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ABSTRACT
Cell type-specific and housekeeping enhancers

Introduction

The transcriptional output of eukaryotic cells is regu-
lated by a complex interplay between chromatin mod-
ifications and transcription factors (TFs) acting at
thousands of promoters and enhancers (heretofore
referred to as cis-regulatory elements). The spatio-
temporal regulation of gene expression is fundamental
to cell differentiation and maintenance of cell identity,
enabling the formation of different cell types with spe-
cialized functions. Moreover, the integration of devel-
opmental and environmental signals at cis-regulatory
elements enables cell type-specific transcriptional
responses to identical stimuli, which is another critical
attribute of cell differentiation. Genomic cis-regulatory
regions act as platforms for the recruiment of cell
type-restricted and broadly expressed TFs"“’ and
include cell type-specific and housekeeping elements.
Over the past few years, hundreds of thousands of cis-
regulatory elements have been annotated in different
cells of multicellular organisms. However, our func-
tional understanding of how different combinations of
TF motifs and additional DNA sequence-encoded fea-
tures® eventually determine the distinctive functional
properties of each of these elements, is still very
incomplete and no accurate predictive models of
enhancer or promoter activity are available. We dis-
cuss here recent significant advances in this area,

and promoters collectively control the
transcriptional output of mammalian cells. Recent data clarify how DNA sequence features on the
one hand control functional coupling of promoters with selected enhancers, and on the other
impart high level of activity to a broad range of regulatory elements.
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focusing on two main aspects. First, how enhancers
can be functionally coupled to only a subset of core
promoter elements, thus creating a layer of functional
specificity; and second how a limited number of TFs
are broadly used to impart high constitutive activity to
both promoters and enhancers, irrespective of their
housekeeping or tissue-specific activity.

Constitutively active core promoters and enhancers

In the past few years, the availability of a large panel of
genome-wide transcriptomic and epigenomic data sets
has contributed to increase our knowledge of the basic
principles of transcriptional regulation both in lineage
specification and in the control of inducible gene
expression. The current paradigm assumes that cell
type-specific transcriptional outputs (and thus func-
tional properties) reflect the collective activity of thou-
sands of active cis-regulatory elements that control the
expression of genes that are specific to that cell type as
well as the appropriate level of transcription of house-
keeping genes. Stimulus-activated TFs operate within a
cell type-specific landscape of accessible cis-regulatory
elements, which is generated by the unique combina-
tion of lineage-determining TFs specifically expressed
in that cell type. Active enhancers and promoters share
several features, including relative nucleosome deple-
tion, high levels of histone acetylation, the ability to
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initiate transcription® and an overall similar sequence
organization, consisting of the variable combination of
motifs recognized by sequence-specific TFs and core
promoter elements.””’

Transcription initiates at core promoters, short
sequences located in close proximity to the tran-
scription start site (TSS) at the 5” end of genes and
that can facilitate the recruitment of RNA polymer-
ase II (Pol II), the assembly of the pre-initiation
complex (PIC) and in specific cases control the
accurate positioning of initiation and the direction
of transcription.** Core promoter elements include
the TATA box,'>'! Initiator (Inr)'? and the TFIIB-
recognition elements (BREs)."”'* Such classical
core promoter elements, however, are not the only
motifs specifically enriched in close proximity of
TSS. Computational analyses of the DNA sequences
in the entire complement of human gene pro-

15,1
moters'>1°

revealed that a very few TF consensus
sites are specifically over-represented within 50 bp
from mapped TSS, suggesting a possible role in the
control of transcription initiation. The TF motif
with the strongest enrichment in the immediate
vicinity (<50 bp) of the TSS is the canonical con-
sensus DNA binding site for ETS proteins
(5CCGGAAGT?3’), a metazoan-restricted family of
TFs. Such a close proximity of ETS motifs to the
transcription start sites suggested their direct role
in the control of basic promoter properties, a
hypotesis that has recently received experimental
validation: a subset of ETS motifs are critical to
control high constitutive transcriptional activity of
promoters and enhancers, irrespective of their
housekeeping or tissue-specific activity.'”

Housekeeping vs. developmental cis-regulatory
elements

Recent data point to the notion that enhancer-core
promoter specificities are determined by TF motifs
present in functionally coupled regulatory regions. A
striking example of how specific motifs in core pro-
moters restrict their ability to work with a selected
set of enhancers comes from studies in Drosophila.
Using STARR-seq (self-transcribing active regulatory
region-sequencing), Stark and colleagues analyzed
the activity of hundreds of thousands enhancer
candidates towards core promoters with either
housekeeping or developmental activity.'®'® In this

high-throughput method, randomly sheared genomic
DNA fragments are cloned into transfection vectors
at a downstream “enhancer-like” location so that any
resulting transcripts contain the sequence of the
enhancer that stimulated their expression. Vector-
derived ¢cDNA sequences are then mapped to the
genome, identifying enhancers that are active in a
specific cell type. The authors used two different core
promoters, one housekeeping -derived from the ribo-
somal protein gene RpS12 and containing the TCT/
DRE motif, which is commonly enriched in the pro-
moters of housekeeping genes in Drosophila- and
one developmental -derived from the tissue-specific
even-skipped gene (eve) and containing tha TATA,
Inr, MTE and DPE motifs. Significantly, at genome
scale the two types of core promoter elements
showed the selective ability to support transcription
activation by only housekeeping or developmental
enhancers, respectively (Figure 1). The general
notion coming from these data is that for distal cis-
regulatory elements to work, proximity to a promoter
is not enough: they need to find a core promoter
partner with a distinctive combination of motifs that
enables functional pairing.

Enhancer-core promoter specificity within chromatin
domains

Interactions of enhancers with target promoters pref-
erentially occur within a defined physical space

1. Unmatched enhancer—core promoter pair

» Lack of activity

Enhancer

Core promoter

2. Matched enhancer—core promoter pair

>
% @ - Low constitutive or

3. Matched enhancer—core promoter pair
+ high activity cis-regulatory element

High activity element
(e.g. ETS)
‘«
:ﬂ:/ » Constitutively high transcription

Figure 1. The schematic depicts two distinct but intertwined
layers of control at cis-regulatory elements: the functional cou-
pling of promoters with selected enhancers, which can be further
activated in presence of high activity motifs such as ETS.



constrained by three-dimensional interactions among
distant regions.”’>* Currently, it is still unaddressed
whether the chromatin architecture of housekeeping
and developmental loci follows similar principles. In
Drosophila, housekeeping enhancers tend to form
multi-TSS interaction networks and to be associated
with the borders of TADs, while developmental
enhancers are more often bound to a few TSS and are
enriched at chromatin loop anchors, regions of
enriched chromatin interactions within TADs.*

In addition, modulating DNA accessibility within
chromatin has been shown to be an important layer of
specification of enhancer-core promoter contacts. In
this regard, the occupancy and accessibility of nucleo-
somes at tissue-specific and housekeeping regulatory
sequences were shown to have specific properties, at
least in the mouse liver. Specifically, tissue-specific
enhancers were shown to retain MNase-accessible
nucleosomes significantly more than active promoters
and ubiquitous enhancers. In this context, the pioneer
factors FoxAl and FoxA2 are responsible to keep
nucleosmes accessible at liver-specific enhancers allow-
ing other TFs to bind and stimulate transcription.*

ELF proteins control housekeeping and
tissue-specific cis-regulatory elements

Data discussed above point to DNA sequence-
instructed functional divergences among different cis-
regulatory elements, with housekeeping enhancers
being selectively able to activate transcription from
housekeeping core promoters, and developmental or
tissue-specific enhancers being instead able to activate
transcription from developmental core promoters.
Other data point to the only apparently conflicting
notion that regulatory elements with a different range
of activity across cell types (from highly tissue-specific
to broadly acting elements) coopt a limited number of
identical TFs to efficiently promote transcription. As
mentioned above, ETS motifs are over-represented in
close proximity of mammalian TSS,">'® indicating
that selected sequence-specific TFs (among the hun-
dreds expressed in eukaryotes cells) may act as broadly
used facilitators of early steps in transcription. Inter-
estingly, ancestors of ETS proteins appeared in primi-
tive eukaryotes as bridges linking core promoters to
components of the transcriptional machinery, thus
directly enabling early

steps in transcription

initiation.*”

TRANSCRIPTION 179

In a well-characterized and highly differentiated
metazoan cell type, namely primary macrophages,*®
a specific subset of ETS motifs recognized by ELF
proteins and GABPA was found to be enriched in
distinct classes of cis-regulatory elements whose
only apparently common property was to have a
constitutively high activity: housekeeping promoters
and highly active tissue-specific enhancers.'” Con-
sistently, ChIP-seq analyses showed that the ELF
subfamily of ETS proteins bound both the pro-
moters of housekeeping genes and a specific subset
of macrophage-specific enhancers characterized by
very high acetylation levels and RNA Polymerase II
binding.'” Importantly, both in the context of
transfected reporter vectors and at the endogenous
genomic loci, point mutations in ELF binding sites
were sufficient to determine a strong and in many
cases almost complete loss of activity. While the
mechanisms responsible for such a critical role of
ETS proteins in constitutive activity of disparate
regulatory elements remain to be fully elucidated, a
DNA affinity purification approach coupled to
mass spectrometry analysis showed an ETS-depen-
dent recruitment of chromatin modifiers and regu-
lators of transcriptional elongation.'”

Concluding remarks and future directions

The data discussed in this commentary indicate the
existence of two distinct layers of control that inter-
twine at cis-regulatory elements. On the one hand,
specific combinations of TF motifs at enhancers and
core promoters determine their ability to functionally
interact, implying that proximity between an enhancer
and a promoter is a required but not sufficient condi-
tion to promote transcription activation. However, a
precise
functional coupling between enhancers and core pro-

understanding of the rules underlying
moters is still unavailable. Moreover, although we can
expect that similar principles apply to gene regulation
in metazoans, definitive evidence in this direction is
still lacking. If a simple code exists that controls func-
tional coupling of enhancers and promoters, decrypt-
ing it will have an enormous impact on our
understanding of transcriptional control and it will
allow determining fundamental rules at the basis of
gene expression control.

On the other hand, cooptation of a limited num-
ber of TFs (such as the ELFs) may represent a
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transversal strategy broadly adopted across cell types
to equip cis-regulatory elements with different func-
tional roles and specificity with a common property:
the ability to efficiently promote transcription
(Figure 1). It follows that the absence of such motifs
in other cis-regulatory region may represent a pre-
requisite for their tighter and dynamic regulation in
response to specific micro-environmental or devel-
opmental cues. Therefore, the combination of speci-

ficity determinants and activity determinants

eventually controls spectrum and level of activity of
each genomic cis-regulatory element.
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