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The winding road toward transcriptional repression
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Enhancers are known for their role in mediating transcriptional activation. In this issue, Vermunt et al.” report
the unexpected finding that genes can undergo a sequential transition between distinct enhancers to
mediate progressive downregulation of expression.

Cellular differentiation is governed by
complex transcriptional mechanisms
that culminate in the progressive activa-
tion of cell type-specific genes and the
simultaneous repression of genes from
alternate lineages. Over the past few de-
cades, considerable progress has been
made toward our understanding of tran-
scriptional regulation, which has been
driven largely by discoveries related to
the function of enhancers. In this issue,
Vermut et al.” uncover a new twist in the
function of enhancers by showing that a
promoter can transition between different
enhancers to mediate progressive tran-
scriptional silencing.

Functionally defined as DNA elements
that activate transcription of a gene in an
orientation- and distance-independent
manner,” enhancers possess a number
of characteristics that reflect their func-
tion and facilitate their identification,
including enrichment in specific histone
marks (e.g., histone H3K27 acetylation),
the presence of non-coding enhancer
RNA (eRNA), and three-dimensional prox-
imity with the promoter(s) of the gene(s)
they activate. Importantly, enhancers
provide an exquisitely refined level of tran-
scriptional regulation, effectively control-
ling the temporal and spatial expression
of genes during differentiation and devel-
opment.3 Furthermore, enhancers deter-
mine the amounts of transcripts being
synthesized by regulating transcriptional
bursting frequency.**

While the control of gene activation
by enhancers during cell differentiation
has been extensively characterized, we
know very little about the progressive
silencing of genes as progenitors prog-
ress along the developmental path to

becoming specialized cells. To address
this question, Vermunt et al.” took advan-
tage of a highly synchronous cell differen-
tiation system based on the inducible
activation of the master regulator of
erythroid differentiation GATA1. In this
system, GATAT1 is fused to the ligand-
binding domain of the estrogen receptor
(GATA1-ER) and, as such, remains in the
cytoplasm of erythroid precursors. Upon
estradiol treatment, GATA1-ER translo-
cates to the nucleus and initiates a
cascade of changes in gene expression
that recapitulate terminal erythroid matu-
ration. At first, Vermunt et al.” focused
on the well-characterized gene Kit that is
progressively silenced during erythroid
maturation. Examining a potent enhancer
located 114 kb upstream of the Kit tran-
scription start site (—114), they detected
a progressive loss of the active histone
H3K27 acetyl mark (H3K27ac), a result
consistent with transcriptional repression.
Surprisingly, they also observed a corre-
sponding increase in H3K27ac at several
intronic regions suggesting the formation
of new enhancers while the gene un-
dergoes downregulation. Consistent with
this, nascent non-coding transcripts that
correspond to eRNA were also detected
at these sites concomitantly with the in-
crease in H3K27ac. Furthermore, 4C-
seq assays confirmed the formation of
de novo loops between the Kit promoter
and these intronic sites. Taken together,
these results reveal novel enhancer-like
elements that appear at intronic sites
while the Kit gene is being progressively
silenced during terminal erythroid differ-
entiation. Interestingly, these intronic
enhancer-like elements are transient:
they appear shortly after the beginning

of Kit downregulation, peak 13 h after in-
duction of differentiation, and disappear
as the gene completely switches off.’
While it is well established that the
same promoter can be activated by multi-
ple enhancers acting additively, synergis-
tically, or redundantly (i.e., shadow en-
hancers),®’ the changes in enhancers
that occur during silencing of the Kit
gene are highly unusual in their kinetics,
with decommissioning of the upstream
enhancer (—114) occurring first, followed
by activation of intronic enhancer-like ele-
ments that are themselves turned off later
when Kit becomes completely repressed.

What could be the role of these tran-
sient enhancer-like elements in repres-
sing the Kit gene? The answer to this
question came from CRISPR/Cas9 dele-
tion of the +49kb intronic element, which
led to loss of contact with the promoter
and accelerated repression of Kit. This
effectively shows that the element works
as a transient activator that counteracts
Kit repression during erythroid differentia-
tion. Further confirming the role of the +49
site as an activator of Kit, deletion of
the —114 enhancer led to variegated Kit
expression in the presence but not the
absence of the +49 site. Furthermore,
spatial proximity between the +49 site
and the Kit promoter was maintained in
cells that express residual levels of Kit
(10%) but not in cells with a complete
loss of Kit expression.1 Overall, these re-
sults reveal that repression of the Kit
gene during erythroid maturation does
not follow a linear path, but rather entails
a series of steps that include enhancer
decommissioning but also paradoxically
the activation of transient enhancers that
slow down Kit repression, presumably to

Molecular Cell 83, March 2, 2023 © 2023 Elsevier Inc. 653



mailto:mbrand3@wisc.edu
https://doi.org/10.1016/j.molcel.2023.02.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2023.02.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2023.02.005&domain=pdf

¢? CellPress

Regulation

Loop

R

llE—ll_b_'EF

nhancer

DD V(e

M0 %

Expression

VAN

FA

Target gene

<7 N\

Burous|ig/uoisssidey

Enhancer-
like Element

Target gene

Figure 1. An illustration of the mechanisms that gradually repress transcription via
formation of an enhancer-like element within intronic regions of the targeted gene

Created with BioRender.com.

prolong cell proliferation of erythroid pre-
cursors (Figure 1). Importantly, such tran-
sient enhancer-like elements are not
limited to Kit but have been observed at
hundreds of genes that undergo progres-
sive silencing in both primary erythroid
cells and adipocytes, suggesting this
is a widespread phenomenon. Thus,
while enhancers were previously known
to act additively, synergistically, or redun-
dantly,®” this study’ provides an impor-
tant new twist to these functions by
showing that enhancers can also act
sequentially to mediate progressive
downregulation of gene expression.
While a controlled, gradual decrease in
transcription is understandably important
for cell differentiation, one may wonder
about the advantage of a mechanism
that entails transitioning from a strong to
a weak enhancer rather than simply
decreasing enhancer strength through
cofactor exchange and/or decreased
transcription factor (TF) binding via post-
translational modifications. Part of the
answer may lie in the previous finding
that the DNA sequence underlying TF
binding motifs is critically important for
enhancer activity with many enhancers
containing DNA motifs that are subopti-
mal for TF binding.? While it is possible
to create very strong enhancers by opti-
mizing DNA motifs (or the spacing be-
tween DNA motifs) for increased TF
affinity, these enhancers lose spatial and
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temporal regulation,® suggesting that
strong enhancers are difficult to regulate
quantitatively. This may become an issue
for genes that are controlled by very
strong enhancers but must be progres-
sively downregulated rather than abruptly
turned off. In this context, the use of a
relatively weaker enhancer that transiently
takes over activation of a gene after
the decommissioning of a stronger
enhancer provides an effective solution
for a controlled, gradual decrease in
transcription.

An important unresolved question is
whether the newly identified enhancers
that serve as intermediates in transcrip-
tional repression represent weaker ver-
sions of enhancers or whether they differ
fundamentally in other properties of the
cis-regulatory code, such as TF motif or-
ganization, genomic position (e.g., intra-
or intergenic), or their capacity to recruit
specific cofactors.” A recent study
showed that distinct types of enhancers
display different dependencies toward
cofactors.’® In this context, it is interesting
to note that silencing of the transient Kit
enhancer required a GATA1 protein
capable of binding to the corepressor
complex Nucleosome Remodeling and D-
eacetylase (NuRD), suggesting that the
recruitment of corepressors (along with
coactivators) may be characteristic of
these transient enhancers. Much remains
to be learned about the cofactor dy-
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namics that occur at genes as they are
becoming progressively silenced.
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