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Abstract

Three fundamental classes of gene regulatory elements were identified in
Escherichia coli in the 1960s: operators bound by repressor proteins, promot-
ers bound by the basic transcription machinery, and enhancers bound by
activator proteins. Promoters mediate constitutive gene expression, whereas
operators and enhancers regulate expression in response to physiological
conditions. As discovered in the 1980s, interactions between proteins associ-
ated with spatially separated elements can loop out the intervening DNA and
regulate transcription. Eukaryotic gene regulation is mediated by the same
three classes of genetic elements, but due to semantic confusion, it is often
believed the eukaryotic enhancers activate transcription from long distances
via enhancer—promoter loops. However, eukaryotic enhancers mediate only
local changes in chromatin, and they stimulate transcription via directional
and short-range interactions with the basic RNA polymerase II machinery
at promoters. Enhancer action at a distance is mediated by loops between
proximal and distal enhancers that bring activator proteins associated with
distal enhancers in proximity to promoters. Thus, Jacques Monod’s 1954
conjecture that “what is true for E. coli is true for the elephant, only more
so” has proven correct.
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JACQUES MONOD’S COMMENT

“What is true for E. coli is true for the elephant, only more so”. Jacques Monod’s prescient com-
ment about gene regulation was apparently never published but rather said after a lecture in 1954.
It was a radical conjecture because the groundbreaking work of Monod and Francois Jacob on
Escherichia coli gene regulation was in its early stages, and virtually nothing was known about gene
regulation in eukaryotes. Notably, many references to Monod’s comment omit the essential qual-
ifier “only more so.” This has caused misunderstanding of the key concept, namely that there are
universal principles of gene regulation with elaborations for increased biological complexity. In
addition, semantic confusion between promoters and enhancers has resulted in a common mis-
understanding of the mechanism of transcriptional activation in eukaryotes. Here, I provide a
conceptual and mechanistic perspective that links the original ideas of Jacob and Monod to the

current understanding of eukaryotic gene regulation.
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FUNDAMENTAL CONCEPTS OF TRANSCRIPTIONAL REGULATION
AS REVEALED BY GENETIC ELEMENTS

Fundamental concepts of gene regulation were established in the early 1960s by the brilliant work
of Jacob & Monod (1) performed at the Institut Pasteur in Paris. Their studies on the E. coli lac
operon were designed to explain coregulated expression of linked protein-coding genes that per-
form a common biological function (lactose utilization). Nevertheless, as prophesized by Monod’s
comment that “what is true for E. co/i is true for the elephant, only more so,” the concepts derived
from this single experimental model are relevant to prokaryotic and eukaryotic genes. It was the
first case in which detailed study of a single experimental system yielded fundamental principles,
something that is often forgotten in the genomic era. Their essential ideas can be divided into
three parts.

First, genetic elements, and hence DNA sequences, involved in gene expression are function-
ally distinct and physically separate from the protein-coding (previously called structural) genes
(Figure 14). While it seems obvious now, the distinction between sequences that encode pro-
teins from those involved in expression and regulation of those proteins was a major conceptual
breakthrough. Even now in the era of chromatin, three-dimensional genome structure, and bio-
logical condensates, it is often unappreciated that regulated gene expression ultimately depends
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Transcriptional regulatory elements in E. co/i. (2) A DNA region with enhancer, promoter, and operator
elements shown upstream of a transcription start site (#77ow) and mRNA coding region. () RNAP

(5 subunits indicated by blue ovals) interacts with promoter DNA sequences via the o subunit and mediates
constitutive levels of transcription depending on the quality of the promoter. (¢) A repressor protein (red oval)
interacts with operator sequences to inhibit transcription, typically by blocking association of RNAP with
the promoter. (d) An activator protein (green oval) stimulates transcription by directly interacting with
subunits (typically a or o) of RNAP. Abbreviation: RNAP, RNA polymerase.

Figure 1
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on the DNA sequences that determine the identity and biochemical properties of the proteins
that recognize these sequences.

Second, genetic elements necessary for constitutive expression of structural genes, which oc-
curs at the same level under all conditions, are distinct from genetic elements that regulate the
expression level of the gene under different conditions (2, 3). Genetic elements that mediate con-
stitutive expression, but not the regulation of expression, are termed promoters (Figure 15). In
molecular terms, promoters are recognized by basic transcription machineries (e.g., the 5-subunit
RINA polymerase in the case of E. co/i) that initiate RNA synthesis from nearby sites. Depending on
the DNA sequence, promoters can be strong or weak, supporting high or low levels, respectively,
of constitutive expression. Bacterial RNA polymerases typically exist in multiple forms depending
on the o subunit that confers DNA sequence specificity and hence promoter choice (4).

Third, regulatory elements, termed operators (5), inhibit expression of the gene via zrans-acting
repressors that inhibit expression via the operators (Figure 1¢) (1). Repressor function is regulated
by environmental conditions (e.g., lactose inhibits the function of the /ac repressor), thereby re-
sulting in regulation of the gene. Jacob and Monod initially suggested that the repressor was RNA,
imagining that it would act through base pairing to the operator DNA. However, it soon became
clear that repressors are DNA-binding proteins (6, 7), which indicated that biological specificity
occurs between very different biochemical entities.

Although Jacob and Monod were rather dogmatic in insisting that gene regulation was ex-
clusively mediated by repressors, Ellis Englesberg and colleagues (8, 9) discovered a regulatory
element in the arabinose operon that mediates positive control (Figure 1d). This positive control
element, unfortunately termed the initiator upon its discovery, was the functional (and subse-
quently shown to be the physical) target of the AraC activator protein. As the term initiator now
describes sequences around the mRNA start site that contribute to initiation (10-12), the posi-
tive control sequence that activates the arabinose operon is analogous to, and hence best termed,
an enhancer (discussed below). Activation by AraC requires a direct interaction with arabinose,
thereby limiting expression of the protein-coding genes to the appropriate physiological condi-
tions. AraC also functions as a repressor in the absence of arabinose via operator sequences that
are distinct from enhancer sequences (13). Englesberg’s work on the arabinose operon (14) and
details of AraC function (15) have been described elsewhere.

THE EXISTENCE OF GENETIC ELEMENTS IS INDEPENDENT
OF THEIR FUNCTIONAL ACTIVITIES

Although regulatory elements differentially affect gene expression depending on physiological or
developmental conditions, genetic elements per se are physically and conceptually present un-
der all conditions (Figure 1a). As such, it is important to distinguish between the existence of a
regulatory element and its activity under a specific condition. For example, the /ac operator is a
genetic element, whether or not lactose is in the growth medium. In this regard, identification of
gene regulatory elements via mutation, molecular genetic approaches, or epigenomic profiling is
limited by their functional properties under the specific conditions examined. Conversely, while
computational approaches to identify regulatory elements via their DNA sequences are indepen-
dent of their function, they are only predictive and do not account for the remarkable complexity
and diversity of gene regulatory patterns.

THE QUALITATIVE NATURE OF GENETIC ELEMENTS IS LINKED
TO BIOLOGICAL FUNCTION

A genetic element is a qualitative concept, ultimately defined by DNA sequences linked to a bi-
ological function; it is distinguished from the vast majority of sequences that do not encode that
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function. A semantic issue arises because genetic elements are typically recognized by proteins
whose DNA binding is quantitative in nature. DNA-binding proteins do not simply have target
and nontarget sites; rather, they interact with all DNA sequences with a continuum of affinities
(16). So-called nonspecific binding to any DNA sequence typically occurs with 10*-10° times
lower affinity than binding to an optimal target site represented by a sequence motif. Moreover,
DNA sequences have a wide range of intermediate binding affinities that are linked to their level
of similarity to the optimal motif (16). This continuum of affinities means that the distinctions
between a genetic element, a weak binding site, and a nonspecific sequence are somewhat arbi-
trary. Furthermore, the number of nonspecific or weak binding sites vastly outnumber the strong
binding sites that are more likely to mediate biological functions.

In a similar vein, ~90% of elongating RNA polymerase II (Pol II) molecules in yeast are not
involved in making conventional mRINA and hence represent transcriptional noise (17). Indeed,
Pol II transcription initiates at numerous sites in both random-sequence and genomic DNA (18,
19), and it is presumed that all such transcription is mediated by the same basic transcription
machinery used at classically defined promoters. The specificity difference between transcription
from classical promoter elements and that from random-sequence DNA is ~10* fold, similar to the
difference for individual DNA-binding proteins (17). For these reasons, the original Jacob—-Monod
concept that genetic elements are linked to biological function (e.g., protein- or RNA-coding
sequences) remains most useful, although it is becoming increasingly clear that biological function
is not easily defined (17).

DIFFERENT LOGIC BETWEEN PROKARYOTES AND EUKARYOTES

Before addressing the semantics and mechanisms of promoters and enhancers, it is important
to note that the logic of gene regulatory elements is fundamentally different in prokaryotic and
eukaryotic organisms (20). The key difference lies in the transcriptional ground state, which is
defined by the activity of a promoter in vivo (20). In E. co/i, and presumably other prokaryotes,
a promoter is sufficient for transcription because the genome is not coated with histones and
hence is generally accessible to proteins (21). Consequently, to block promoter function under
appropriate conditions, it is necessary to have repressor proteins. Conversely, activator proteins
are not necessary for transcription, but they can stimulate transcription from weak promoters
under appropriate conditions. In eukaryotes, a promoter is essentially inactive because chromatin
blocks accessibility of the basic Pol IT machinery. As a consequence, activator proteins are essential
for transcription from promoters, whereas repressor proteins are not required to keep expression
low. However, eukaryotic repressors can inhibit the function of activators and/or silence gene
expression below the transcriptional ground state.

THE CONFUSING SEMANTICS OF EUKARYOTIC PROMOTERS
AND ENHANCERS

The fundamental concepts of gene regulation established by Jacob, Monod, and Englesberg have
been muddled by terminology that, as is often the case, leads to mechanistic misunderstanding.
In contrast to the Jacob-Monod definition, metazoan promoters were, and often still are, de-
fined by short DNA segments that permit accurate initiation in vitro from sites used in vivo.
Unfortunately, some so-called promoter DNA segments also include DNA sequences recognized
by specific transcription factors that vary among genes. The adjacent sequences recognized by
specific DNA-binding transcription factors lie upstream of what is termed the core promoter.
The term core promoter is unnecessary, and hence confusing, because it identical to the Jacob—
Monod-defined promoter that is recognized by the basic Pol II machinery and hence required
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for constitutive expression but not regulation of expression. Unlike bacterial promoters, which
comprise sequences directly recognized by RNA polymerase, Pol II promoters contain sequences
that are recognized by general transcription factors [e.g., TATA-binding protein (TBP) and the
associated factors TFIIA and TFIIB], not Pol IT itself. Most importantly, the common terminology
for metazoan promoters blurs the fundamental distinction between genetic elements mediating
constitutive expression versus regulation of expression.

The term enhancer is also a source of semantic confusion. Enhancers were originally defined
in mammalian cells as genetic elements that stimulate transcription when located at long and vari-
able distances upstream or downstream from a promoter (22-24). They activate transcription in
response to environmental and developmental signals (25-27) and hence determine gene regu-
latory patterns (28, 29). Eukaryotic enhancers are bound by sequence-specific activator proteins,
and hence they are conceptually analogous to the AraC-dependent, positive control element de-
scribed by Englesberg. The semantic confusion arises from the fact that the activator proteins
that bind enhancers also bind to promoter-proximal sequences. Furthermore, enhancers typically
express noncoding enhancer RNAs that are generated by the basic Pol II machinery and emanate
bidirectionally from the enhancer (30-32).

These observations have led to the confusing idea that enhancers and promoters are very
similar (30). Conceptually, as recognized decades ago, genetic elements that mediate constitutive
expression should be distinguished from those that mediate regulation. Mechanistically, enhancers
are bound by activator proteins, whereas promoters are bound by the basic transcription machin-
ery. Enhancers and promoters are conceptually and functionally distinct entities, and the semantics
of these terms have mechanistic consequences.

DISTAL AND PROXIMAL ENHANCERS: RESOLUTION
OF THE SEMANTIC CONFUSION WITH PROMOTERS

The semantic confusion described above is resolved by the terms distal enhancers and proximal en-
hancers. Distal enhancers are located far from the promoters they affect (i.e., the original definition
of enhancers), whereas proximal enhancers are located near the promoter and are often present on
DNA fragments that contain promoters. Both types of enhancers are bound by sequence-specific
activator proteins and hence are regulatory in nature. An individual activator protein can bind to
either proximal or distal enhancers or both types, depending on where the cognate sequences are
located. Thus, distal and proximal enhancers are similar functional entities that differ only by their
location with respect to the promoter.

Metazoan, yeast, and prokaryotic enhancers are similar in that they bind activator proteins that
stimulate transcription from a promoter. However, unlike prokaryotic and yeast (33) enhancers
that can and often do contain a single activator-binding site, metazoan enhancers require multi-
ple activator-binding sites. The requirement for multiple binding sites mechanistically imposes
combinatorial activation, the fundamental principle for how multicellular organisms generate
the extraordinary diversity of gene regulatory patterns (28, 29). Multiple distal enhancers with
different regulatory specificities can activate an individual promoter (28, 29).

ENHANCERS GENERATE LOCALIZED REGIONS OF ACTIVE
CHROMATIN AND BIDIRECTIONAL ENHANCER RNAs
IN THE APPARENT ABSENCE OF A PROMOTER

In accordance with the fundamentally different logic of gene regulation in eukaryotes and
prokaryotes, eukaryotic transcriptional activator proteins have a distinct biochemical ac-
tivity that is lacking in prokaryotic activators. Specifically, eukaryotic activators bound to
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- Binding of activators X, Y, Z to target sites in chromatin
+ Recruitment of Nuc remodelers (Swi/Snf)

+ Recruitment of histone acetylases (SAGA)

- Creation of local accessible and acetylated chromatin

« Bidirectional transcription
« Recruitment of Set1/MLL histone acetylases
« Localized trimethylated H3K4

Figure 2

Local effects of activator proteins bound to enhancers. (#) Activator proteins X, Y, and Z (colored polygons)
bind to their cognate sequences in chromatin (Nucs are depicted as red ovals). (b) The bound activators
recruit Nuc remodelers and histone acetylases via protein—protein interactions, thereby creating localized
regions of altered chromatin that are accessible (/ight pink ovals) and acetylated (green asterisks).

(o) Bidirectional transcription of enhancer RNAs emanates from the altered chromatin region and leads to
recruitment of Setl/MLL histone methylases and localized trimethylated H3K4 (blue bash symbols).
Abbreviations: H3K4, histone 3 lysine 4; Nuc, nucleosome.

enhancers recruit nucleosome-remodeling (e.g., Swi/Snf or BRG1) and histone acetylase (e.g.,
SAGA/GenS or p300) complexes, thereby altering chromatin structure at the enhancer (20, 34-36)
(Figures 2a,b and 3). As recruitment is mediated by direct interactions between activator pro-
teins and chromatin-modifying complexes, promoters and transcription are not required for
recruitment. Thus, both distal and proximal enhancer regions are depleted of nucleosomes and
hence accessible to transcription factors, and they have hyperacetylated histones that contribute
to transcriptional activation (Figures 26 and 3).

Enhancer-bound activator proteins invariably generate enhancer RNAs that initiate bidirec-
tionally from the edges of the nucleosome-depleted region that they created (Figures 2¢ and 3)
(30-32). Enhancer RNAs are generated by standard transcriptional initiation by the basic Pol 1T
machinery, and they come from proximal enhancers, distal enhancers, and fortuitous enhancers
occurring at evolutionarily irrelevant sequences in yeast (37, 38). Distal enhancers, by definition,
are not linked to nearby promoters. As bidirectional transcription from essentially all fortuitous
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ACTIVATOR AND ASSOCIATED PROTEINS

]<X’Y /z’

‘ Enhancer
Activation Looping
domain domain
Nucleosome remodelers Mediator Proteins at
and histone acetylases (and TFIID) other enhancers
Creating open, acetylated Connecting enhancers Looping and action
chromatin and bidirectional and promoters at a distance

enhancer RNAs

Figure 3

Functions of activator and associated coactivator proteins bound at enhancers. Activator proteins X, Y, and Z
(dark gray polygons) and associated coactivator proteins (red polygons) bound to enhancer elements X, Y, and Z
mediate three classes of protein—protein interactions via activation and looping domains (fight gray ovals).
Activation domains interact with and recruit nucleosome remodelers and histone acetylases to create
localized regions of altered chromatin and generate bidirectional enhancer RNAs (see Figure 2); they also
interact with Mediator (and to a lesser extent TFIID) to connect proximal enhancers and promoters.
Looping domains connect proteins bound at distal and proximal enhancers to permit enhancer-mediated
activation at long distances from the promoter.

and newly evolved enhancers occurs at equal (and typically low) levels in each direction (37, 38),
the Pol II machinery presumably initiates transcription in a nonsequence-specific manner from
accessible DNA. Despite the apparent lack of sequence specificity typical of promoters, enhancer
RNAs initiate transcription at a small number of sites. This initiation-site specificity is likely due
to the location of the +1 nucleosome flanking the accessible region and/or distance-constrained
interactions between activator proteins and the basic Pol II machinery on DNA (discussed below).
Thus, the sequence specificity mediating enhancer RNAs is determined primarily by the enhancer,
not the promoter.

The behavior of fortuitous enhancers and newly evolved enhancers indicates that bidirectional
enhancer RNAs are an inevitable mechanistic consequence of activator functions (37, 38). Hence,
the mere existence of enhancer RNAs does not necessarily imply any biological function. Many
enhancer RNAs are unstable and likely functionally insignificant, although some play functional
roles. In addition, the effects of Pol II transcription on chromatin structure might be functionally
significant even when the enhancer RNAs are not. As bidirectional transcription from enhancers
represents the mechanistic ground state, preferential transcription in the coding direction requires
evolutionary selection (38). Proximal enhancers, which are located near a promoter on one side of
the enhancer region, provide a simple mechanism for biased unidirectional transcription of coding
regions.

At well-transcribed promoters, Pol II and the associated Pafl complex efficiently recruit
Setl/MLL histone methylase complexes that generate trimethylated lysine 4 of histone H3
(H3K4me3) nucleosomes near the initiation site (Figure 2¢) (39, 40). In contrast, recruitment
of these histone methylases at distal enhancers is typically inefficient because bidirectional tran-
scription, and hence Pol II occupancy, is relatively low. Consequently, unlike proximal enhancers,
distal enhancers typically have low levels of H3K4me3 nucleosomes. This epigenomic (41) dis-
tinction between distal and proximal enhancers does not reflect functional differences but rather
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their location near a promoter. Thus, the epigenomic signature around promoters is due to sep-
arate contributions of proximal enhancers (low histone occupancy and histone hyperacetylation)
and promoters (H3K4 trimethylation).

ENHANCERS, VIA CHROMATIN, REGULATE DNA-BASED PROCESSES
OTHER THAN POL II TRANSCRIPTION

The localized chromatin-modifying function of enhancers is linked to, but mechanistically dis-
tinct from, the process of transcriptional activation. It also plays a role in DNA-based processes
such as Pol III transcription, DNA replication, and V(D)]J recombination that lack dedicated reg-
ulatory proteins but nevertheless are subject to cell-type-specific regulation (42). Mammalian cell
types differ in their constellation of expressed tRNA genes even though the Pol III transcription
machinery is present in all cells (43, 44). V(D)J recombination of antibody and T cell receptor
genes in lymphoid cells expressing the V(D)J recombinase proteins RAG1 and RAG2 is highly
regulated by developmental state (45). In metazoans, the origin replication complex (ORC) that
initiates DNA replication is present in all cells and lacks inherent DNA-binding specificity, yet it
binds to discrete genomic locations that differ among cell types (46). In all these cases, cell-type-
and gene-specific regulation requires sequence-specific DNA-binding proteins.

Enhancers, via sequence-specific activator proteins, are the only known entities for targeted
and localized nucleosome depletion. Such nucleosome-depleted regions underlie how enhancers
facilitate TFIIIC binding and Pol III transcription, ORC binding and initiation of DNA repli-
cation, and RAG1/RAG?2 binding and V(D)J recombination (42). It is unclear whether enhancer
RNAs per se influence Pol III transcription or ORC binding and function, although blocking
Pol II transcription with a-amanitin does not affect Pol III transcription (47). As generation of
enhancer RNAs requires nucleosome depletion, any role of enhancer RNAs would be linked
to the enhancer-mediated effects on chromatin structure. In this regard, enhancers also affect
V(D)] recombination via transcription of noninformational RNAs that is coupled to generation
of H3K4me3 nucleosomes near RAG target sites. The PHD domain of RAG2 interacts with
H3K4me3 nucleosomes, thereby increasing RAG binding and V(D)J recombination (48) in an
enhancer-dependent manner.

Thus, regulation of DNA-mediated processes other than Pol II transcription is mediated by
the regulatory properties of the enhancers, indirectly via their effects on chromatin. In contrast, as
discussed in the next section, activator proteins directly interact with the basic Pol II machinery,
and such interactions are crucial for transcriptional activation. Thus, enhancers represent the first
step in decoding the genome through their unique ability to alter local chromatin structure via
specific DNA sequences and their cognate activator proteins.

ENHANCERS STIMULATE POL II TRANSCRIPTION BY DIRECTIONAL
AND SHORT-RANGE INTERACTIONS WITH THE BASIC POL II
MACHINERY AT PROMOTERS

Prokaryotic activator proteins such as AraC (49), icl (50), CAP (51), and NuC (52, 53) func-
tion via direct interactions with various RNA polymerase subunits. Depending on the activator
and the target subunit within RNA polymerase, the spacing between the enhancer and promoter
can be highly constrained or relatively flexible. In general, the enhancer-promoter distance is
short (<100 bp), but NtrC can activate transcription when bound > 1 kb upstream or downstream
of the promoter (52, 53). Two activator proteins bound to distinct enhancers can synergistically
activate transcription, particularly when they interact with different RNA polymerase subunits
9.

www.annualreviews.org o The Semantics and Mechanisms of Enbancers and Promoters

207



208

By analogy, eukaryotic activator proteins interact directly with components of the Pol II tran-
scription machinery, although not with Pol II itself (55). The major target of activator proteins
is Mediator, a multiprotein complex that also interacts directly with Pol II (56-61) and hence
acts as a physical and dynamic bridge between enhancers and promoters (Figure 3). Interestingly,
the nature of the bridge differs between yeast and metazoan cells (61). Mediator is preferentially
associated with enhancers in yeast, whereas it is preferentially associated with the promoter in
metazoans. A few activator proteins interact directly with TFIID (Figure 3) (62-64), a component
of the basal Pol II machinery consisting of TBP and TBP-associated factors.

The communication between activators bound to enhancers and Mediator (or TFIID) bound
to promoters occurs only over short distances (~50-300 bp) (Figure 44). In other words, promot-
ers can be stimulated directly by proximal enhancers but not by distal enhancers (Figure 45; see
the next section for how distal enhancers act at a distance). For example, in transient transfection
experiments, the B-interferon enhancer strongly stimulates transcription from the p-interferon
promoter when the two elements are 75 bp apart, but it weakly stimulates transcription when
they are 220 bp apart, and it fails to stimulate transcription when they are >500 bp apart
(65). The B-interferon enhancer also fails to stimulate transcription of the heterologous thymi-
dine kinase promoter when located 2.3 kb upstream (65). Similarly, at the endogenous locus in
GATA1-deficient cells, the B-globin enhancer within the locus control region (LCR) stimulates
transcription only when located close to the B-globin promoter (66). In addition, systematic dis-
tance experiments between the yeast GAL enhancer and the bis3 promoter (67) yield results that
are remarkably similar to those described for the B-interferon enhancer. Yeast enhancers activate
transcription poorly when located downstream of the promoter (67-69).

DISTAL ENHANCERS ACTIVATE TRANSCRIPTION VIA LOOPS
WITH PROXIMAL ENHANCERS

The short-range nature of direct enhancer—promoter communication appears to go against the
original definition and common view that enhancers act at long distances from promoters. It also
appears to go against the numerous examples of long-distance loops between enhancers and pro-
moters. Indeed, DNA loops between spatially separated genomic regions have been identified on
a genomic scale by chromosome conformation capture methodologies (70, 71).

DNA looping and its mechanistic basis was demonstrated nearly 40 years ago in E. co/i. In four
initial examples—the Gal repressor (72, 73), Lac repressor (74), . repressor (75), and AraC activa-
tor (76, 77)—looping involves a tetramerization domain that is required for protein interactions
between dimers bound to separated target sites. AraC forms alternative loops that use distinct en-
hancers or operators and that involve distinct AraC conformations depending on the presence or
absence of arabinose (77). In general, these DNA loops repress transcription, although some loops
can indirectly result in activation dependent on a proximal enhancer (78). The loop between the
NtrC activator and the 654 subunit of RNA polymerase has been visualized (79), but the structural
details of the protein—protein interaction have not been elucidated.

The common misconception about enhancer action at a distance in eukaryotes arises from
semantic confusion between enhancers (activator-binding sites) and promoters (bound by the
basic Pol II machinery). Instead, as discussed elsewhere (80), two key studies demonstrate that
long-range activation by a distal enhancer occurs only when transcription factor-binding sites are
located shortly upstream of the promoter (Figures 3 and 4).

First, in transient transfection experiments, the B-interferon enhancer does not stimulate tran-
scription when located 2.3 kb upstream from the thymidine kinase promoter (65). However, this
enhancer strongly activates transcription when located upstream of a slightly larger promoter
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fragment that includes binding sites for the transcriptional activator Spl (Figure 4c¢). Thus, long-
range activation requires a functional connection between proteins bound at the distal enhancer
and Sp1 bound to promoter-proximal sites (i.e., a proximal enhancer). Strikingly, the requirement
for Sp1 can be bypassed by artificially connecting the distal and proximal regions via interaction
between ) repressor dimers at target sites through their tetramerization domains (Figure 44) (65).

Second, in related experiments performed at the endogenous B-globin locus control region
[LCR; more recently termed a superenhancer (81)] cannot stimulate p-globin transcription when
the proximal enhancer is genetically inactivated via GATA-1 knockout (the activator GATA-1

a - Promoter +++
b - Promoter -

Loop between activators

d Promoter ++
enhancer
Artificial loop between Arep
Arep tetramers z
Arep
d Promoter +

SA
e - m— Promoter -

Natural loop via LDB1 SA
multimerization domain

f Promoter ++
Natural loop via GAF GAF
BTB/POZ multimerization Teth
domain GAF
g Promoter ++

(Caption for Figure 4 appears on following page)
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Figure 4 (Figure appears on preceding page)

Long distance activation by distal enhancers requires loops to proximal enhancers, not promoters. (z) A
distal enhancer (green box) located near a promoter (yellow box) leads to high levels of activation (red plus
symbols). (b) A distal enhancer located far from a promoter fails to activate transcription (red minus symbol).
(o) A distal enhancer forming a loop to a proximal enhancer (purple box) supports high levels of activation.
(d) The requirement for a loop between distal and proximal enhancers to mediate transcriptional activation
at a distance can be met when A rep dimers bound to distal and proximal target sites interact to form a
tetramer and thus generate an artificial loop. (¢) A distal enhancer associated with the SA domain of LDB1
cannot activate transcription of a promoter with an adjacent site bound by an artificial ZNF (orunge box).
() A distal enhancer associated with the SA domain of LDB1 can activate transcription from a distance if
the ZNF contains an SA domain and generates a loop via SA multimerization. (g) In Drosophila, activation by
a distal enhancer requires a loop mediated by the BTB/POZ multimerization domain of GAF bound to
tethering elements located near a distal enhancer and promoter. Loss of the BTB/POZ domain abolishes
looping and therefore activation. Abbreviations: \ rep,  repressor; GAF, GAGA-associated protein;

SA, self-association; Teth, tethering element; ZNF, zinc finger protein.

is required for proximal enhancer function) (Figure 4b) (66). However, an artificial zinc finger
protein designed to bind sequences near the inactivated proximal enhancer can activate f-globin
transcription but only if it also contains the LDBI1 self-association (SA) multimerization domain.
At the endogenous p-globin locus, LDBI interacts with LMO1, a protein recruited to both the
proximal enhancer and the distal superenhancer in a manner that depends on binding of the
GATA-1 activator to these enhancers (Figure 4e,) (66). This observation indicates that enhancer
action at a distance involves looping that occurs between proximal and distal enhancers, and the
LDB1 SA domain is critical for loop formation (66).

In a conceptually similar, but mechanistically distinct, manner, Drosophila tethering elements
play an analogous role in looping between proximal and distal enhancers. However, unlike en-
hancers, tethering elements do not activate transcription on their own (82) (Figure 4g). These
tethering elements are bound by the Drosophila GAGA-associated protein (GAF) via GAGA
sequence elements, and they are located near distal enhancers and promoters (83). Like activa-
tor proteins, GAF generates local nucleosome-depleted regions via recruitment of nucleosome
remodelers (84), but it appears to lack an activation domain. GAF contains a BTB/POZ oligomer-
ization domain that mediates long-range looping interactions between tethering elements (85). As
such, the BTB/POZ oligomerization domain of GAF performs the same looping function as the
SA oligomerization domain of LDB1. Lastly, GAF-mediated loops permit long-distance activation
in yeast (86), something not normally observed in this unicellular organism. Thus, GAF effectively
creates loops that bring distal enhancers closer to promoter-proximal regions, thereby allowing
transcriptional activation at a distance. Mutations of the relevant tethering elements block loop-
ing and transcriptional activation (83, 85). To date, tethering elements have been identified only
in Drosophila, but it seems likely that they exist in other metazoans.

Systematic analysis of artificially targeted (via dCas9 and guide RNAs) activator proteins in-
dicates that long-range activation scales with genomic distance (87). This observation, which
resembles that of long-range activation by NurC in E. cofi (78), suggests that the efficiency of
loop formation decreases with distance, presumably due to the looping proteins being present at
lower local concentrations. The relationship between genomic distance and transcriptional ac-
tivity depends on the gene (87), but it is unknown whether this is due to differences in proximal
enhancers or the response of different promoters to the loop. Interestingly, cooperativity between
different enhancers can compensate for the loss of activity over large genomic distances, possibly
reflecting the formation of loops between distal enhancers (88). In this regard, LDBI1 can estab-
lish multienhancer networks (89), although the detailed nature of the loops within these networks
remains to be established. Importantly, LDB1- and GAF-mediated loops do not involve CTCF
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insulator protein, cohesin, or loop extrusion (83, 89) and hence are distinct from the loops involved
in topologically associating domains (90-92).

Activators bound to distal enhancers do not form transcription-competent loops by interact-
ing with Mediator or other general transcription factors that associate with promoters. In accord
with this conclusion, looping is subtly affected on a genomic scale only when Pol II transcription is
eliminated via inactivation of Mediator, TFIID, or Pol II (93-96). In contrast, loss of LDB1 drasti-
cally reduces a subset of loops, indicating that LDBI is critical for some enhancer-mediated loops
(89). Thus, looping to proximal enhancers brings activator proteins bound at distal enhancers close
to the promoter, whereupon their activation domains can mediate short-range interactions with
Mediator (or TFIID). Importantly, protein—protein interactions that mediate looping are distinct
from those mediating transcriptional activation, although both types of interactions are critical
for enhancer action at a distance (Figure 3).

POTENTIAL MECHANISMS FOR ACTIVATION AT A DISTANCE

Long-distance activation of a promoter requires that activators bound at distal enhancers stimu-
late transcriptional activity beyond the level achieved by activators bound at proximal enhancers
alone. At least three non—-mutually exclusive mechanisms could be imagined. First, distally and
proximally bound activators might synergistically activate transcription via the presence of mul-
tiple activation domains near the promoter (Figure 54). Second, proteins like GAF, when bound
near proximal promoters, recruit chromatin-modifying enzymes but lack activation domains to re-
cruit Mediator, thereby requiring looped activators bound to (or, in the case of GAF, near) the distal
enhancer to mediate transcriptional activation (Figure 5b). Third, looping interactions could per-
mit cooperative binding of activators to their separated target sites (Figure Sc). As enhancers are
typically bound by multiple proteins, looping interactions may or may not involve proteins that
interact with Mediator (or TFIID) and mediate transcriptional activation per se.

THE DIFFERENCE BETWEEN YEAST AND METAZOAN ENHANCERS
REFLECTS EVOLUTIONARY CHOICE, NOT A DIFFERENCE
IN ACTIVATION MECHANISM

Initial descriptions indicated that metazoan enhancers could activate transcription from long and
variable distances upstream or downstream of promoters (22, 23, 25), whereas yeast enhancers
could not (67, 68). This dichotomy led to a long-standing view that yeast and metazoan enhancers
are fundamentally different. However, creating an artificial loop in yeast via GAF or other methods
permits activation at longer distances than usual and at locations downstream of the promoter
(86), suggesting that yeast and metazoan enhancers are mechanistically similar. In this view, the
failure of natural yeast enhancers to activate transcription from long and variable distances is due
to the absence of looping domains in natural yeast activators. This evolutionary choice for yeast
activators to lack looping domains may reflect the shorter distances between functionally unrelated
genes in yeast as well as the lower regulatory and biological complexity of a unicellular organism.

THE MOLECULAR NATURE OF INTERACTIONS BETWEEN
PROXIMAL AND DISTAL ENHANCERS

Long-distance activation by enhancers is of fundamental importance, and DNA loops involving
enhancers have been identified on a genomic scale in numerous studies. It is therefore remarkable
that there is very limited information on the molecular interactions that mediate enhancer-
dependent DNA loops. The LDBI1 coactivator protein interacts with LMO1, a protein associated
with, but not directly bound to, both the proximal enhancer and the distal LCR/superenhancer
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Figure 5
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Models for transcriptional activation at a distance. Activator proteins bound at proximal and distal enhancers form a loop bringing the
distal enhancer close to the promoter and the Mediator and TFIID components of the RNA polymerase IT (Pol IT) machinery.

(@) Synergistic activation occurs when proximally and distally bound activators contact the Pol II machinery via their activation domains.
() Distal-only activation is mediated primarily or solely by the activation domain of the distally bound activator. The proximally bound
activator presumably recruits chromatin-modifying activities but contributes little via direct contact to the Pol II machinery.

(¢) Proximal-only activation is mediated primarily or solely by the proximally bound activator. The distal enhancer helps recruit the
activator proteins to the proximal enhancer.
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(66). Loss of GATA-1 results in selective loss of LDBI at the proximal enhancer and transcrip-
tional activation of the B-globin promoter. The looping interaction is mediated by the LDB1 SA
domain, which generates higher-order complexes. Thus, even though LDB1 and LMO1 do not
directly bind DNA, the SA domain is analogous to the tetramerization domains of bacterial pro-
teins that mediate DNA loops. LDBI, through its interactions with the pioneer factor Zelda, also
has a role in early embryogenesis and zygotic gene activation in Drosophila (97).

As mentioned earlier, Drosophila GAF contains an N-terminal BTB/POZ oligomerization do-
main that is important for long-range interactions (82, 83, 85). However, unlike LDB1, GAF does
not appear to bind enhancers but rather tethering elements that are unable to directly activate
transcription. GAF and Vostok, which binds GCAACA sequences, affect a largely nonoverlapping
subset of looping interactions in the Drosophila brain (98). DNA looping via a multimerization

Strubl



domain can also be mediated by FOXP3, a transcription factor that binds DNA through a fork-
head domain (99). The atomic structure of FOXP3-mediated loops has been described (99), but
the role of these loops in transcriptional regulation has yet to be clarified.

As mentioned above, protein—protein interactions that mediate looping are separate from those
mediating transcriptional activation. This separation is obvious for Drosophila tethering elements
in which GAF mediates the looping required for transcriptional activation but not transcriptional
activation per se. It is unclear whether LDB1 contains an activation domain or whether activation
is mediated by a different protein (or proteins) associated with the proximal and distal enhancers.
A key distinction between looping and activation domains is that looping interactions occur over
large distances whereas enhancer-promoter interactions are only short range. This observation
suggests that interactions between activation domains and Mediator (or TFIID) are weaker than
those mediated by the oligomerization domains of LDB1 or GAF. In this regard, the eukaryotic
oligomerization domains may permit longer-distance loops than bacterial looping domains that
do not appear to oligomerize.

Itis virtually certain thatlong-distance activation involves DNA loops mediated by interactions
involving proteins associated with proximal and distal enhancers. Nevertheless, there are several
classes of looping mechanisms. First, by analogy to loops in bacteria, activator proteins directly
bound to proximal and distal enhancers could interact via domains that mediate tetramerization or
higher-order oligomerization (Figure 64). Second, looping could involve heterotypic interactions
between two distinct proteins (Figure 65). Heterotypic looping interactions could contribute to
specificity between proximal and distal enhancers and serve as a new mechanism that contributes
to the diversity of gene regulatory patterns. Third, as for LDBI, loops could involve oligomer-
ization domains of proteins associated with enhancer sequences but not directly bound to them.
Such oligomerization domains could link multiple genomic regions into a specific hub (Figure 6c¢).
In a related mechanism, proteins like GAF can bind to sequences near promoters and distal en-
hancers, thereby creating a conceptually similar loop that permits activation by the distal enhancer.
Fourth, looping interactions could involve a combined surface or separate interactions of multiple
proteins associated with the distal and/or proximal enhancer. Fifth, the critical interactions may
not be simple adhesive surfaces but rather may involve condensate-forming domains (Figure 6d).
Such condensates would have the potential to link many separate genomic regions to a hub in
which key transcriptional regulatory proteins are in high concentration, thereby increasing tran-
scriptional activation. At present, it is generally unknown (except for LDB1 and GAF) which of
these mechanisms are used at individual genes and which predominate.

While looping between proteins associated with enhancers is the only plausible mechanism to
explain the specificity of gene regulation at a distance, the dynamics of loop formation and the
relationship to transcriptional activation are unclear. Although typically portrayed as stable loops
(e.g., Figure 5), there is accumulating evidence that these loops are highly dynamic and relatively
infrequent. In addition, the temporal relationship between loop formation and transcriptional
activation is controversial, and it may differ among the enhancers and promoters involved.

“WHAT IS TRUE FOR E. COLI 1S TRUE FOR THE ELEPHANT, ONLY
MORE SO”

What is true for E. co/i and the elephant? Gene regulatory information is ultimately provided by
genetic elements composed of short DNA sequences that are specifically recognized by transcrip-
tional regulatory proteins. There are three types of regulatory elements: promoters recognized
by the basic transcription machinery, operators recognized by repressor proteins, and enhancers
recognized by activator proteins. Repressors can inhibit transcription by directly blocking the
binding of the basic transcription machinery or activators. A crucial aspect of activator function
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Figure 6

Models for DNA looping. (#) Homotypic interactions involve adhesive surfaces between different molecules
of the same protein, such as those mediated by the ) repressor tetramerization domain. () Heterotypic
interactions involve adhesive surfaces between different proteins. (¢) Specific hubs involve oligomeric
interactions via adhesive surfaces of proteins (e.g., LDB1) bound to multiple enhancers. (d) Condensates
involve multivalent, weak interactions between proteins bound to multiple enhancers.

is a direct and relatively short-range interaction with the basic transcription machinery, which is
mediated by a protein surface distinct from that mediating DNA binding. DNA looping is re-
quired for action at a distance, and it occurs via interactions between proteins (either activators
or repressors) associated with spatially separate sites. Transcriptional regulation is not mediated
through promoters and the basic transcription machinery but rather through functional changes
in activators or repressors in response to different physiological conditions. Such changes can in-
volve interactions with small molecules or protein modifications that alter (either positively or
negatively) functional activity.
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How are elephants (and by extension all eukaryotes including unicellular yeasts) “more so”
than E. co/i? An incomplete list of differences follows below.

1. Eukaryotic genomes are packaged into chromatin, which affects the fundamental logic
of gene regulation (20) (see the previous section). Activators, repressors, and the Pol II
elongation machinery, via recruitment of chromatin-modifying activities, are ultimately re-
sponsible for histone modifications and DNA methylation. This leads to ever-changing
epigenomes that have profound effects on gene regulation.

2. The eukaryotic transcription machinery is not merely RNA polymerase but rather a remark-
ably large entity (>50 proteins) that includes general transcription factors. Different general
factors, not Pol II itself, mediate specific binding to promoter sequences, promoter melting,
and strand separation, unlike E. co/i RNA polymerase, which mediates all these activities.

3. Unlike bacterial RNA polymerases, Pol II contains a C-terminal tail that is differentially
phosphorylated during initiation, elongation, and termination. This phosphorylation is re-
quired for cotranscriptional recruitment of factors that mediate mRINA capping, splicing,
polyadenylation, and histone methylation at specific lysine residues.

4. Transcriptional activators interact directly with coactivators, not Pol II itself. Some coacti-
vators (Mediator and TFIID) are components of the basic Pol I machinery, while others
have chromatin-modifying activities.

5. Enhancers in metazoans (but not yeast) require multiple activators that bind to nearby, but
distinct, sites that function combinatorially and synergistically.

6. DNA looping in eukaryotes occurs over much longer distances and, to the extent known,
does not involve bimolecular interactions between DNA-binding activators or repressors
via tetramerization domains. Instead, looping involves interactions between multimeriza-
tion domains associated with, but not directly bound to, distal and proximal enhancers.
Compared to bimolecular interactions, multimerization domains likely mediate stronger
interactions that are perhaps important for looping over long distances. Though not yet
demonstrated, heterotypic interactions between different proteins or condensate-forming
domains are plausible mechanisms for looping.

Thus, the fundamental concepts of gene regulation appear to be universal, but the “more so”
differences between elephants (and more generally eukaryotes) and E. co/i underlie the greatly
increased complexity of gene regulatory patterns that is essential for the extraordinary biological
diversity on earth.
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