large quantities of TFs, cofactors (like Mediator and 

BRD4), and the transcription machinery [31–33]. Super enhancers are clusters of smaller 

enhancers that are located close to each other, with the effect of compartmentalizing and 

concentrating the transcription apparatus [32, 34, 35]. This model is supported by a large 

body of molecular genetic evidence and advanced live-cell imaging methods. A series of in 
vitro reconstitution experiments validated the role of intrinsically disordered regions of TFs 

and Mediator subunits in formation of liquid droplet condensates. They typically assemble 

together through multivalent interactions among proteins and nucleic acids (Fig. 2) [31, 33, 

36]. However, not all observations of condensates may be physiologically real [37].

Condensate/enhancer composition

The gene expression driven by super enhancers and molecular condensates are likely 

fundamental for cell identity or fate-determined processes [38]. For example, in mouse 

embryonic stem cells, the key regulatory transcription factors that will maintain ESC state 

and control gene expression programs are OCT4, SOX2, and NANOG [39]. Those master 

transcription factors that define the cell identity are highly co-occupied at super enhancers 

[31, 32]. Apart from TFs, signaling factors for the WNT, TGF-β, and JAK/STAT pathways 

can also be recruited to the super-enhancer-associated condensates [40]. A recent study 

found that kidney injury lead to enhancers/super enhancers activation in responding to cell 

injury and repair [41]. Pharmacological inhibition of BRD4 to block enhancer activation 

impaired recovery of injured kidney cells. Transcription factors HNF4A, GR, STAT3 and 

STAT5 were identified at those elements, indicating their roles in shaping the enhancer 

landscape in the regulation of kidney repair.

Cofactors

One broad category of TF cofactors includes complexes that chemically modify (acetylated, 

methylate, etc.) histones or conformationally remodel nucleosomes [42]. They endow TFs 

with the ability to alter the chromatin accessibility that is critical for PIC assembly. Another 

broad category of TF cofactors regulates genes via their ability to connect TFs to the 

transcription machinery. Mediator is one cofactor complex that links TFs to Pol II. At least 

in metazoans, TFIID may represent another cofactor complex that links TFs to GTFs 

through TFIID TAF subunits. Together they stimulate the assembly and function of PICs 

independent of TF distance and orientation from the core promoter [43–46].

Activation by recruitment is one of the best-studied regulatory mechanisms and there is 

overwhelming evidence to suggest that this is a major means of transcription stimulation in 

eukaryotes [47, 48]. Evidence for interactions between TFs and cofactors has been 

accumulated by in vivo and in vitro assays. In vivo cell environments provide the natural 

context in which protein-protein interactions reside. However, ascertaining direct 

interactions which help define mechanistic relationships is confounded by non-native 

artificial experimental reconstitutions and by co-localization events that are not necessarily 

direct interactions. Biochemical reconstitutions help delineate direct versus indirect 

interactions. However, they typically do not recapitulate the native context of properly 

organized and folded chromatin, along with appropriate condensates.
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A yeast model for enhancer-promoter organization.

We have recently mapped the binding location at near-bp resolution of most classes of 

genome-interacting proteins in the budding yeast Saccharomyces cerevisiae by ultra-high 

resolution chromatin immunoprecipitation followed by exonuclease (ChIP-exo assay) [3, 

49–54]. The 5’-3’ single-stranded exonuclease is stopped by an immunoprecipitated protein-

DNA crosslink, thereby marking the location of the crosslink for a particular protein via the 

digested DNA 5’ end. Not only does its near-bp resolution allow the positional organization 

of chromatin proteins to be precisely determined, but their characteristic exonuclease 

stoppage patterns in bulk cells provides a view of potential interacting partners. These 

partners may not bind DNA directly, but crosslink through DNA-bound TF, thereby 

producing the same ChIP-exo pattern as the underlying TF. From this, and the bulk of 

related experimental literature in Saccharomyces, we have gained some fundamental 

overarching principles of enhancer and core promoter organization that guide our discussion.

We find that most promoters are active in yeast and have a PIC assembled near its TSS. Two 

fundamental gene classes arise based on their molecular architectures at promoter regions: 

constitutive and induced. Most promoters evolved an architecture that allows for constitutive 

gene expression only (Fig. 3). No TFs or their binding sites or cofactors are found at these 

genes beyond a subset having sequence-specific nucleosome organizing factors. They 

position the −1 and +1 nucleosomes that flank an intrinsically nucleosome-free promoter 

region (NFR). Underlying sequences like poly(dA:dT) tracts, along with chromatin 

remodelers, drive constitutive nucleosome exclusion in these NFRs [55]. The combination of 

an NFR and +1 nucleosome may promote a constitutively low level of PIC assembly. This 

limited architecture appears to suffice for many yeast genes.

In contrast, ~20% of yeast genes have their expression directly controlled by inducible 

sequence-specific regulatory TFs and their cognate cofactors. This inducibility involves TFs 

creating local nucleosome depleted regions (NDRs). NDRs are distinct from NFRs in being 

intrinsically nucleosomal and having regulated depletion rather than a constitutive absence 

of nucleosomes. At inducible promoters, regulated depletion occurs through TFs and their 

cofactors, whereas at constitutive promoters, nucleosome positioning rather than depletion is 

a key characteristic.

At inducible promoters, nucleosomal dynamics are critical. There, TFs directly engage with 

chromatin cofactors like SAGA and NuA4 for histone acetylation, and RPD3-L for 

deacetylation. They also interact with SWI/SNF for nucleosome eviction or Ssn6/Cyc8-Tup1 

for nucleosome stabilization (Fig. 3). TFs then drive PIC assembly through TBP and 

Mediator recruitment. Remarkably, this PIC assembly appears to involve TBP without the 

TAF subunits of TFIID (although do involve TAFs that are part of SAGA). TFIID appears to 

provide PIC assembly at promoters that lack a relationship with TFs and the other cofactors 

(i.e., constitutive promoters). However, TFIID may contribute to basal transcription at 

inducible promoters in yeast, independent of TF-cofactor relationships. Beyond perhaps 

Rap1, we find little or no stable interactions between TFs and TAFs. Since TFIID in general 

may not be a stable TF target in yeast, it raises an interesting contrast to metazoan systems, 

where there is more abundant evidence for such interactions.
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TF-cofactor regulation of chromatin

Eukaryotic cells employ a wide range of histone modifying enzymes and chromatin 

remodelers to regulate DNA accessibility [56]. They are targeted to specific promoters 

through sequence-specific interactions of TFs that interact with these chromatin regulators. 

We focus here on a few examples of their interactions with TFs.

TF interactions with nucleosome modifiers.

CREB-binding protein (CBP) and its homologue p300 catalyze the acetylation of histone H3 

at amino acid K27 specifically at nucleosomes located within active enhancers [57, 58]. 

While p300/CBP bind chromatin at both active and poised enhancers, the acetylation on 

H3K27 at the poised enhancer cannot be established by CBP/p300 until it is recruited [59]. 

Then the transcriptional network is triggered. CBP/p300 are TF cofactors that interact with 

more than 400 binding partners [60]. Through a series of biochemistry assays including pull-

down (using immobilized protein to capture diffusible proteins) and electrophoretic mobility 

shift (EMSA, which measures the slower migration of protein-DNA interactions in an 

electric field), p300 was found to interact with STAT1 homodimers that are bound to DNA 

[61]. Structural analysis of the interactions revealed that activated and dimerized TFs IRF3 

or STAT1 can bind p300 and enhance the HAT activity of p300 [62–64].

TF interactions with nucleosome remodelers.

ATP-dependent chromatin remodeling complexes can reorganize nucleosomes to regulate 

chromatin accessibility. At specific genes, selective co-occupancy of Pol II with chromatin 

remodeler SWI/SNF in yeast and mammalian cells indicate that remodelers could be 

recruited through direct interactions with gene-specific activator [65]. A well-studied 

example of TF-cofactor interactions in mammalian cells that drive nucleosome depletion or 

alterations are the TFs OCT4, SOX2, and NANOG [39]. As a pioneer transcription factor, 

OCT4 may bind to nucleosomal DNA, leading to chromatin opening that is necessary for 

gene expression [66, 67]. OCT4 physically interacts with the BRG1 subunit of SWI/SNF 

chromatin-remodeling complexes [68]. In OCT4-depleted stem cells, chromatin accessibility 

examined by ATAC-seq is significantly reduced at OCT4 targets. OCT4-dependent ATAC-

seq accessible regions also coincide with BRG1 occupancy detected by ChIP-seq, 

suggesting that local inaccessible regions are opened with BRG1 [66, 69]. OCT4 recruits 

P300/CBP to acetylate nucleosomes through chromatin reader BRD4 [70]. BRD4 directly 

interacts with OCT4 to determine pluripotent states [71].

SAGA cofactor

The histone acetyltransferase (HAT) GCN5 is part of different chromatin-modifying 

multiprotein complexes, most of which are conserved from yeast to human [72]. GCN5 is 

part of SAGA, SAGA-like complex (SLIK/ SALSA), Spt3-TAF9-GCN5L acetylase 

(STAGA), TBP-free TAFII-containing complex (TFTC), and p300/CBP-associated factor 

(PCAF) [73]. The SAGA complex in yeast is a well-studied GCN5-containing complex and 

its functions serve as a model for other SAGA like complexes in metazoan. The SAGA 

complex functions through its GCN5 histone acetyltransferase (HAT) [74] and 

deubiquitinase (DUB) activities [75], as well as assisting the recruitment of TATA box 
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binding protein (TBP) to inducible (SAGA-dominated) genes through TF interactions [76, 

77]. SAGA has been variously reported to be gene-selective but also general to all genes [78, 

79]. It may be that its role in TBP delivery is gene-specific, whereas its HAT and DUB 

activities may be more general [80].

TF-SAGA interactions

Tra1 is the largest subunit of yeast SAGA and a major target of TFs. The direct protein-

protein interaction between Tra1 and the yeast Gal4 TF was first detected by fluorescence 

resonance energy transfer (FRET) assay in living cells [81]. Further, Gal4-Tra1 interactions 

are important for the SAGA recruitment. Photo-crosslinkers on the Gal4 activating domain 

also identified Tra1 as a Gal4 interacting target in vitro [82]. Also based on ChIP and other 

biochemical studies, Spt3 and Spt8 subunits of SAGA stimulate TBP recruitment to 

promoters [76, 77, 81]. There are two PIC assembly pathways in yeast, depending on the 

coactivators TFIID or SAGA to recruit TBP at promoters, and the genes that are dominated 

relatively more by one or the other are labeled as TFIID-dominated and SAGA-dominated 

[77]. The majority of yeast genes (~85%) are TFIID dominated with these promoters being 

relatively depleted of a TATA box and also being constitutively active. In contrast, ~15% of 

genes have relatively greater enrichment of TATA boxes, are SAGA-dominated, and stress-

induced. Gene-selective recruitment of SAGA through gene-specific TFs creates an 

opportunity to locally augment nucleosome acetylation and promoter activation.

In metazoan systems, TFs also interactions with SAGA-related complexes. TFs like MYC, 

E2F, E1A and p53 bind the homolog of Tra1, called TRRAP (transformation-transactivation 

domain-associated protein) [83–85]. These TFs recruit SAGA and related TRRAP-

containing complexes to DNA. The recruited GCN5 can then acetylate nucleosomes, 

commonly on histone H3 [74]. Tra1 and TRRAP are also part of the NuA4 HAT complex, 

which commonly acetylates histones H4 and H2A [86]. This allows TFs to recruit multiple 

HATs that prepare nucleosomes for remodeling. More specifically, the association between 

MYC and human STAGA and TFTC complexes were validated based on co-

immunoprecipitation and pull-down assays. The direct physical interaction between MYC 

and TRRAP is necessary to recruit GCN5 and other components of the STAGA complex 

[87]. Protein crosslinking assays further identified interaction between GCN5 and MYC 

[88]. Based on protein crosslinking, P53 was found to interact with the STAGA subunits 

TAF9, GCN5 and ADA2b [89]. These results indicate multiple interactions, beyond TRRAP 

may be involved in STAGA/TFTC recruitment to promoters.

TF interactions with TAFs shared between SAGA and TFIID

One challenge in identifying the complexes that TFs target in vivo is where subunits are 

shared among multiple complexes. For example, TAF10, as a subunit of both TFIID and 

SAGA, physically interacts with GATA1 to mediate TFIID and/or SAGA formation for 

erythroid cell lineage [90]. In another example, TAF9 is present in TFIID and TFTC, SAGA, 

SLIK, and STAGA [73]. TAF9 interacts with the TF EKLF and downstream promoter 

elements to activate transcription of erythroid genes [91]. Whether this involves TFIID or 

other complexes is unclear. Through a conserved consensus recognition motif, the TFs 

GLI1, GLI2, viral VP16, and TP53 bind TAF9 [92–94]. The interactions between GLI1 or 
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GLI2 with TAF9 are important in small cell lung cancers. TP53 interacts with TAF9 with 

higher affinity than GLI1. Consequently, TP53 might contribute to inhibition of GLI1 

activity in cancer treatments through sequestering TAF9. Whether TAF9 in other complexes 

could also be recruited by TFs or how discrimination among these complexes is achieved 

has yet to be explored.

TF-cofactor regulation of PIC assembly.

TF-TFIID interactions in yeast

TFIID serves as a central scaffold for PIC formation. TFIID is composed of TBP and 13 

TAFs that are evolutionarily conserved from yeast to human. In yeast, the promoters of 

ribosomal protein (RP) genes are often TATA-less (TBP binds to TATA elements). The 

activation of RP genes involves recruitment of TFIIA and TFIID through the TF Rap1 [95]. 

Direct interactions between Rap1 and TAFs have been determined biochemically and 

genetically [96]. Furthermore, a Cryo-EM structure of TFIID-TFIIA-Rap1 indicates that 

activating signals could be transduced by the formation of a protein bridge [97]. Rap1 

represents the only clear example in yeast where a TF interacts with TAFs. This case may be 

unique because yeast RP genes are expressed at very high constitutive levels, far beyond the 

norms of most constitutive gene expression. We examined 78 TFs in yeast for genome-wide 

interaction with TFIID and find little or no evidence for TF-TFIID interactions beyond Rap1 

[98].

TF-TFIID interactions in metazoans

Bulk evidence by protein interaction analysis in metazoan systems provide evidence for TFs 

directly targeting TFIID prior to and/or after DNA binding, depending on the context and 

conditions at specific promoters (Table 1). TFs may also direct distinct tissue-specific 

isoforms of TFIID (containing paralogous TBP and TAF subunits) [99]. What distinctive 

purpose they play apart from canonical TFIID is unclear.

TF-TAF4 interactions in metazoans

Human TAF4 was the first TAF subunit demonstrated to interact with glutamine (Q)-rich 

TFs like SP1 and CREB. Most direct evidence of interactions were found through in vitro 
reconstitution [100, 101]. The two Q-rich domains of SP1 and the four Q-rich domains at the 

N-terminus of TAF4 are intrinsically disordered, which mediate interactions with no 

measurable conformation changes [102]. Overexpression of the Q1-Q4 domains of TAF4 in 

HeLa cells specifically inhibits Sp1-dependent transcriptional activation [103]. These 

findings are consistent with previously reported interactions between Drosophila TAF4 

(TAFII110) and the activation domain of SP1 [103]. Based on these interactions, TAF4 was 

proposed to help TFIID recruitment to promoters, and promote TBP engagement by 

stabilizing a rearranged state of TFIID.

Apart from four Q-domains, there is a TAFH domain of human TAF4 that is highly 

conserved. It too might serve as a potential target of transcriptional regulators. Crystal 

structure analysis of the human TAFH domain found a binding surface for potential TAF4 

interacting factors [104]. Biochemical studies have also shown that direct TFIID–E-protein 
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interactions are mediated through this domain. E proteins are widely expressed basic helix-

loop-helix TFs. Certain E proteins interact with p300/CBP to regulate cell growth, 

differentiation, and apoptosis. This interaction enhances TFIID binding to the core 

promoters and is critical for activation of E protein target genes [105]. In the model 

proposed, the enhancer-bound E protein recruits the coactivator p300/CBP, then p300/CBP-

mediated acetylation of nucleosomes leads to increased promoter accessibility to GTFs like 

TFIID and TFIIA. The E protein then recruits TFIID, whose binding is further stabilized 

with core promoter elements. Perhaps related to TAFH domain function, transcriptional 

corepressor ETO has a related TAFH domain. It can interact with E proteins, to inhibits it 

activation potential, by blocking p300/CBP interactions [70]. This may negatively impact 

TFIID recruitment, although its mechanism remains unclear.

TF-TAF enzymatic crosstalk

Human TAF1 of TFIID possesses intrinsic protein kinase, putative histone acetyltransferase 

(HAT), and ubiquitin conjugating activities [106, 107]. TAF1 phosphorylates tumor 

suppressor TF TP53 at amino acid T55, contributing to the stabilization of TP53 [108]. 

Additionally, TAF1 contains a double bromodomain that can recognize TP53 that is 

acetylated at amino acids K373 and K382. In response to DNA damage, TAFs are recruited 

to the human p21 gene for transcription. During the process, TAF1 is recruited through 

interactions between TP53 diacetyl lysines and TAF1 bromodomains [108, 109]. TAF1 also 

stimulates the ubiquitination and degradation of TP53 in a MDM2 dependent manner. This 

process is achieved by a two-step process. First, the interaction between MDM2 and TAF1 

increases MDM2 stabilization, and then promotes association between MDM2 and TP53. 

Subsequently, MDM2 stimulates ubiquitination and degradation of TP53 [110]. By single-

molecule fluorescence microscopy, it was found that TP53 facilitates TFIID assembly on the 

synthetic core promoters of target genes [111]. Further, cryo-EM structures revealed a 

dynamic process of TFIID subunit reorganization that is facilitated by TP53 and DNA. This 

ultimately disengages TP53, thereby allowing it to participate in additional recruitment 

steps.

MYC-TFIID interactions

MYC interacts with human TFIID in a multipartite manner at promoters [112]. In the MYC-

TFIID crystal structure, MYC98–111 interacts with the TAND1 domain of TAF1, whereas 

MYC115–124 interacted with TBP independently of TAND1. TAND1 is an N-terminal 

portion of TAF1 that also interacts with TBP to inhibit its binding [113, 114]. The evidence 

for MYC-TFIID interaction has been validated by both in vivo and in vitro assays. 

Mutations on these two TFIID-anchoring regions of MYC significantly decreases the cell 

proliferation and transformation potential of MYC. Activator-TFIID interaction is proposed 

to energetically modulate the conformational landscape of TFIID from the canonical to a 

rearranged state [115]. With the presence of promoter DNA, TAF1 can bind to downstream 

DNA and neighboring +1 nucleosome and release TBP upstream of the TSS for local DNA 

scanning [115]. During that process, MYC possibly extends the coverage of the TBP-DNA 

interacting region while obscuring TBP DNA binding [112]. Then, the interactive interface 

of MYC-TBP changes to the regulatory region of TBP with MYC115–124, after which the 

TFIID complex transitions to the extended state that favors release of TAF1 TAND2 (a 
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second TBP-interacting domain). After DNA and TFIIA are involved, the interactions 

between MYC-TFIID are proposed to be excluded.

TF-Mediator regulation of Pol II recruitment.

Mediator-core promoter interactions

Mediator physically bridges enhancer-bound TFs to Pol II, so that functional information 

can be transmitted from enhancers to the transcription machinery [46]. The Med14 subunit 

works as a scaffold to hold together the head, middle, and tail modules of the Mediator. 

Generally, the head and middle contact the PIC and Pol II, while the tail interacts with TFs. 

Interactions between TFs and Mediator subunits have been observed in both human and 

yeast cells [116, 117]. Remarkable progress has been made in revealing the structure and 

function of RNA polymerase II–Mediator core initiation complex with the development of 

cryo-EM [118]. Structures of Pol II, TFIIB, TBP/TFIID, and TFIIF that fit into the holo-PIC 

complex, as well as protein crosslinking map help us understand how Mediator cooperates 

with PIC components [119]. This TF-Mediator-Pol II trifecta along with its tendency to form 

condensates that coalesce many promoters into hubs, makes Mediator a focal point for 

transcriptional regulation.

TF- Med1 interactions

About 75 known and novel Mediator-interacting partners have been discovered in neural 

stem cells using mass spectrometry [120]. They include TFs, coactivators/corepressors and 

chromatin modifiers. Thus, we may have only scratched the surface of direct and indirect 

targets of TFs and cofactors. Different TFs bind to different Mediator subunits, although 

those with similar activation domain properties typically target the same Mediator subunit. 

Mammalian Mediator was identified in part through its association with the thyroid hormone 

nuclear receptor (TR) in a ligand-dependent manner [121]. When nuclear receptors are 

triggered by their cognate ligands, they bind to the regulatory elements of target genes, 

orchestrating the assembly of the transcription machinery through Mediator [122]. TR 

interactions with Med1 illustrate one example of TF-Mediator specificity [123]. Co-

immunoprecipitation, pull-down, and surface plasmon resonance helped to identify the 

LXXLL domains of Med1 as being important for nuclear receptor interactions [124]. 

Nuclear receptors include retinoid X receptor, thyroid hormone receptor, vitamin D3 

receptor, and peroxisome proliferator-activated receptor [125].

TF-MED23 interactions

MED23 is the largest subunit of the tail module and interacts with several TFs. MED23 is 

involved in development, for example, of osteoblasts by interacting with osteogenic factor 

RUNX2 [126]. MED23 knockdown in mesenchymal stem cells (MSCs) reduce the 

expression of genes governed by RUNX2. Mouse MSCs that are deficient in MED23 exhibit 

impaired bone ossification that phenocopies the skeletal defects in RUNX2 +/− . In the 

mitogen-activated protein kinase (MAPK) signaling pathway, the activator domain of 

transcription factor ELK1 is phosphorylated by MAP kinase. MED23 interacts with the 

phosphorylated ELK1 and they colocalize at ELK1 target genes [127, 128] . Moreover, in 

mouse embryonic fibroblasts, MED23 deficiency downregulates a set of ELK1 target genes 
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that control differentiation into adipocytes, but up-regulates a set of RhoA target genes for 

smooth muscle cells (SMCs) [129]. These data suggest that MED23 controls a cell fate 

determination program between SMCs and adipocytes. Other TF-MED23 interactions have 

been suggested in glucose and lipid metabolism [130], lung cancers [131] and and T-cell 

activation [132]. However, the evidence of those interactions was largely based on in vivo 
colocalization assays like ChIP and immunofluorescence, which does not necessarily equate 

to direct interactions.

Mediator-CDK module

Mediator can reversibly associate with its kinase module, called CDK–Mediator. The kinase 

module includes the kinases CDK8 or CDK19 together with three subunits: CCNC, MED12 

and MED13 [133]. Treating cells with cortistatin A that specifically inhibits CDK8/CDK19, 

revealed TFs as target proteins along with other proteins involved in chromatin and DNA 

repair [134]. TF phosphorylation by CDK8 regulates TF activity including bidirectional 

enhancer-associated eRNA transcription and formation of enhancer-promoter loops [133]. 

For example, the Mediator kinases phosphorylate STAT1 on amino acid S727 upon IFN- γ 
treatment, and this leads to eRNA transcription [135, 136]. eRNAs, together with Mediator 

subunits, participate in enhancer-promoter loop formation. Knockdown of the eRNA or 

Mediator results in decreased looping and decreased occupancy of Mediator at target 

promoters [137, 138].

Mediator-TF condensates.

Diverse TF activation domains have been reported to form molecular condensates with the 

Mediator coactivator. For example, OCT4 and GCN4 activation domains form phased-

separated droplets with Med1 and Med15 through their intrinsically disordered regions [31]. 

This condensate formation is proposed to activate transcription by increasing the local 

concentration of the transcription machinery. Related to this, in budding yeast, high levels of 

transcription coincide with “fuzzy” (weak multivalent) interactions between the disordered 

low complexity domains of Gcn5 and Med15. The interface between Gcn5 and Med15 is 

dynamic, with multiple conformations and orientations that form a condensate-like state 

[139, 140]. Activator induced conformational changes in mammalian Mediator have also 

been detected by EM analysis [141]. An open question is whether the conformational 

flexibility of Mediator as the consequence of TF interactions contributes in any way to 

condensates at promoters.

Concluding remarks and perspectives

Numerous in vivo and in vitro methods have defined direct cofactor targets of TFs as being 

chromatin remodelers like SWI-SNF, PIC assembly factors like TFIID, and Pol II 

recruitment factors like Mediator. Together these factors work to ensure access to promoter 

regions and efficient loading of the transcription machinery. There are many more proteins 

whose full functionality remain uncharacterized that are likely necessary for this type of 

promoter regulation. The open questions that remain and will serve as the foundation for 

future work include: do all promoters involve enhancers? Are enhancers organized in the 

same way and interact with similar sets of cofactors? Are there other regulatory elements 
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that regulate transcription via different sets of interactions with the core transcription 

machinery? Identifying the function of the many hundreds of components that reside within 

promoter/enhancer chromatin and sets of TF-cofactor-PIC trifectas that coalesce into hubs 

will continue to be a fertile ground for fundamental scientific discoveries.
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Highlights

• Transcription factors (TFs) engage in three main levels of regulation

• TFs target chromatin remodelers and modifiers to regulate DNA access

• TFs target initiation factors like TFIID, although not widespread in yeast

• TFs target Mediator to augment Pol II loading at promoters
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Fig. 1. Simplified model of enhancer-core promoter interactions.
Enhancers contain specific sequence motifs that are bound by TFs . They activate core 

promoters by regulating promoter/enhancer interactions, PIC assembly, and Pol II 

recruitment through a wide variety of cofactors.

Chen and Pugh Page 20

J Mol Biol. Author manuscript; available in PMC 2022 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Condensate-based model of enhancer-promoter control.
TFs with their intrinsically disordered regions (IDRs) along with other IDRs in cofactors 

coalesce and demix, thereby dramatically increasing the local concentration of components 

of the transcription machinery. Potential consequences include increased nucleosome 

dynamics affecting enhancer/promoter accessibility, more frequent PIC assembly, and a 

steady stream of Pol II loading and firing into an elongation complex.

Chen and Pugh Page 21

J Mol Biol. Author manuscript; available in PMC 2022 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Binary architecture of yeast promoters.
Summary schematic of yeast chromatin structures with key architectural arrangements at 

constitutive (upper) and induced (lower) promoter classes. T, A, B, E, F, H denote TBP, 

TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH, respectively. NFR and NDR denote nucleosome-

free region and nucleosome-depleted region, respectively.
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Table 1:

Experimental basis for TF-TFIID interactions

Interaction Regulation in-vivo in-vitro Complex 
reconstructi on

Ref

SP1 and TAF4 Intrinsically disordered proteins 
(IDPs) of SP1 and TAF4, have weak 
but specific association.

Sp1 DNA affinity 
columns Yeast Two-
Hybrid

NMR 
spectroscopy, EM 
and single-particle 
3D reconstructions

[101] 
[100] 
[102]

TAFH domain of 
TAF4 and E 
proteins

TAFH-AD3 interaction enhances 
TFIID binding to the core promoter 
of E protein target gene.

IP, mass 
spectrometry, 
Immunoblot, ChIP, 
RNA-seq

in-vitro transcription 
assays, immobilized 
template assays

[105]

TP53 and TAF1 TAF1 directly phosphorylates TP53 
at Thr-55, TAF1 induces G1 
progression in a partly TP53-
dependent manner.

IP, endogenous 
domain mutation .

Far-Western 
analysis, In-gel 
phosphorylation 
assay.

[108],

Diacetyl K373/
K382 P53 and 
TAF1 
bromodomain

Recruitment of TAF1 to the p21 
promoter is mediated through 
acetylated p53 in response to DNA 
Damage

IP, ChIP, RT-PCR 
assays

Pulldown, TAF1 
binding competition 
experiments

Protein 
recruitment on 
Immobilized 
promoter.

[109]

Mdm2 and TAF1 TAF1 downregulates Mdm2 auto-
ubiquitylation, leading to Mdm2 
stabilization, and promotes p53-
Mdm2 association and turnover of 
p53

IP, ectopic 
expression and in 
vivo ubiquitylation 
assay

Pulldown [110]

TP53 and TFIID P53 facilitates TFIID recruitment 
onto the TP53 target promoter, TP53 
helps conversion of canonical TFIID 
to the structurally rearranged form 
with DNA.

Single-molecule 
fluorescence 
microscopy, 
Single-particle 
cryo-electron 
microscopy.

[111]

EKLF and TAF9 TAF9 on the β-Globin Promoter is 
EKLF dependent and the interaction 
is mediated via the zinc finger 
domain of EKLF and the CR domain 
of TAF9.

IP, ChIP, RNAi, RT-
PCR and 
transactivation 
assays

Pulldown [91]

VP16, GLI1, GLI2, 
TP53 and TAF9

A conserved consensus recognition 
motif FXXΦΦ serves to interact with 
TAF9 and binding competition 
between GLI and p53 are involved in 
cancer

IP, proximity 
ligation, cell 
transformation 
assays

Pulldown, 
transcriptional 
activity assays, Two-
hybrid assays

NMR [92] 
[93] 
[94]

GATA1 and TAF10 TAF10 with GATA1 is important to 
facilitate the recruitment of TFIID 
and/or SAGA to GATA1-responsive 
promoters

IP, mass 
spectrometry, ChIP

Pulldown [90]

MYC 98–111 and 
TBP-TAF1TAND1

Promote TBP-TAF1 interaction and 
prevent TBP-DNA binding.

BioID-MS, 
Proximity ligation

Pulldown Crystal structure, 
Biolayer 
Interferometry, 
NMR

[112]

MYC115–124 and 
TBP

MYC competes out TAF1TAND2 on 
TBP to release TAF1.
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