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How transcriptional enhancers function to activate dis-
tant genes has been the subject of lively investigation
for decades. “Enhancers, gene regulation, and genome
organization” was the subject of a virtual meeting held
November 16–17, 2020, under sponsorship of theNational
Cancer Institute (NCI), the National Institute of Arthritis
andMusculoskeletal and Skin Diseases (NIAMS), and the
National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK) at the National Institutes of Health
(NIH). The goal of the meeting was to advance an under-
standing of how transcriptional enhancers function with-
in the framework of the folded genome as we understand
it, emphasizing how levels of organization may influence
each other andmay contribute to the spatiotemporal spec-
ification of transcription. Here we focus on broad ques-
tions about enhancer function that remain unsettled and
that we anticipate will be central to work in this field go-
ing forward. Perforce, we cover contributions of only some
speakers and apologize to other contributors in vital areas
that we could not include because of space constraints.

Originally discovered 40 yr ago in the simian virus 40
(SV40), enhancers are DNA regions driving tissue- and
stage-specific expression of the genome (Banerji et al.
1981; Long et al. 2016; Furlong and Levine 2018). They
contain binding sites for lineage-regulating transcription
factors and are highly cell type-specific. Typically located
at long genomic distances from their target genes, enhanc-
ers may be in upstream or downstream intergenic regions,
in intronic sequences, or even in introns of unrelated
genes. It is estimated that the human genome hosts hun-
dreds of thousands of enhancers, vastly outnumbering the
∼20,000 genes.
Most GWAS disease and trait-associated SNPs occur in

noncoding regions of the genome. Are enhancers primary

GWAS disease-associated loci? In one example, Christo-
pher Glass and coworkers (University of California at
San Diego) used fluorescence-activated nuclear sorting
to systematically characterize enhancers in neurons, as-
trocytes, oligodendrocytes, and microglia and then inter-
sected these genomic locations with GWAS risk alleles
for Alzheimer’s disease (AD) and other neurological and
psychiatric diseases (Nott et al. 2019). GWAS risk alleles
associated with ADwere preferentially enriched inmicro-
glia enhancers, while risk alleles associatedwith psychiat-
ric diseases were preferentially enriched in neuronal
enhancers. An AD risk allele associated with the BIN1
gene resided in a putative microglia-specific enhancer.
Deletion of this enhancer abolished BIN1 expression in
iPSC-derived microglia, but not iPSC-derived neurons or
astrocytes.
While several studies indicate that enhancers are en-

riched for polymorphisms, the significance of the associa-
tion between enhancers and GWAS signals has been
difficult to interpret, as their cell types of action and effec-
tor transcripts remain, in most cases, unidentified. Type 2
diabetes (T2D) is a complex disease involving pancreatic β-
cell dysfunction and insulin resistance of peripheral tis-
sues such as liver, adipose, and skeletal muscle. Stephen
Parker (University of Michigan) discussed the results of
an integrative genome and single cell multi-omics study
conducted on 287 genotypedmuscle biopsies representing
glucose tolerance (GT) normal, intermediate, and newly
diagnosed T2D nnontreated individuals. Frozen biopsies
from individuals were processed for single-nucleus (sn)
RNA-seq and snATAC-seq. Clusters corresponding to 13
different cell types were identified, including type 1 and
type 2myofibers, mesenchymal stem cells (MSC), and en-
dothelial cells. Genetic variation was integrated with the
snRNA profiles to identify expression quantitative trait
loci (eQTL) and snATACprofiles to identify chromatin ac-
cessibility (caQTL). These cell-specific e/caQTL signals
were then integrated with T2D GWAS signals. Parker
and colleagues found that caQTL signals were more fre-
quently associated with T2D GWAS signals (one order of
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magnitude) than eQTL and were often cell type-specific.
Thus, caQTL may have greater predictive power than
eQTL for T2D. Half of the T2D GWAS signals
that colocalized with caQTLwere cell type-specific, high-
lighting the importance of sn-caQTL maps for GWAS
functional studies. For example, in MSCs, they identified
a cell type-specific caQTL for an ARL15 intronic peak
that colocalized with the T2DGWAS signal. To nominate
target genes for this caQTL peak, they scanned peaks in
promoters of genes in the 1-Mbneighborhood andcomput-
ed coaccessibility scores that identified the geneFST,∼493
kb away,which encodes for follistatin, suggesting a poten-
tial regulatory function of the caQTL in question on
FST expression. This observation is intriguing considering
that FST increases muscle mass and reduces fat mass and
insulin resistance.MSCswere not conclusively character-
ized and may correspond to fibro-adipogenic precursors.

Mendelian disruption of enhancers also has deleterious
effects. These can result from deletions, duplications, in-
versions, translocation, or point mutations. Possibly the
first molecularly described “enhanceropathy,” as re-
viewed at themeeting byGerd Blobel (Children’s Hospital
of Philadelphia), is the deletion of a large region upstream
of the β-globin genes, which resulted in their silencing, al-
though the genes themselves were intact (Driscoll et al.
1989). The discovery of this locus control region (LCR)
provided an important example of regulation of genes by
distant enhancers. Chromosome conformation capture
(3C), which depends on proximity ligation, provided evi-
dence to support physical interaction between this en-
hancer and target promoter for gene activation (Fig. 1A;
Tolhuis et al. 2002). How is enhancer-gene proximity pro-
moted or antagonized?

Blobel (Lan et al. 2020) presented a role for a novel tran-
scription factor, ZNF410, that seems to have only one tar-
get in erythroid cells. In erythroid cells, it is known that
the LCR enhancer initially interacts with fetal γ-globin
genes and, later in development, switches to interact
with adult type β-globin genes. Repressors BCL11A and
LRF bind to the γ-globin promoter and recruit the NuRD
remodeling and deacetylase complex to silence transcrip-

tion. ZNF410 uniquely activates CHD4, one of the cata-
lytic components of NuRD. Although NuRD has
numerous targets, the γ-globin genes are particularly sen-
sitive toCHD4 reduction. This fortuitous regulatory path-
way means that ZNF410 may be a druggable therapeutic
target for severe hemoglobinopathies to increase γ-globin
with few anticipated direct off-target effects. Whether
CHD4 expression is also regulated by this single transcrip-
tion factor in other cell lineages is not yet clear. Likewise,
it is not known yet whether ZNF410 is as highly selective
a factor in other cell types.

Although studies of the β-globin genes and other model
systems seem to unequivocally support enhancer looping,
imaging studies have shown distances on the order of 200
nm between active enhancers and genes. How stable or
dynamic is enhancer-gene proximity and does proximity
always correlate with gene activation? Using 5C and
FISH assays, the laboratory of Wendy Bickmore (Universi-
ty of Edinburgh) had surprisingly observed greater separa-
tion between Shh and its enhancers upon activation
during differentiation of embryonic stem cells (ESCs) to
neural progenitors (Fig. 1B; Benabdallah et al. 2019). Im-
portantly, Shh responded to its enhancers despite their
separation, providing strong evidence that proximity is
not essential for enhancer activation of this gene and
may even disfavor it. In these experiments, a very early,
transient enhancer-promoter proximity might have been
missed. Bickmore presented new experiments using a
model with a more rapid response to enhancer activation.
Upon activation, responsive enhancers and target genes
moved apart very fast—within 5 min—revealing separa-
tion to be an early event.

If enhancers separate from genes, how can we envision
activation to occur? Bickmore suggested that PARP,
whose activity was required for the separation, could con-
tribute to a PARP-modified scaffold upon which specific
transcription factors accumulate and recruit coactivators
like Mediator and P300, contributing the “intelligence”
of the system of gene activation within a transcription-
rich environment, possibly a condensate. Nevertheless,
the devotion of an enhancer to a specific target gene and

Figure 1. Enhancer-promoter communi-
cation. (Left) An enhancer and promoter
are depicted as coming close together for
gene activation, as captured in proximity
ligation experiments, with looping away
of intervening sequences. Lineage-specific
transcription factors mediate this interac-
tion proximity and serve to recruit coacti-
vators and RNA Pol II, which then can
act at the nearby promoter to activate tran-
scription. An enhancer RNA (red line) is
depicted as participating in the interaction.
(Right) Enhancer and promoter are not
closely associated and can even move far-
ther apart when activating their target
gene. Enhancers are still bound by specific

transcription factors but recruit coactivators and Pol II to increase the local concentration of these components within a cloud or hub,
the nature of which remains unclear.
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rejection of other nearby genes is still difficult to envision
in this scenario.
Focusing on developmental enhancers and topological-

ly associating domains (TADs) in the context of embryo-
genesis in flies, Eileen Furlong (European Molecular
Biology Laboratory) has addressed when and how chroma-
tin topology is established. Her group (Ghavi-Helm et al.
2014) previously showed that many embryonic enhancers
are already in proximity to their target genes’ promoter
hours before the gene is expressed. Thus, enhancer prox-
imity does not necessarily trigger transcription and, in-
deed, can precede it during developmental progression.
Using single-cell DNA FISH on carefully staged embryos,
her laboratory has now examined even earlier stages in
embryogenesis and observed both TAD and long-range
loop formation at the zygotic genome activation (ZGA)
stage. Notably, this occurs at loci before the transcription
of the genes initiates, and TAD formation happens even
when transcription is inhibited. Interestingly, transcrip-
tion factors are known to be engaged at early embryonic
enhancers at this period before gene activation, suggesting
a potential role for these factors in promoting or stabiliz-
ing the loops. Are eRNAs produced at these enhancers be-
fore gene activation? The Ghavi-Helm et al. (2014) study
found that many genes with preformed enhancer-promot-
er loops have paused RNA polymerase at their promoters.
How is gene activation prevented? Is there a role for Poly-
comb or other repressors in counteracting transcriptional
elongation at these target genes?
According to proximity ligation experiments, enhanc-

ers interact with other enhancers as well as target pro-
moters. Moreover, genetic variations in enhancers can
affect the activity of other enhancers. How are enhanc-
er-enhancer interactions established and maintained,
and what is their function? A new approach to probe
these questions was described by Susanne Mandrup (Uni-
versity of Denmark). Her laboratory devised an enhancer-
capture HiC method based on the logic of promoter cap-
ture HiC. Examining enhancer repertoires at time points
after hMSCs are induced to differentiate to adipocytes,
they observed fundamentals of enhancer-enhancer inter-
actions. Enhancer-enhancer interactions were at least as
dynamic as enhancer-promoter interactions, and inter-
acting enhancers tended to be coregulated and to be occu-
pied by the same transcription factors. In fact, what
Mandrup referred to as cross-interaction stabilization
(CIST) tended to increase transcription factor occupancy
at interacting enhancers bound by the same transcription
factor, regardless of motif strength but dependent on
the number of interactions bound by the factor. Highly
connected enhancers (more than eight interactions)
were enriched for CTCF occupancy. Mandrup described
“enhancer communities” that interact more with each
other than with other enhancers and showed that highly
connected enhancer communities appear to drive line-
age-specific genes. Interestingly, highly connected en-
hancer communities governing many different lineages
appear to coexist in the undifferentiated hMSCs. Upon
differentiation, interactions are modulated in a lineage-
specific manner. One caveat is that, absent an advance-

ment to the single-cell level, enhancer capture HiC is
unable to reveal whether the multiple enhancer contacts
that are observed occur at the same time in one cell or in
different cells.
Enhancers and target genes are predominately located

within the same TAD. Do TADs influence interaction be-
tween the enhancers and target genes or do enhancer-gene
interactions influence TAD formation? Eileen Furlong’s
group hasmanipulated TAD structure in cis, as well as de-
pleted different insulator proteins in trans, to understand
how TADs are formed and what their role is in enhancer
function. Doing these experiments at the ZGA stage indi-
cates that TADs can still be established in early embryo-
genesis when any one insulator protein is depleted.
However, although there is little global change, chroma-
tin structure at some individual loci is affected. Similarly,
when TAD structure is changed by genomic rearrange-
ments in cis (using deletions and inversions in highly rear-
ranged “balancer chromosomes”), the expression of the
majority of genes is unaffected. However, some genes
are affected, and this appears to be due to the formation
of ectopic contacts by enhancers. Why some enhancers
are constrained or impacted by the presence of a TAD
boundary and others are not is a really interesting ques-
tion. Perhaps these enhancers (or the boundaries) have dif-
ferent properties.
From a different angle, Effie Apostolou (Weill Cornell

Medical College) reported on the formation of genome to-
pology in mouse pluripotent stem cells (PSCs). The tran-
scriptional program of PSCs is rapidly reset upon exit
from mitosis, and this requires mitotic bookmarking by
H3K27ac. Using in situ HiC, Apostolou showed that early
changes in transcription are associatedwith large-scale to-
pological changes after exiting mitosis, including A-B
compartmentalization and TAD boundary insulation
that are overall rapidly re-established. However, intra-
TAD connections and chromatin loops reformed in a
more gradual and asynchronousmanner. The first interac-
tions that re-emerged were relatively small in size and
were enriched for H3K27ac bookmarking and for tran-
scription factors, RNA Pol II, and Mediator binding, sug-
gesting that they represent active regulatory loops (e.g.,
enhancer-promoter contacts). In contrast, loops that
formed more gradually or late, referred to as structural
loops, which could represent subTADs or neighborhoods,
were significantly larger and were enriched for CTCF and
cohesin but not H3K27ac, Mediator, or transcription fac-
tors. These experiments argue that enhancer-promoter in-
teractions form prior to and potentially independently of
neighborhoods/structural loops and that neighborhoods
might even coalesce around enhancer-promoter loops.
Another point of view emerged from experiments car-

ried out by Denis Duboule and Chase Bolt (EPFL). Genes
of the HoxD locus lie between two TADs. Enhancers of
Hox genes expressed early in the proximal forelimb are lo-
cated on an adjacent downstream TAD, while enhancers
of genes expressed later in the distal forelimb are located
in an adjacent upstream TAD. At early developmental
times, the enhancers of the proximal genes are active,
while the enhancers of the distal genes are silent, which
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is reversed at later times. Duboule describedmoving a dis-
tal gene enhancer into the proximal gene enhancer region.
Under these new conditions, the translocated distal en-
hancer lost the distal specificity that is otherwise fully
penetrant when integrated at random genomic positions.
This is at least consistent with some aspect of TADs play-
ing a specific role in the function of enhancerswithin their
borders. The context seems to be important for the en-
hancer function. However, enhancer-promoter interac-
tions were not specifically examined to see whether
they changed.

That transcription causes locus decondensation has
been known for many years (Janicki et al. 2004), possibly
indicating multiple conformations of enhancer-regulated
transcription where spatial proximity is important
(Chen et al. 2018; Alexander et al. 2019) but variable
over the course of transcriptional activation. How do en-
hancers up-regulate gene transcription without achieving
proximity? Bickmore had proposed that clusters or con-
densates embrace the two elements still at some detect-
able distance, possibly driven by transcription factors
occupying the elements and recruiting coactivators (Fig.
2). Imaging provided further insight as reported by Mi-
chael Levine (PrincetonUniversity) in studies of coregula-
tion of two genes, Scylla and Charybda, by the same
enhancer in fly embryos. When activating the two genes,
the enhancer and gene signals do not merge but maintain
“social separation,” a theme of our COVID-19 times,
which Levine attributed to molecular travels within a
cloud or cluster (called a hub) of transcriptional activity.
In this case, there is tethering of the enhancer and genes
using separate elements enriched for GAGA factor. Dele-
tion of the tethering sequences delays but does not pre-
vent the onset of transcription of the genes. The lack of
close enhancer-gene proximity, as well as the ability of
an enhancer to activate more than one gene, is in contrast
to enhancer behavior observed at other genes, as in the β-
globin model.

Richard Young (Massachusetts Institute of Technology)
reported on transcriptional condensates formed at
superenhancers. Biomolecular condensates are clusters
of proteins and nucleic acids that assemble and compart-
mentalize diverse molecules with shared functions, form-
ing due to dynamic multivalent interactions in the

intrinsically disordered regions (IDRs) of proteins. Super-
enhancers, which drive expression of key cell identity
genes and oncogenes, are bound by a high density of tran-
scription factors and cofactors with domains enriched in
IDRs. The properties of transcription factor activating
domains required for gene activation are also proposed to
be required for the formation of transcriptional conden-
sates in vivo. The transcriptional condensates formed
at superenhancers are ∼300 nM in diameter, contain
>100molecules of Mediator and RNA Pol II, form and dis-
solve dynamically, and display characteristic liquid-like
behaviors.

Young (Klein et al. 2020) reported that drugs accumu-
late in specific nuclear condensates by preferentially in-
teracting with specific condensate proteins and that this
property is independent of the drugs’ canonical target.
For instance, the widely used anticancer drug cisplatin se-
lectively concentrates in MED1-containing condensates
in the absence of its DNA target. Comprehensive muta-
genesis of MED1 revealed that aromatic amino acids are
dispensable for condensate formation but are important
to concentrate drugs, either by π-stacking or π-cation in-
teractions. Cisplatin preferentially intercalates DNA as-
sociated with SEs occupied by MED1 condensates.
Additional anticancer drugs were found to concentrate se-
lectively in one or more condensates, suggesting that this
may be a general property of drug distribution in cells and
might also provide a mechanism for development of drug
resistance. In breast cancer cells, MED1 overexpression
caused dilution of tamoxifen by its sequestration in con-
densates, rendering the tumor resistant to treatment.
Overall, these findings have potential implications for
the development of chemotherapeutic agents targeting
specific cell compartments and genomic regions, improv-
ing the therapeutic index of small-molecule drugs and
overcoming drug resistance.

The proliferation of vocabulary to describe fluorescent
spots in the nucleus associated with enhancer-regulated
transcription is one indication of our persistent lack of
knowledge about their nature. These features have been
called “transcription factories,” “hubs,” “foci,” “conden-
sates,” “phases,” and “droplets” (Fig. 3). It is clear that
these spots are dynamic, exchanging factors with the nu-
cleoplasm and are related to functional output. However,

Figure 2. Phase separation. Graphic represen-
tation of a cell nuclear compartment (yellow
oval) hosting two distinct molecule popula-
tions (green circles and purple squiggles). A ho-
mogeneous mixture of the two molecule
populations is depicted in the left panel. (Right
panel) Exogenous or endogenous cues can in-
duce preferential concentration of one of the
two molecule populations (purple squiggles)
in a non-membrane-bound nuclear subregion.
The arrows signify that the two states (homo-
geneous at the left and separated at the right)
are in a dynamic relationship. Genomic DNA
is not depicted.
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their physical dimension (∼300 nm) is maddeningly close
to the spatial resolution of light microscopy, making a
clear understanding of their nature elusive at present. To-
gether, at the very least, these meeting reports make it
clear that diverse mechanisms may underlie enhancer
function and that we still have much to understand about
the details of enhancer-gene communication.
That enhancers are transcribed has been appreciated

over a decade, but the role of such transcription/tran-
scripts in enhancer function has been difficult to pin
down (Sartorelli and Lauberth 2020). Interestingly,
Young’s laboratory (Henninger et al. 2021) had reported
that nascent eRNAs stimulate transcriptional condensate
formation, while further transcriptional bursting pro-
motes condensate dissolution, supporting eRNA func-
tionality. Do eRNAs or their transcription have a direct
role in enhancer-promoter interaction or other aspects of
the transcription activation process? (Fig. 1A) How are
eRNAs themselves regulated? Work presented by Shan-
non Lauberth (University of California San Diego) sup-
ported a role for eRNAs as an important regulatory layer
of the epigenome. Leveraging an identified class of eRNAs
robustly produced by tumor-promoting p53 (p53 R273),
the second most frequently identified mutant allele of
p53, Lauberth revealed the role of eRNAs in regulating tu-
mor-promoting gene expression. Characterization of
these eRNAs in gene control revealed their ability to in-
teract with chromatin reader bromodomains to augment
the chromatin interactions and coactivator activities of
BET family members. Lauberth further reported that
eRNAs produced from the enhancers known to regulate
the oncogene MYC are important in supporting MYC
hyperactivation. To investigate the molecular mecha-

nisms underlying gene control by the MYC eRNAs,
RNA antisense purification coupled with mass spectrom-
etry (RAP-MS) was employed and uncovered several inter-
esting eRNA binding partners that include additional
examples of chromatin reader proteins beyond the BET
proteins. These findings unravel the importance of
eRNAs in converging with histone modifications to im-
pact the interpretation of the chromatin landscape by
reader proteins.
Correct ncRNA and eRNA termination of transcription

is regulated by WDR82/PP1 and Integrator (INT). When
WDR82/PP1 or INT is reduced, eRNAs processing is al-
tered (Austenaa et al. 2015; Lai et al. 2015). Regulation
by Integrator was discussed by Ramin Shiekhattar (Uni-
versity of Miami). Shiekhattar’s group has reported that
INT, a metazoan 12-subunit complex, associates with
the CTD of Pol II and is involved in U snRNA and
eRNA processing by termination of nonpolyadenylated
transcripts. INT is recruited at promoters of immediate-
early genes in an EGF signal-dependent manner, where
it regulates enhancer-promoter looping, transcriptional
initiation, and elongation via interaction with the supere-
longation complex (SEC). INT also associates with the
transcriptional elongation factor SPT6 to terminate
lncRNA transcription, suggesting a critical involvement
of INT with several protein partners to regulate lncRNA
biogenesis.

Conclusions

Despite, or perhaps because of, recent advances in under-
standing the interweaving of genome organization and
gene expression, several timely questions have emerged
from the meeting. First, what is the role of enhancer poly-
morphisms in variability of gene expression in different
populations? And how pervasive and relevant are enhanc-
er mutations in disease? These questions highlight the
persistent challenge of identifying the causal genes linked
to enhancer disease-related phenotypes. This, for the pre-
sent, primarily depends on looking for looped partner
genes, but, as we appreciate from the meeting reports us-
ing imaging, such links, determined by proximity ligation,
are not always going to lead to the causal gene, whichmay
not achieve proximity with its enhancer(s).
This brings us to the second major question arising,

which is how important is proximity between enhancers
and genes? Imaging studies presented at the meeting
showed that genes can even move farther away from en-
hancers when they are activated. We are in need of a
more comprehensive and dynamic picture to understand
whether there are many enhancer-gene relationships
that can lead to activation orwhether there is an overarch-
ing and unifying principle.
The concept of a transcriptional “cloud” is appealing in

this regard, often visualized as local foci inmicroscopy ex-
periments. Thus, the third timely question is about the
nature of such transcriptional foci. To directly visualize
the transcriptional process will require microscope tools
that have yet to be developed; i.e., the ability to visualize

Figure 3. Enhancer word cloud. The word cloud was generated
from the talk titles from the 2-d symposium using equal weight-
ings based on frequency of use.
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multiple probes in living cells with nanometer spatial res-
olution and time resolution covering a dynamic range
from milliseconds to minutes or hours. In the absence of
such technology, the field is currently reliant on indirect
methods such as fluorescence recovery after photobleach-
ing (FRAP), which can have multiple interpretations
(Lionnet et al. 2010); site-directed mutagenesis, which in-
terferes with function; and perturbation with chemicals
that have pleiotropic effects on chromatin (Itoh et al.
2021). As such, the nature of these foci was an area of ac-
tive debate. No doubt these questions will continue to be
addressed in future “enhancers, gene regulation, and ge-
nome organization” meetings.
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