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Summary

Summary

Animal development is attributed to differential gene expression that is tightly
regulated. Genes are transcribed from core promoters, sequences of around 100 base
pairs (bp) surrounding the transcription start sites (TSSs) at which the RNA Polymerase |l
(Pol 1) complex assembles. The cell-type specific transcriptional activities of core
promoters are dependent on a second type of genomic regulatory element termed
enhancers. During my PhD, | am interested in the specificity and responsiveness of core

promoters towards enhancers.

An open question in the study of transcription is whether core promoters display
intrinsic preferences towards enhancers. To address this hypothesis, we tested genome-
wide enhancer candidates for their ability to activate core promoters that represent the
housekeeping or developmental transcription programs, respectively. In Drosophila
melanogaster cell lines, the two core promoter types exhibit differential preferences
towards thousands of enhancers. Housekeeping core promoters are activated by
enhancers that are active across cell types, while developmental core promoters are
activated by enhancers that are highly cell-type specific. These two enhancer classes also
differ in their genomic location, the protein factors that they bind, and the function of the

neighbouring genes.

Different core promoters do not always support transcription at the same level,
differences that have been mainly attributed to the wide range of enhancer strengths.
Little is known about the intrinsic responsiveness of core promoters towards enhancers.
We used single defined enhancers to test the enhancer-responsiveness of genome-wide
core promoter candidates from Drosophila melanogaster. Core promoters vary widely in
their enhancer-responsiveness, with differences up to three orders of magnitude. The
differences correlate with sequence signatures and are associated with genes of different

function.

In summary, the results obtained during my PhD thesis project show that the
preference of core promoters towards enhancers represent another mechanism of
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Summary

enhancer—core-promoter communication, and the thousands of core promoters in the
genome vary substantially in their enhancer-responsiveness. These findings demonstrate
that core promoters are actively involved in the precisely regulated gene expression that

drives animal development.



Zusammenfassung

Zusammenfassung

Differenzielle Genexpression ist entscheidend fiir die Entwicklung mehrzelliger
Lebewesen wie Menschen und Tiere und muss daher streng kontrolliert werden. Gene
werden beginnend von einer etwa 100 Basenpaare langen DNA Sequenz transkribiert.
Diese Sequenz wird als Kernpromotor oder Core Promotor bezeichnet und umgibt den
Transkriptionsstartpunkt (TSS), auferdem enthdlt sie die mindest-notwendigen DNA
Sequenzelemente, welche fiir die Assemblierung des RNA-Polymerase 1l Komplexes nétig
sind. Die zelltypspezifische Aktivierung der Transkription an den Core Promotoren ist
jedoch von einer zweiten Klasse regulatorischer DNA Elemente im Genom, genannt
transkriptionelle Enhancer, abhangig. Wahrend meiner Doktorarbeit konzentrierte ich
mich auf die Spezifitit und das Ansprechverhalten von Core Promotoren in Bezug auf

transkriptionelle Enhancer.

Eine der offenen Fragen in der Transkriptionsforschung ist, ob Core Promotoren
eine intrinsische Praferenz fiir bestimmte Enhancer besitzen. Um diese Frage zu
beantworten, untersuchten wir Enhancerkandidaten auf deren Fahigkeit Core Promotoren
zu aktivieren. Dabei testeten wir sowohl Core Promotoren, die sich an nicht-regulierten,
konstitutiv exprimierten Genen, sogenannten Haushaltsgenen, befinden, als auch solche,
die an entwicklungsspezifisch regulierten Genen liegen. Die zwei Core Promotor Typen
weisen in Drosophila melanogaster unterschiedliche Praferenzen zu tausenden Enhancern
auf. Enhancer, die Core Promotoren vom Haushaltstyp aktivieren, sind tber mehrere
Zelltypen hinweg aktiv, wohingegen Enhancer, welche entwicklungsspezifische Core
Promotoren aktivieren, zelltypspezifische Aktivitit aufweisen. Enhancer dieser zwei
Klassen unterscheiden sich auch in ihrer Position innerhalb des Genoms, den Proteinen,

die sie binden, und der Funktion ihrer Nachbargene.

Core Promotoren weisen unterschiedliche Transkriptionslevel auf, Unterschiede,
die bislang der weiten Bandbreite an Stirke der Enhancer zugeschrieben wurden. Uber
das intrinsische Ansprechverhalten von Core Promotoren auf bestimmte Enhancer ist
bisher wenig bekannt. Wir verwendeten einzelne, definierte Enhancer, um dieses

Ansprechverhalten von samtlichen Core Promotor Kandidaten im Drosophila



Zusammenfassung

melanogaster Genom zu testen. Core Promotoren variieren stark im Enhancer-
Ansprechverhalten, wobei wir Unterschiede von bis zu drei Grélenordnungen
feststellten. Die Unterschiede korrelieren mit bestimmten Sequenzeigenschaften und sind

mit Genen verschiedener Funktionen assoziiert.

Zusammenfassend zeigen die Ergebnisse meiner Doktorarbeit, dass Core
Promotoren Pridferenzen zu unterschiedlichen Enhancern aufweisen, was einen weiteren
Mechanismus der Kommnunikation zwischen Enhancern und Core Promoter darstellt,
und dass sich die tausenden Core Promotoren im Genom substantiell im Enhancer-
Ansprechverhalten unterscheiden. Diese Erkenntnisse zeigen, dass Core Promotoren aktiv
an der prazisen Regulation der Genexpression beteiligt sind, welche die Entwicklung

hoherer Organismen erst ermdglicht.
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Introduction

Introduction

The Genome and Transcription Regulation

Single-cell animal embryos develop into mature multicellular organisms that
consist of diverse cell types and tissues. Amazingly, the individual cells are genetically
identical throughout development. This observation indicates that cellular machineries
interpret only the necessary information in the genome, without modifying or deleting any
nonessential parts. Consistently, the genome from somatic adult cells can still drive the
development of embryos into adult animals'?. Today, overwhelming evidence suggests
that differential gene expression, the difference in how cells interpret their genomes, is the

driver of animal development™*.

The two principal regulatory DNA elements in gene expression are core promoters
and enhancers (Figure TA). Core promoters are short sequences flanking the first genomic
positions where gene transcription starts. Another genetic element termed enhancers carry
the cell-type specific activities of core promoters. Typically several hundred base pairs in
length, enhancers can function irrespective of their orientation and distance’. In parallel,
they can be located at arbitrary genomic positions relative to their target core

promoters®’.

Enhancers contain binding motifs that recruit sequence-specific transcription
factors (TFs) and cofactors (COFs) to activate target core promoters®. These TFs typically
come in various combinations® to direct development (for instance, refs. 9,10). Some TF
combinations transform terminally differentiated cells into cells that closely resemble their
undifferentiated ancestors, which can (re)differentiate into other cell types'"'*. Some other
TFs instruct direct transformation of one cell type into another, bypassing the
undifferentiated intermediates'’'®. These lines of evidence indicate that the introduction

of TFs activate groups of highly instructive enhancers, which are influential on cell fate'.
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Figure 1 | Core promoters and enhancers, two main DNA elements in gene expression. A) Core promoters
(green arrow) are short sequences that encompass transcription start sites (TSSs). Enhancers carry the cell-
type specific activities of core promoters, and can lie at arbitrary locations. Enhancers recruit transcription
factors (TFs) via TF binding motifs (white-filled boxes). These TFs in turn recruit cofactors (COFs) to transmit
the signaling information to target core promoters. B) Enhancer activities are in the sequence, which can be
studied via reporter assays. For example, enhancers A and B encode different expression patterns in

Drosophila embryos.

Outside of their native contexts, enhancers frequently recapitulate the expression
pattern of their endogenous target genes. This trait allows various aspects of enhancers to
be studied®” (Figure 1B). For example, enhancers act in an additive manner, and some
enhancers can specify the same expression patterns, thus allowing for robustness®".
Furthermore, enhancers do not always contain TF motifs with the best affinity, as
suboptimal sequence signatures is opted for the correct activity””. Finally, the number of

active enhancers scale directly with developmental stages™.

Differential gene expression is typically ascribed to enhancers. Thousands of these
cis-regulatory elements interpret signaling cues, ultimately converging at core promoters
which convert the information into transcriptional output.

12
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Core Promoters as Genetic Elements

24-28

Core promoters™=® are minimal DNA sequences, typically around 80 to 100bp in

length, that are sufficient for accurate initiation of transcription***

. In the genome, core
promoters flank the TSSs and coincide with the 5’ transcript ends. At protein-coding
genes, core promoters nucleate the preinitiation complex (PIC)*** that consists of the
general or basal transcription factors (GTFs) TFIIA, TFIIB, TFIID*, TFIIE*® TFIIF and

39-42

TFIIHY, the catalytic Pol 1I’® as well as other auxiliary factors’®*. By default, core

promoters support only minimal levels of transcription, and their induced activity relies

on enhancers®**,

Core promoters can contain short nucleotide stretches with distinctive patterns**?,
termed core promoter motifs or elements (reviewed in refs. 28,49,50). Some core
promoter elements are enriched at core promoters where the TSSs are concentrated at a
few closely-spaced nucleotides. Such a “focused initiation” pattern is typically found at
core promoters of developmentally-regulated genes with strong cell-type specific
expression. Here, the position of the major TSS is denoted as the +1 position, which
typically coincides with the adenosine (A) residue of the core promoter element initiator

)51—53 (

(Inr Figure 2). Other core promoter elements such as the TATA box™* and

downstream promoter element (DPE)> are enriched at positions around -30 and +30,

661 include the motif ten

respectively. Other positionally-specific core promoter elements
element (MTE)**®, TFIIB response elements (BREs)**** and downstream core element

(DCE)*.
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Figure 2 | Core promoter elements of focused core promoters, and regions of contact of the preinitiation

46,66

complex (PIC). The positions of core promoter elements and their nucleotide frequencies**®, represented

by sequence logos®’, are shown. Typically, the adenosine (A) residue of the Initiator coincides with the +1

51,52

position>'~?, the most prominent TSS (brown shading). Other core promoter elements such as the TATA box,

motif ten element (MTE) and downstream promoter element (DPE) also show positional preferences. Also

shown are the positions of contacts by preinitiation complex (PIC) components®®”".

In contrast, the core promoter elements DRE”, as well as Ohler Motifs* 1, 5, 6,
and 7 are typically not constrained within any specific core promoter subregion”, and are
enriched in core promoters of ubiquitously expressed housekeeping genes. Initiation at
these core promoters tend to be spread over 40 to 100 nucleotides with no dominant TSS,
a pattern also termed “dispersed initiation”. An exception is at translation-related genes
where focused initiation occurs instead, with the TCT element is at around the +1
position”*”. In vertebrates, dispersed core promoters could also be within CpG islands™

7, regions with elevated CG (also termed CpG) dinucleotide contents®®*.

Focused and dispersed initiation patterns are also related to distinct nucleosome
configurations®. In addition, many core promoters exhibit a mixture of both patterns (for
instance, refs. 61,86,87). Some nucleotide variants that affect the affinity of core promoter

elements also affect initiation pattern, resulting in expression variability among cells®.

The occurrence of some core promoter elements and the dichotomy in initiation
pattern is deeply conserved, yet species-specific innovations also exist. For example,

focused plant core promoters are also enriched in the TATA box and Inr, in addition to
14
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the plant-specific core promoter element Y-patch. Interestingly, plants lack CpG core
promoters, and dispersed initiation in plants correlates with GA repeats with no
preference for housekeeping genes™ ™. Additionally, the TATA box in Sacccharomyces
cerevisiae is located at positions around -40 to -120, instead of around -30 as in most

species”’.

Core promoter elements other than the TCT element are also associated with
specific biological functions””. The TATA box is enriched in genes expressed before

zygotic transcription”, in terminally differentiated tissues™”>*®

and in strongly- and
rhythmically-activated circadian genes™. Interestingly, the TATA box affinity inversely
correlates with gene length'®. The DPE is enriched at genes expressed during early
embryogenesis and related to signaling”™. Some patterns of associations emerge between
core promoter elements. For example, the TATA box and DPE occupy non-overlapping
core promoter subregions and tend to co-occur with Inr. However, the TATA box and

DPE rarely co-occur in the same core promoter*®?>'""

. Additionally, some core promoter
elements have distinct variants, such as Inr'® and the DPE™. It seems that no single core
promoter element occurs in all core promoters, and possibly more core promoter
elements are yet to be discovered*®*. Interestingly, most core promoter elements are
directional (except, for example the TCT element or the palindromic DRE), consistent
with the nonsymmetric nature of the PIC and the directionality of Pol Il transcription

activity®.

As core promoters mark the beginning of genes, their recognition by the PIC is
vital. The canonical view on core promoter recognition primarily centers around TFIID,
an ~1 megadalton PIC component that consists of TATA-binding protein (TBP) and 14
TBP-associated factors (TAFs)*. Specific TFIID subunits bind to core promoter elements to
correctly position the PIC’°. For example, TBP straddles the DNA'” and recognizes the
TATA box'*, while TAF1 and TAF2 bind Inr'® (Figure 2). However, TFIID is not the only
PIC component that binds core promoters*””’. For instance, TFIIB recognizes the BREs”.
Additionally, cooperativity between the PIC components is required for its correct
positioning at core promoters. For example, TBP alone in solution has little preference to
bind the TATA box in the correct orientation, and its orientational specificity is conferred

by other GTFs'**'%.
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The discovery of the DCE underlines the importance of core promoter elements for
core promoter function. It was first identified as a series of mutations in B-thalassemia
patients''”""* that reduce TAF1 binding'"”. The mutations have no effect on transcript
stability despite their location downstream of the +1 position®. Thus, core promoter

elements are functional subregions of core promoters that interact with trans factors.

Core promoter sequences were initially thought to be invariant as core promoters
that were first isolated all contained the TATA box and Inr''®. As more core promoters
were identified, it was recognized that their sequence, and almost in parallel, their
associated factors are also diverse. Indeed, emerging evidence supports that core

promoters are directly involved in gene regulation.

Gene Regulation via Core Promoters: Variegated Forms of Core Promoter

Complexes

The view on core promoter recognition by the PIC has initially revolved around
the TATA box and Inr-containing sequences. However, many core promoters do not
contain either of these, nor any other recognizable core promoter element. How are core

promoters in the genome recognized, activated, and regulated?

A relatively straightforward way to differentially regulate transcription via core
promoters is to differentially express the canonical PIC components. For example, the
pluripotency state of mouse ES cells is achieved partly via maintaining the TFIID
components at high levels. Disturbance in the level of these components lowers
pluripotency'"”. Interestingly, human ES cells express varying levels of TFIID subunits, and
these subunits make up at least two alternative PIC complexes associated with different
gene subsets'"®. Relatively “simple” alternative TFIID complexes, such as one that lacks

TBP, also exist that drive transcription independent of TATA box recognition'"”.

Interestingly, specific regulation at core promoters is achieved by more than
controlling the levels or configurations of the canonical TFIID. Several of the core
promoter factors have multiple paralogs, including TFIIA, TAFs and TBP. These paralogs

16
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significantly increase the ability of core promoter complexes to differentially regulate core
promoters (reviewed in refs. 120-122). First, some TFIIA paralogs are highly cell-type

12312 Gecond, in an

specific and potentially drive differential transcription activity
otherwise canonical TFIID complex, a single TAF paralog substitution could mediate
differential core promoter activation'*®. In other examples, single TAF paralogs are also
important in several differentiation processes'”’"'*°. Additionally, core promoter
recognition does not always involve single component substitution. For instance, a group
of TAF paralogs are specifically co-expressed in testis to drive the differentiation of male
germ cells". Indeed, many TAF paralogs in different tissues and species are critical for

the expression of specific gene subsets'".

Third, TBP paralogs termed TBP-related factors (TRFs) could substitute TBP to drive
cell-type specific gene programs'**'**. TRF1 associates with multiple TAF subunits that are
typically not members of the canonical TFIID'*, and can exert its activity via an upstream

TC-rich motif located at the expected TATA box position°. Additionally, TRF1 is also

137,138 ]39-142)

important in Pol Il transcription (Pol 1l transcription is reviewed elsewhere
Interestingly, TRF2 drives the expression from DPE-containing core promoters'®,
considered as an opposite class from TATA box-containing core promoters, the expected
target of TBP*?*"**1% TRF2 and a cell-type specific version of TFIIA also selectively
disrupt TBP-dependent TATA box activation'**'"”. Additionally, TRF2 is critical for core

promoter activation of many housekeeping genes'**'*°.

The requirement of differential core promoter recognition complexes is
exemplified at the Drosophila genes tudor (tud) and proliferating cell nuclear antigen
(PCNA). The expression of both of these genes can be separately driven by closely-spaced
alternative core promoters, which activation required the canonical TFIID complex at
one, and either TRF1 or TRF2-containing complexes at the other'’®. In addition, at the
histone gene locus, the core promoters of the core histones and histone H1 are
recognized by distinct but non-prototypical TFIID complexes which separately contain
either TBP or TRF2". These complexes also display different binding kinetics, consistent

with their distinctive expression timing patterns''.

17
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Finally, TRF3 is a is vertebrate-specific TBP paralog, and the most similar to
TBP"*"™_ TRF3 has a critical role in hematopoiesis'>* where it associates with TAF3 (ref.
155). TRF3-TAF3 association is also implicated in the transformation of muscle precursor
cells (myoblasts), to terminally differentiated myotubes of skeletal muscles. This process

is accompanied by a decrease in the prototypical TFIID complex level

, yet the reduced
TFID level is still instrumental for muscle gene expression'””. These observations might
stem from the close biochemical similarity between TBP and TRF3. TRF3 can also bind
the TATA box, and this binding is similarly enhanced by TFIIA. Indeed, TRF3 can partially

substitute TBP function'?'%8,

The existence of many core promoter factors provides the cell with elaborate trans
machinery components to meet the demands of specific spatiotemporal gene regulation.
Consistently, the increase in complex body plan also parallels the expansion of core
promoter factors during evolution”'*. Furthermore, core promoters are also the site of
distinct steps at which the transcriptional machinery undergoes major transitions, and

some of these steps are modulated for gene regulation.

Gene Regulation via Core Promoters: Early Steps of Transcription

Transcription begins with several sequential events that take place within or very
proximal to core promoters (Figure 3). First, the PIC assembles at core promoters to form a
“closed complex”'"'**. Subsequently, a short stretch of the DNA is melted in an “open
complex”'®*'**. Pol Il then transcribes the leading nucleotides of the mRNA while moving

7165-169

downstream in an ”“initial transcribing complex and separates from other PIC

components'’"72,

Shortly after, Pol 1l may “pause” several tens of base pairs
downstream'””'"*, before it continues transcribing'”>. Some of these steps are rate-limiting
and responsive to signaling cues, thus allowing for regulation**'*"”*. Additionally, the

sequence is also critical at some of these steps.

18
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Unbound DNA

Closed complex

Open complex

Initial transcribing complex

Pol Il pausing

Pause release and
roductive elongation
s P g

Figure 3 | Initial steps of transcription. Initially, RNA Polymerase Il (Pol 1), saddle-shaped TATA-binding
protein (TBP) and other PIC components form a closed complex at core promoters. The closed complex
then progresses into an open complex, where the DNA is locally melted and Pol Il is positioned at the TSS
(green arrow). The open complex transitions into an initial transcribing complex where Pol Il synthesizes the
leading nucleotides of mRNA. Pol Il may subsequently pause after several tens of nucleotides, before
continuing into productive transcript elongation. Core promoters can also wrap around nucleosomes before

the PIC forms'”*'®" (not shown). Reviewed in detail in refs. 40,68,177,182.
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As core promoter elements bind TFIID, changes at core promoter elements such as
the TATA box affect PIC binding efficiency'®'®". However, the reduced level of
transcription observed upon mutating the TATA box is much lower than can be
accounted for by the reduced PIC levels, suggesting that the TATA box may play also
additional roles''®. One of such roles is exemplified in the differential activation of the
p53 pathway transcriptional targets. In sensing DNA damage, the p53 pathway activates

early and late transcriptional responses'®'®’

. Some early p53 core promoter targets
contain the TATA box that become less responsive when p53 level increases'®. At the
core promoter of the early response gene p21, the TATA box specifically aids in rapid PIC
assembly. However, the p21 core promoter only allows limited rounds of transcription. In
contrast, the late response FAS receptor (FasR) core promoter supports inefficient PIC
assembly, yet permits multiple rounds of transcription that leads to a sustained cellular
response. The difference in PIC assembly kinetics is consistent with cellular requirements
upon DNA damage, where the cell first activates the cell cycle arrest p21, followed by the
proapoptotic FasR'™. Interestingly, p53 also activates the expression of an alternative p21

transcript. This transcript is expressed from a TATA-less core promoter and is dependent

on TRF2, a TBP paralog'”.

Other examples also exist where single signaling cues lead to differential activation
of target core promoters via distinct regulatory strategies at the steps of transcription. For
example, the Drosophila early embryogenesis regulator Zelda activates genes that may be
regulated either via Pol Il recruitment to the core promoter or via releasing paused Pol
II”'. Additionally, target core promoters of nuclear factor kappa B (NF-kB) signaling favor
the recruitment of either positive or negative regulators of pause release'”. Some
enhancers have been identified that specifically regulate the early transcriptional steps,
and interestingly, an enhancer could also modulate the different steps through the action

of different TFs'?.

The differential regulation at core promoters can also involve thousands of genes
simultaneously. In resting lymphocytes, the PIC docks at core promoters of future genes
and is maintained in a closed complex. Upon activation of these immune cells, the
expression of the GTF TFIIH leads to simultaneous DNA melting at these core promoters

and rapid increase in mRNA production'. Remarkably, the switch of transcription
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programs can also be mediated at overlapping core promoters. In zebrafish embryos,
maternal transcription is initiated from core promoters containing an upstream AT-rich
motif. Upon progression into the zygotic stage, transcription is supported by core

promoters that are mediated by nucleosome position. These zygotic core promoters

sometimes overlap with their maternally-active counterparts'®.

Gene Regulation via Core Promoters: RNA Polymerase Il Pausing

At thousands of metazoan core promoters, Pol Il accumulates proximally

downstream of the TSSs at positions +20 to +60 (ref. 174) while being stably engaged

173,196-202

with the nascent transcript . The levels of these proximally-accumulated Pol II,

commonly referred as being “paused”, vary and correlate with core promoter sequences

(reviewed in refs. 182,203,204).

In Drosophila, paused Pol Il is commonly found at core promoters that carry the

core promoter elements DPE, MTE and Pause Button (PB), typical of developmental

197,205

control genes . These sequence motifs have noticeable levels of G and C (GC)

85,97,198,205

nucleotides, and are located downstream of the TSSs . Pausing in human and

mouse also correlates with high GC content®***””. Pausing tends to be low in TATA box-

97,208

containing core promoters”*”, and the deletion of the TATA box results in modest pause

decrease’”. While pausing is more prevalent and can be high in focused core

5,197 5,202,210

romoters® ', pausing in dispersed core promoters is typically low to moderate®
p p 8 p p ypically

and occurs further downstream®''. Pausing at core promoters with distinct initiation

patterns also correlates with different sequence features and is established by different

facto rs1 98,210-214

The biological significance of pausing is potentially manifold. However, some

recurrent themes emerge. Pausing was initially thought to be prepare genes for future

203,204

activation or to facilitate rapid and synchronous responses to developmental

signals®®. Additionally, pausing can reset core promoters to their ground state*'**'”. As

218-220 220

pausing is relatively stable over time , it may allow integration of regulatory signals**".

In some cases, the degree of pause release also correlates with gene activity. Upon heat
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shock, mammalian cells modulate gene activation and repression via respectively

|221

increasing or decreasing the release of the paused Pol II**'. Some enhancers indeed

209,222

promote the release of pausing , and interestingly, pausing can also block enhancer

activity*.

Enhancer-specificity of Core Promoters

Frequently, synthetic transcriptional units with heterologous enhancer—core-
promoter pairing recapitulate the endogenous expression of the genes to which the
enhancers are ascribed (for example, refs. 224,225). Through this strategy, thousands of
enhancers in the genome have been identified (for instance, refs. 23,226-231). However,

core promoters are also similarly numerous and highly diverse in

sequence*® 1 0087,95,196.200.211.23223 (raviiewed in refs. 28,49,238,239). Even for the same gene,

core promoters that drive the expression of alternative transcript isoforms may be highly

dissimilar, with distinct GTF dependencies**’.

These observations suggests that an inherent specificity between these elements

241-245

exists , a notion that has been repeatedly postulated (for instance, reviewed in refs.

24239246247 "1n line with this notion, some enhancer—core-promoter combinations result in

225,248-251

unequal transcriptional output , while some other enhancer—core-promoter

combinations do not result in substantial differences in transcriptional activity*>”.

Differences in the level of transcriptional activity that are observed from different
enhancer—core-promoter combinations indicate that both the protein factors and core
promoters determine the transcriptional levels®>*?*. For instance, the sequence-specific
TFs Caudal and Dorsal, which specify patterning of Drosophila embryos, preferentially
activate DPE- over TATA box-containing core promoters®'?*. Other studies indicated
that PIC components also play a role in the differential activation of core promoters®***’.
In addition, many other TFs and COFs also show differential activity in various enhancer—

268

core-promoter contexts™®. The switch in transcription programs during maternal-to-

zygotic transitions is also accompanied by differential activation of distinct core promoter
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97,195

architectures’” '™, raising the possibility that distinct enhancer classes are utilized during

the different stages.

Butler & Kadonaga investigated the existence of genomic enhancers that
differentially activate TATA box or DPE-containing core promoters*”. To this end, the
authors performed enhancer trapping screens by randomly inserting transposon cassettes

into the genome**”*”"

. These cassettes carry two markers that are driven by either TATA
box or DPE-containing core promoters that can be differentially recombined (Figure 4A).
Recombination of the parental lines produce sister lines that are genetically equivalent,
except at the remaining marker””. On differential recombination, 14 lines showed no
differential marker activity. Interestingly, 3 lines showed preferential DPE-driven, while 1
line exhibited preferential TATA box-driven marker activity (Figure 4B). While the exact

enhancers could not be identified, the results suggest for the existence of genomic

enhancers that preferentially activate TATA box or DPE-containing core promoters.

A
mini-white
FRT FRT

loxP loxP
DPE-driven reporter TATA box-driven reporter

‘ random genomic integration

FLP '\ /’ Cre

sister lines that contained either
DPE or TATA box-driven reporter,
but are otherwise identical
B

BN ~
—r—L— ) e —r—L— iy

™~ ™~

—r—L— p —r—L— mp S

3 DPE-specific sister lines 1 TATA box-specific sister line

Figure 4 | Enhancer-trapping experiment supports the existence of core promoter-specific enhancers. A)
Experimental layout of ref. 243. An enhancer-trapping vector consists of two green fluorescent protein
(GFP) markers driven by either DPE- or TATA box-containing core promoters. Each of these reporters are
flanked by loxP and flippase recognition target (FRT) sites, enabling them to be excised out in vivo by either
Cre or Flippase (FLP) recombinase to produce sister lines. B) From this study, 3 DPE- and 1 TATA-box

specific lines were identified. In situ embryo images are from the original publication®®.
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In another study, Merli et al. asked the question from a different angle. Given
known enhancers, can they differently activate core promoters in the genome? At the
locus of the Drosophila gene decapentaplegic (dpp), dpp enhancers correctly activate
their cognate core promoter, located 35 kbp upstream. In contrast, the enhancers do not
activate the more proximal SLY-1 homologous (5lh) and out at first (oaf) core promoters
(Figure 5). The authors substituted the endogenous oaf with hsp70 core promoter,
resulting in the activation of oaf in a manner that resembles the endogenous dpp
expression®**. This result showed that exchanging a core promoter is sufficient for gene
activation by enhancers.

dpp transcript oaf transcript

S

N Oaf

dpp .'
dpp enhancers

core promoters: P
® dop _
P hsp70 ‘ P

S

uoljeWIOSURI] 810J8Q

»

B ] 0]
app enhancers

Figure 5 | Enhancer-core-promoter specificity at the locus of decapentaplegic (dpp) and out at first (oaf).
The dpp enhancers activates their cognate dpp core promoter, located 35 kilobase pair (kbp) away.
Interestingly, the enhancers do not activate the proximal oaf core promoter (top). Substitution of the oaf core
promoter with hsp70 core promoter, previously known to be responsive to the dpp enhancers®”?, results in
the activation of oaf (bottom). RNA in situ images are from the original publication®**. For simplicity, several
features were omitted: 1) SLY-1 homologous (Slh) core promoter, which is divergent separated by 300 bp
from the oaf core promoter. Like oaf, Slh also shows different expression than dpp. 2) Additionally, the

depicted dpp enhancers comprise of at least 7 known enhancers.

Together, these studies suggest that core promoters have certain specificities
towards enhancers. The enhancer-specificities of core promoters result in differences in

transcription activity, potentially mediated via intermediate trans factors*”*.
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Enhancer-responsiveness of Core Promoters

In their default state, core promoters are associated with minimal set of factors and

exhibit low level of basal activity or strength®. Upon activation by enhancers that recruit

additional factors, core promoters exhibit induced activity or activated transcription®”>?"%,

Enhancer-responsiveness is how potently core promoters can be activated by

27,52,279 (

enhancers Figure 6).

coF o et AAAAA
e AAAAA
COF

s AAAAA

s AAAAA

induced activity

enhancer-responsiveness

s AAAAA

basal activity

Figure 6 | Enhancer-responsiveness of core promoters. Basal activity or strength of core promoters
(bottom) is characteristic of their default state. Here, core promoters are associated with Pol Il and minimal
set of factors to support basal transcription. Induced activity or activated transcription of core promoters
(top) results from their activation by enhancers, mediated through TFs and COFs. Enhancer-responsiveness
is the potency of core promoters to be activated. Core promoters can also be under the influence of

179,181,280-283

negative-acting determinants, such as inaccessibility due to nucleosome configuration , which

could also have positive effect’®* (not shown). Adapted from refs. 43-45.

While gene expression has been credited to the cell-type specific activities of
enhancers®’, the contribution of intrinsic activities of core promoters (their basal activity
and enhancer-responsiveness) to gene expression has remained largely underexplored.
Methods that quantify endogenous transcripts have been developed, such as cap analysis
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of gene expression (CAGE)*® that measures steady state levels of capped transcripts, and
global run-on sequencing (GRO-seq)'”**'" that quantifies nascent transcripts. However,
quantification of endogenous transcripts from these methods reflect the combination of
intrinsic core promoter properties, enhancer activities, and other features such as DNA
accessibility. Thus, basal activities and more importantly, enhancer-responsiveness of

core promoters in the genome cannot easily be deconvolved.

Small scale studies indicate that core promoters possess highly different basal
activities and enhancer-responsiveness. These traits may correlate with the properties of

core promoter elements. Specifically, the nucleotide compositions at subregions of core

286-290 165,291,292

promoter elements and the spacing of core promoter elements are crucia

Additionally, the combinations of core promoter elements have cooperative effect on the

52,293

core promoter activities’**”. Indeed, the optimization of the traits of core promoter

elements has the guided design of highly responsive synthetic core promoters®**>%2942%,
Importantly, the enhancer-responsiveness of several core promoters seemed to both vary
quite substantially and be divorced from cell type*”®. The maximum level of observed in
vivo gene expression also correlates with the traits of core promoter elements. As these
traits influence enhancer responsiveness, this strongly suggests that enhancer-

responsiveness is involved in gene expression”*”.

Interestingly, the full extent of
enhancer-responsiveness, and how it is employed in the genome, has not been

investigated.

Furthermore, endogenous transcription initiation is also observed at positions distal
from gene start positions'”**”®, the expected locations of core promoters. When tested in
reporter assays, such regions including the surrounding ~1 kb that also have genomic PIC
binding can indeed support transcription®””. Additionally, spurious intragenic initiation
can happen, but is actively suppressed by the DNA methylation machinery of the gene
body’®. Alternatively, the intragenic initiation events that are observed may be a
consequence of recapping of the derivatives from longer transcripts®. Transcription

initiation is also observed in open chromatin regions**

such as upstream of gene starts,
and at enhancers that produce enhancer RNAs (eRNAs)*'?*'2% The role of pervasive
transcription at enhancers is still unclear, but there are cases where eRNA depletion was

reported to impair transcription of associated genes’”. Thus, determining enhancer-
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responsiveness of core promoter candidates in the genome will help to elucidate whether

distal endogenous initiation events are meaningful.

In conclusions, core promoters are increasingly recognized as active players in
gene regulation. They are highly diverse in their primary sequences and their associated
factors, can be regulated at the early steps of transcription, and are substrates for gene
regulation*****’'°. Core promoters require activation from enhancers, and together, they

represent two main regulatory elements in the genome.
However, critical questions remain on the relationship between these two major
genetic elements. First, can certain core promoters be differentially activated by certain

enhancers? Second, how potently can core promoters be activated by enhancers?

These are the questions that motivate this thesis.
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Aims of the Thesis

Core promoters are the sites of transcription initiation and are increasingly
recognized as active contributors in gene regulation. However, much about core
promoters is still unknown. The goals of this thesis are to determine if certain core
promoters are preferentially activated by certain enhancers (enhancer—core-promoter
specificity), and how potently core promoters can be activated in response to enhancers

(enhancer-responsiveness).

Specifically, the aims of this thesis are:
1. Enhancer—core-promoter specificity:
e To test the enhancer activity of genome-wide candidate fragments towards two
core promoter classes
e To understand the sequence and TF binding signatures at enhancers that
mediate the specificity
2. Enhancer-responsiveness:
e To determine the enhancer-responsiveness of genome-wide core promoter
candidates towards single enhancers
e To understand the sequence signatures that are associated with enhancer-
responsiveness
e To understand how core promoters with different enhancer-responsiveness are

employed in the genome

This thesis comprises three papers. Paper #1 (ref. 311) tests the long-standing hypothesis
of enhancer—core-promoter specificity, and shows that the specificity exists genome-wide.
The specificity is sequence-encoded and employed to separate the housekeeping and the
developmental transcription programs. Paper #2 (ref. 312) discusses the findings from
Paper #1 in view of our current understanding of gene regulation. Paper #3 (ref. 313)
determines enhancer-responsiveness of core promoters in the genome. Core promoters
have a wide range of enhancer-responsiveness that is also invariant to enhancers and cell
types. Core promoters with different enhancer-responsiveness are also associated with

different biological functions.
29
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Results and Discussion

Paper #1: Enhancer—core-promoter Specificity Separates Developmental and

Housekeeping Gene Regulation

Muhammad A. Zabidi*, Cosmas D. Arnold*, Katharina Schernhuber, Michaela Pagani,
Martina Rath, Olga Frank & Alexander Stark, Nature, 2015. 518(7540) pp. 556-559.

*These authors contributed equally.

In an animal genome, there are thousands of genes, associated with similarly
numerous enhancers and core promoters. An unanswered question in gene regulation is
whether core promoters have intrinsic preference towards enhancers. Isolated examples
supporting this notion exist. However, the prevalence and the underlying properties of

enhancer—core-promoter specificity have hitherto remained unanswered.

Core promoters of housekeeping and developmentally-related genes have distinct
core promoter architectures. We therefore tested the activity of genome-wide enhancer
candidate fragments from Drosophila melanogaster for their activities towards
representatives of either of the two core promoter classes. We employed a genome-wide
enhancer activity assay termed self-transcribing active regulatory region sequencing
(STARR-seq). This assay enables us to test the candidate fragments for their ability to

activate transcription from a given core promoter.

We show that thousands of enhancers in the genome exhibit high specificity
towards housekeeping versus developmental-type core promoters. Housekeeping
enhancers are active across cell types and associated with genes that perform
housekeeping functions. Conversely, developmental enhancers are highly cell-type
specific and are associated with tightly-regulated developmentally-related genes. These
enhancer classes also carry distinct sequence and TF binding signatures. Housekeeping
enhancers are enriched in DNA replicating element (DRE) and bound by the DRE factor
(DREF), while developmental enhancers are enriched in GAGA motif, recognized by

Trithorax-like (Trl) factor.
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Our results show that the specificity between core promoters and enhancers is
intrinsic in the sequence. This mechanism operates genome-wide, elegantly employed to

separate the regulation of housekeeping and developmental gene transcription programs.

Author contributions

M.A.Z., C.D.A. and A.S. conceived the project. C.D.A., K.S., M.P.,, M.R. and O.F.
performed the experiments and M.A.Z. the computational analyses. M.A.Z., C.D.A. and

A.S. wrote the manuscript.
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Enhancer—core-promoter specificity separates
developmental and housekeeping gene regulation

Muhammad A. Zabidi'*, Cosmas D. Arnold'*, Katharina Schernhuber’, Michaela Pagani', Martina Rath!, Olga Frank®

& Alexander Stark!

Gene transcription in animals involves the assembly of RNA poly-
merase II at core promoters and its cell-type-specific activation by
enhancers that can be located more distally'. However, how ubiqui-
tous expression of housekeeping genes is achieved has been less clear.
In particular, it is unknown whether ubiquitously active enhanc-
ers exist and how developmental and housekeeping gene regulation
is separated. An attractive hypothesis is that different core promo-
ters might exhibit an intrinsic specificity to certain enhancers>*.
This is conceivable, as various core promoter sequence elements are
differentially distributed between genes of different functions’, in-
cluding elements that are predominantly found at either develop-
mentally regulated or at housekeeping genes®'°. Here we show that
thousands of enhancers in Drosophila melanogaster S2 and ovarian
somatic cells (OSCs) exhibit a marked specificity to one of two core
promoters—one derived from a ubiquitously expressed ribosomal
protein gene and another from a developmentally regulated tran-
scription factor—and confirm the existence of these two classes for
five additional core promoters from genes with diverse functions.
Housekeeping enhancers are active across the two cell types, while
developmental enhancers exhibit strong cell-type specificity. Both
enhancer classes differ in their genomic distribution, the functions
of neighbouring genes, and the core promoter elements of these
neighbouring genes. In addition, we identify two transcription fac-
tors—Dref and Trl—that bind and activate housekeeping versus
developmental enhancers, respectively. Our results provide evidence
for a sequence-encoded enhancer-core-promoter specificity that sep-
arates developmental and housekeeping gene regulatory programs
for thousands of enhancers and their target genes across the entire
genome.

STARR-seq construct

We chose the core promoter of Ribosomal protein gene 12 (RpS12) and
a synthetic core promoter derived from the even skipped transcription
factor' as representative ‘housekeeping’ and ‘developmental’ core pro-
moters, respectively (hereafter termed hkCP and dCP; Fig. 1a and Ex-
tended Data Figs 1, 2) and tested the ability of all candidate enhancers
genome wide to activate transcription from these core promoters using
self-transcribing active regulatory region sequencing (STARR-seq)"? in
D. melanogaster S2 cells. This set-up allows the testing of all candidates
in a defined sequence environment, which differs only in the core pro-
moter sequences but is otherwise constant'>"?.

Two hkCP STARR-seq replicates were highly similar (genome-wide
Pearson correlation coefficient (PCC) 0.98; Extended Data Fig. 1c) and
yielded 5,956 enhancers, compared with 5,408 enhancers obtained when
we reanalysed dCP STARR-seq data'? (Supplementary Table 1). Inter-
estingly, the hkCP and dCP enhancers were largely non-overlapping
(Fig. 1b, ¢) and the genome-wide enhancer activity profiles differed
(PCC0.38), as did the individual enhancer strengths: of the 11,364 en-
hancers, 8,144 (72%) activated one core promoter at least twofold more
strongly than the other, a difference rarely seen in the replicate experi-
ments for each of the core promoters (Fig. 1d). Indeed, 21 out of 24
hkCP-specific enhancers activated luciferase expression (>1.5-fold
and t-test P < 0.05) from the hkCP versus 1 out of 24 from the dCP
(Fig. 1e and Extended Data Fig. 3). Consistently, 10 out of 12 dCP-
specific enhancers were positive with the dCP but only 2 out of 12 with
the hkCP, a highly significant difference (P = 5.1 X 10 %, Fischer’s exact
test) that confirms the enhancer-core-promoter specificity observed
for thousands of enhancers across the entire genome.

Enhancers that were specific to either the hkCP or the dCP showed
markedly different genomic distributions (Fig. 2a and Extended Data

Figure 1 | Distinct sets of enhancers activate
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Figure 2 | hkCP and dCP enhancers differ in genomic distribution and
flanking genes. a, Genomic distribution of hkCP and dCP enhancers. CDS,
coding sequence; UTR, untranslated region. b, ¢, hkCP enhancers function
distally in luciferase assays independent of their genomic positions (b) and
orientation towards the luciferase TSS (c; orientation 1 from b; Extended
Data Figs 3 and 5). d, e, GO (5 of the top 100 terms shown per column;
Supplementary Table 11) and gene expression (terms curated from the
Berkeley Drosophila Genome Project (BDGP) and FlyAtlas) analyses (d) and
enrichment of core promoter elements at TSSs (e) for genes next to hkCP
and dCP enhancers. TF, transcription factor.

Fig. 4): whereas the majority (58.4%) of hkCP-specific enhancers over-
lapped with a transcription start site (TSS) or were proximal to a TSS
(=200 bp upstream; Fig. 2a), dCP-specific enhancers located predom-
inantly to introns (56.5%) and intergenic regions (26.9%; Fig. 2a)'.
Importantly, despite the TSS-proximal location of most hkCP-specific
enhancers, they activated transcription from a distal core promoter in
STARR-seq (Fig. 1a and Extended Data Figs 1a, 2). Luciferase assays
confirmed that they function from a distal position (>2 kb from the TSS)
downstream of the luciferase gene and independently of their orienta-
tion towards the luciferase TSS (Fig. 2b, c and Extended Data Figs 3, 5).
These results show that TSS-proximal sequences can act as bona fide
enhancers'* and that developmental and housekeeping genes are both
regulated through core promoters and enhancers, yet with a substan-
tially different fraction of TSS-proximal enhancers (3.4% versus 58.4%).

hkCP and dCP enhancers were also located next to functionally dis-
tinct classes of genes according to gene ontology (GO) analyses: genes
next to hkCP enhancers were enriched in diverse housekeeping functions

a b
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including metabolism, RNA processing and the cell cycle, whereas genes
next to dCP enhancers were enriched for terms associated with devel-
opmental regulation and cell-type-specific functions (Fig. 2d, Extended
Data Fig. 6a and Supplementary Tables 2-4). Consistently, hkCP en-
hancers were preferentially near ubiquitously expressed genes and dCP
enhancers were near genes with tissue-specific expression (Fig. 2d and
Supplementary Table 5).

The core promoters of the putative endogenous target genes of hkCP
and dCP enhancers were also differentially enriched in known core pro-
moter elements'” (Fig. 2e and Extended Data Fig. 6b): TSSs next to hkCP
enhancers were enriched in Ohler motifs'® 1, 5,6 and 7, consistent with
the ubiquitous expression and housekeeping functions of these genes.
In contrast, TSSs next to dCP enhancers were enriched in TATA box,
initiator (Inr), motif ten element (MTE) and downstream promoter
element (DPE) motifs, which are associated with cell-type-specific gene
expression”">.

We next investigated whether the specificity that hkCP and dCP show
to the two enhancer classes applies more generally. We selected three
additional core promoters from housekeeping genes with different func-
tions: from the eukaryotic translation elongation factor 16 (eEF10), the
putative splicing factor x16, and the cohesin loader Nipped-B (NipB).
Importantly, all three contained combinations of core promoter
elements that differed from that of hkCP, namely TCT® and DNA-
replication-related element (DRE) motifs (eEF10), and Ohler motifs 1
and 6 (x16 and NipB; Fig. 3a). In addition, we selected a DPE-containing
core promoter of the transcription factor pannier (pnr) and the TATA-
box core promoter of Heat shock protein 70 (Hsp70), which can be
activated by tissue-specific enhancers (for example, see ref. 17), thus
covering the two most prominent core promoter types of regulated
genes9,16,18'

We performed STARR-seq for the five additional core promoters and
grouped the genome-wide enhancer activity profiles of all seven core
promoters by hierarchical clustering. This revealed two distinct clus-
ters corresponding to the four housekeeping and the three develop-
mental core promoters, respectively (Fig. 3b, Extended Data Fig. 7 and
Supplementary Tables 6, 7), and the core promoters of both clusters in-
deed responded markedly differentially to individual genomic enhan-
cers (Fig. 3¢).

These results obtained for core promoters with diverse motif content
and from genes with various functions suggest that the distinct enhan-
cer preferences observed between hkCP and dCP apply more generally
and that two broad classes of housekeeping and developmental (or
regulated) core promoters exist. Differences within each class might
correspond to differences in relative enhancer preferences of the core
promoters® ¢, while similarities between both classes could reflect en-
hancers that are shared (Fig. 1c-e) or core promoters that can be acti-
vated to different extents by enhancers from both classes (for example,
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NipB; Fig. 3b, c). The latter might be important if broadly expressed
housekeeping genes need to be further activated in specific tissues.
To test whether hkCP enhancers function in different cell types, we
performed STARR-seq using hkCP in OSCs, which differ strongly from
S2 cells in gene expression and dCP enhancer activities'>. Two hkCP
STARR-seq replicates in OSCs were highly similar (PCC 0.97) and yielded
6,217 enhancers (Supplementary Table 1), compared with 5,774 en-
hancers obtained for dCP data from OSCs'>. The OSC data confirmed
the differences between hkCP and dCP enhancers observed in S2 cells
(Extended Data Figs 8, 9 and Supplementary Tables 8-10). Strikingly,

the hkCP-specific enhancers in OSCs and S2 cells (3,357 and 4,137, re-
spectively) were almost indistinguishable, whereas dCP-specific enhan-
cers (2,909 in OSCs and 3,586 in S2 cells) differed strongly between the
two cell types'? and from the hkCP enhancers (Fig. 4a). The observation
that hkCP enhancers showed similar activities in both cell types while
dCP enhancers were cell-type specific was true genome wide when
comparing genomic locations (69% versus 15% overlap) or enhancer
strengths as measured by STARR-seq (PCC at peak summits 0.83 ver-
sus 0.05; Fig. 4b—d and Extended Data Fig. 9¢). Together, these results
show that hkCP enhancers are shared between two different cell types,
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whereas dCP enhancers are cell-type specific'?, presumably represent-
ing ubiquitous housekeeping versus developmental and cell-type-
specific gene expression programs.

To assess whether the marked core promoter specificities of the hkCP
and dCP enhancers are encoded in their sequences, we analysed the cis-
regulatory motif content of both classes of enhancers'. This revealed a
strong enrichment of the DRE motif in hkCP enhancers (Fig. 5a and
Supplementary Tables 11, 12), whereas dCP enhancers were strongly
enriched in the GAGA motif of Trithorax-like (Trl) and other motifs
previously described to be important for dCP enhancers®. Published
genome-wide chromatin immunoprecipitation (ChIP) data®*** con-
firmed that DRE-binding factor (Dref) bound significantly more strongly
to hkCP enhancers than to dCP enhancers (Wilcoxon P = 0; Fig. 5b),
while the opposite was true for Trl (Wilcoxon P = 6.2 X 10~ 7). Consid-
ering only distal enhancers (>500 bp from the closest TSS) yielded the
same results (Extended Data Fig. 10a, b and Supplementary Tables 13, 14),
suggesting that the differential occupancy is a property of both classes
of enhancers rather than a consequence of the different extents to which
they overlap with TSSs. Disrupting the DRE motifs in four different
hkCP enhancers substantially reduced the activities of the enhancers
as measured by luciferase assays in S2 cells (between 2.3- and 24.5-fold
reduction; Fig. 5¢), while dCP enhancers depend on GAGA motifs™.
Adding DRE motifs to 11 different dCP enhancers significantly increased
luciferase expression from the hkCP for 9 of them (82%; Extended Data
Fig. 10¢), and changing the GAGA muotifs of two dCP enhancers to DRE
motifs significantly increased the activities of both enhancers towards
the hkCP but decreased their activities towards the dCP (Fig. 5d). Fur-
thermore, an array of six DRE motifs was sufficient to activate lucifer-
ase expression from the hkCP but not the dCP (Fig. 5¢). Together, these
results show that hkCP and dCP enhancers depend on DRE and GAGA
motifs, respectively, and demonstrate that DRE motifs are required and
sufficient for hkCP enhancer function.

Our results show that developmental and housekeeping gene regu-
lation is separated genome wide by sequence-encoded specificities of
thousands of enhancers to one of two types of core promoter, supporting
thelongstanding ‘enhancer-core-promoter specificity’ hypothesis* ***.
Our findings indicate that these specificities are probably mediated by
defined biochemical compatibilities** between different trans-acting
factors such as Dref versus Trl (at enhancers) and the different para-
logues that exist for several components of the general transcription
apparatus (at core promoters), presumably including the TATA-box-
binding protein-related factor 2 (Trf2) at housekeeping core promoters™=°.
As such paralogues can have tissue-specific expression and stage-specific
or promoter-selective functions®”** (reviewed in refs 29, 30), sequence-
encoded enhancer—core-promoter specificities could be used more widely
to define and separate different transcriptional programs (Fig. 5f).

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

hkCP STARR-seq vector. We derived the hkCP STARR-seq vector from the orig-
inal STARR-seq vector'? by replacing the DSCP sequence with the sequence of the
RpS12 core promoter (—50 to +50 bp relative to the TSS; TTGTACCAATAGCT
AAAAACTCACATCTCCAGCGCCATGCCGATTTTGTTCTCTTTCTTTCCG
GTTGTCAAAAGGTACAGATGCTTGGATTTTATTTCTC). The STARR-seq
vectors are available subject to a material transfer agreement (MTA). For both
STARR-seq vectors, we confirmed that transcription initiates from within the re-
spective core promoters’ Inr (DSCP) and TCT (RpS12) motifs by 5’ rapid amplifi-
cation of cDNA ends (RACE; Extended Data Fig. 2). All other STARR-seq vectors
were derived from the hkCP STARR-seq vector by replacing the 100 bp sequence
encompassing the RpS12 core promoter by the sequences indicated in Supplemen-
tary Table 15 using the BglII and SbfI restriction sites.

hkCP and dCP luciferase vectors. For the dCP luciferase vector, the SV40 pro-
moter of the pGL3-Promoter Vector (Promega) was replaced by the DSCP'' and a
Gateway cassette was inserted downstream of the luciferase gene and the SV40
polyA-signal into the Afel restriction site, to allow Gateway LR cloning of candi-
date sequences'?. For the hkCP luciferase vector, the SV40 promoter and the se-
quence until the translation start codon of the luciferase gene was replaced by the
sequence encompassing the TSS of RpS12 from —50 bp until its translation start
codon: TTGTACCAATAGCTAAAAACTCACATCTCCAGCGCCATGCCGA
TTTTGTTCTCTTTCTTTCCGGTTGTCAAAAGGTACAGATGCTTGGATTT
TATTTCTCCGAAATGAAGAGGTTTTCTTATCGAAAATGTAATAAATATG
AACAATTAACTATCTTTTCCAGTGCAGTGCATCCTTAACCGCAGAACA.
Constructs are available subject to an MTA.

Intrinsic activity of core promoters. All core promoters used in this study were
cloned into the dCP luciferase vector (without the Gateway cassette), replacing the
DSCP between the BglIT and Sbfl restriction site with the respective core promoter.
For each core promoter, the intrinsic (or basal) activity was measured as firefly lu-
ciferase activity and is presented as relative luciferase units, normalized to Renilla
luciferase signals.

Genome-wide STARR-seq screens. STARR-seq enhancer screens using the core
promoters of RpS12 (hkCP), NipB, x16, and eEF1 (Supplementary Table 15) were
performed in two biological replicates (independent transfections) as described
previously'? with the following exceptions. First, 1.6 X 10° S2 cellsand OSCs*! were
transfected per biological replicate. Second, first-strand cDNA synthesis was per-
formed in 30-60 reactions with the STARR-seq RT primer (CTCATCAATGTAT
CTTATCATGTCTG) as reverse transcription primer. Last, next-generation sequen-
cing (NGS) was performed on an Illumina HiSeq 2000 machine using multiplexing
according to the manufacturer’s instructions. STARR-seq data using the DSCP (dCP
STARR-seq) and Hsp70 core promoters are from ref. 12, but were reanalysed using
the same pipeline as for hkCP STARR-seq.

Focused STARR-seq BAC screens. The DSCP is a 137-nucleotide-long synthetic
core promoter derived from the core promoter of even skipped (eve)''. To assess
the functional similarity of the DSCP, its 137-nucleotide-long wild-type counter-
part from the evelocus, and a version defined identically to all other core promoter
used here (—50 to +50 nucleotides around the TSS), we performed STARR-seq
screens with libraries derived from 29 different BACs containing a total of ~5 Mb
of D. melanogaster genomic DNA (Supplementary Table 16). For comparison, we
also screened all other core promoters with this library. For library cloning, all BACs
were grown in individual bacterial cultures and were then mixed equally according
to measurements of their optical density at 600 nm (ODgg nm) before BAC DNA
isolation to achieve an equal distribution of all BACs. BAC DNA extraction, soni-
cation and adaptor ligation was performed as described'? and the same adaptor-
ligated and PCR-amplified BAC DNA was used to clone all focused STARR-seq
libraries. Per STARR-seq vector, four In-Fusion reactions were performed, which
allowed five transformation reactions as described'?. Each library was grown in 41
liquid culture (LB medium) to an ODggg nm, 0£2.0-2.5. Each BAC library was screened
as described earlier for the genome-wide screens; however, only 1 X 10°S2 cells were
used, accounting for the less complex library. Similarly, the number of reactions for
all subsequent steps of the STARR-seq protocol was reduced fourfold.
Luciferase reporter assays. Luciferase assays were performed as described prev-
iously'? with the exception that the candidate enhancers were cloned downstream
of the luciferase gene and the polyA signal, more than 2 kb away from the respect-
ive core promoter (RpSI12 or DSCP). Candidate enhancers were selected manually
based on different criteria to allow the systematic assessment of several aspects of
this study, including enhancers that were (1) specific to one of the two different
core promoters (24 hkCP and 12 dCP enhancers) or found in both screens (7 shared
enhancers); (2) located proximally (17) or distally (7) to the hkCP; and (3) of
different strengths according to STARR-seq (ranks 18 to 1,044). We cloned all
candidates as described'? (for their genomic coordinates and primer sequences see
Supplementary Table 17), picking initially one orientation towards the luciferase
TSS randomly. However, to test the influence of TSSs contained in the candidate

sequences, we cloned and tested all TSS proximal candidates (hkCP_01 to hkCP_
17) in both orientations using both core promoters. Candidate enhancers with
DRE mutations were cloned from synthesized DNA fragments (GeneArt Strings;
Supplementary Table 18). Candidates with DRE motifs that replace GAGA motifs
were cloned similarly using synthesized DNA fragments (gBlocks) obtained from
Integrated DNA Technologies (Supplementary Table 19). We also added an array
of 6X DRE motifs into the Afel restriction site of the dCP and hkCP luciferase
vectors and cloned dCP_01 to dCP_11 into the middle of the DRE motif array
(using Afel) of the hkCP luciferase vector, such that these sequences were each
flanked by three DRE motifs (Supplementary Table 19).

Luciferase assay data analysis. For all luciferase assays, we calculated standard
deviations and one-sided Student’s ¢-tests from three biological replicates (indepen-
dent transfections). Core promoters have intrinsic (basal) activities that can differ
between different core promoters. Therefore, when comparing enhancer activities
for different core promoters, normalization to the core promoters’ intrinsic activ-
ities is required, which we assessed with three different negative control fragments
(nine biological replicates in total). For all measurements, we normalized firefly
luciferase values first to Renilla luciferase values (controlling for transfection effi-
ciency) and then to the normalized luciferase values of the three negative control
sequences. Candidates with a significant (P < 0.05) enrichment greater than 1.5
fold over negative were considered positive.

5’ RACE of STARR-seq transcripts. To determine the exact TSSs of hkCP and
dCP within the STARR-seq vectors we performed 5" RACE of STARR-seq tran-
scripts using one enhancer for each (an intergenic enhancer of TpnC41C for hkCP
and an intronic enhancer of zfhl (shared_01 from ref. 12) for dCP) which we
cloned with EcoRV at the position of the selection cassette used during library clon-
ing (Supplementary Table 20). We transfected 3.2 X 107 cells with each of the con-
structs and isolated total RNA using the RNeasy mini prep kit (Qiagen; two columns
per construct) followed by polyA+ RNA isolation using oligo-dT Dynabeads (Life
Technologies) according to the manufacturer’s instructions. We then performed
5" RACE for both samples using the FirstChoice RLM-RACE Kit (Ambion; cata-
logue no. AM1700) according to the manufacturer’s instructions. To reflect RNA
processing of the STARR-seq pipeline, reverse transcription was, however, performed
using SuperscriptIII (Invitrogen) according to the manufacturer’s instructions and
using the reverse transcription primer GFP-RT (Supplementary Table 20) as a
gene-specific primer (using RNA amounts according to the FirstChoice manual).
The first PCR was performed with the manufacturer-provided 5" RACE Outer Pri-
mer and the transcript-specific primer RACE-01-rv, using 2X KAPA Hifi Hot Start
Ready Mix (98 °C for 45 s; followed by 35 cycles of 98 °C for 155, 69 °C for 30,
72 °C for 30s) with 1 pl of cDNA as template. The nested PCR was performed
similarly (primer: 5" RACE Inner Primer and RACE-02-rv; 98 °C for 45 s; followed
by 30 cycles of 98 °Cfor 15, 67 °C for 305,72 °C for 10 s). The PCR products were
visualized on a 1% agarose gel. The PCR products for both samples were Sanger
sequenced using the primer GFP-seq-rv (for all primer sequences see Supplemen-
tary Table 20).

STARR-seq NGS data processing. Paired-end STARR-seq and input read pro-
cessing was performed as described®”. The NGS data for dCP (DSCP) and Hsp70
were obtained from ref. 12 and reanalysed. In the same cell line, a hkCP peak is
considered to be ‘specific’ if the 501 bp window centred at the peak summit does
not overlap with any such window for dCP peaks, and vice versa (note that this is
only applied within each cell type, such that comparisons across cell types are not
influenced). For screens with the BAC-derived libraries, we considered only frag-
ments that originated from the BACs used and determined the relative abundance
of each BAC from the NGS data of the respective inputs only. On the basis of this,
we then adjusted both inputs and STARR-seq NGS data such that all BACs were
equally represented and analysed the data as described earlier.

Venn diagrams and peak intersection. We used the same intersection method as
described earlier, and plotted the Venn diagrams with areas proportional to the
number of peaks.

Scatter plots. We calculated the STARR-seq enrichment over input at the summit
positions of both data sets that were to be compared, using a pseudo count of 1, and
computed the log, of corrected ratio as described'. This plots one data point for
each enhancer—even for closely spaced ones—exactly at the enhancer’s summit
position. For visualizing replicates, we called peaks on the merged data sets and
plotted the values from both replicates at these peaks’ summits.
Enhancer-to-gene assignment. We performed three different strategies of enhancer-
to-gene assignments: (1) ‘closest TSS’, whereby an enhancer is assigned to the closest
TSS of an annotated transcript; (2) ‘1 kb TSS’, whereby an enhancer is assigned to
all TSSs that are within 1kb; and (3) ‘gene loci’, whereby an enhancer is assigned
to a gene provided that it falls within 5kb upstream from the TSS, within the gene
body itself, or 2 kb downstream of the gene (multiple assigned genes are possible).
In all cases we used annotation from D. melanogaster FlyBase release 5.50.
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Genomic distribution. We assigned a unique annotation for each nucleotide in the
genome by using the following priority order: coding sequence (CDS), core pro-
moter (£50 bp around TSS), 5" UTR, 3’ UTR, first intron, intron, proximal pro-
moter (200 bp upstream of a TSS), intergenic region. We then assigned each peak
to one of these categories by the annotation of the peak’s summit.

GO analysis. We assessed whether genes assigned to hkCP or dCP enhancers were
enriched for particular GO categories™ by calculating hypergeometric P values for
all categories, which we corrected for multiple comparisons (FDR-type correction
in R). We then sorted all categories according to P values of overrepresentation,
selected the top 100 of either hkCP or dCP, and removed redundant categories
manually. For each category, we calculated log;o(P-value underrepresentation) —
log;o(P-value overrepresentation), and sorted the terms in a descending order of
difference between hkCP and dCP values. The colour intensity of the heat maps rep-
resents log;o(P-value underrepresentation) — log, o(P-value overrepresentation).
Gene expression analysis. We analysed enrichment in ubiquitous versus tissue-
specific gene expression sets as described for the GO analysis above. To define the
gene sets based on an in situ hybridization data set of fly embryos (BDGP**), we first
removed maternal (stages 1 to 3) annotations, as well as genes with the annotation
‘no staining’ in all stages. We required each gene to have annotations for at least
three stage groupings. We called a gene ‘tissue specific’ if at most one of these anno-
tations contains the word ‘ubiquitous’, and called it ‘ubiquitous’ if at least 60% of
them contain word ‘ubiquitous’. We also defined gene sets based on microarray
data sets from dissected fly tissues (FlyAtlas®). We defined genes as ‘ubiquitous’ if
their expression does not change more than twofold compared with the whole fly
for at least 15 out of 23 tissues. For this, we used the ratios and ‘change_direction’
calls from FlyAtlas directly and did not consider cell lines and carcasses. We sim-
ilarly defined genes to be ‘tissue specific’ if they change more than twofold in at least
three tissues. We do not consider genes with multiple conflicting entries as they can
result from the use of multiple probes and removed genes that overlapped between
the ‘ubiquitous” and ‘tissue-specific’ gene sets from both sets.

Transcription factor motif and core promoter element enrichment analysis.
We used previously employed position weight matrices (PWMs) for different tran-
scription factors'® with a cut-off of 4 ~° = 2.4 X 10~* We selected random control
regions by controlling for genomic and chromosome distribution, and required
that they did not overlap with any peak. We scored each motif for its enrichment in
401 bp windows centred on the peak summits by multiple testing (FDR) corrected
hypergeometric P values. We considered only motifs that showed log,(confidence
ratio of motif counts in peak windows/motif counts in random control regions) > 1
and P value < 0.01 in hkCP or dCP enhancers (or both) and reduced motif redun-
dancy by removing highly similar motifs as in ref. 13 and references therein. We
sorted the motifs in a descending order by difference in log,(hkCP enrichment) —
log,(dCP enrichment). When assessing whether the observed motif distribution
persisted for distal enhancers (Extended Data Fig. 10a), we kept the motifs and
their order as in Fig. 5a and only re-evaluated their enrichment in distal enhancers.
The colour intensity of the heat maps represents log,(confidence ratio of motif
counts in peak windows/motif counts in random control regions). We used previ-
ously published PWM:s or created PWMs from published nucleotide counts for
TATA box, Inr, MTE, DPE and Ohler motifs'® 1, 5, 6, 7 and the TCT motif® restricted
to 8 bp. We scanned for motif occurrences using MAST from the MEME suite*
(version 4.9.0) and parameters that ensured specificity and sensitivity for each motif
(Supplementary Table 21). For enhancer-to-gene assignment methods 1 and 2
described earlier, we determined the presence of each core promoter element in the
core promoter region of all genes uniquely assigned to either hkCP or dCP enhan-
cers, respectively. For assignment method 3, we took the core promoter elements of
the TSSs of the longest messenger RNA isoform. We assessed the differential
distribution of each core promoter element between the core promoters assigned
to hkCP or dCP enhancers by confidence ratios and hypergeometric P values.
Transcription factor motif and core promoter element de novo discovery. We
used MEME® (version 4.9.0) to discover de novo motifs with lengths between 5
and 8 nucleotides in the enhancer regions we identified using STARR-seq and in
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the core promoter regions around the nearest annotated transcription TSS. We pro-
vide all discovered motifs in Supplementary Table 22.

Core promoter similarity heat map. For all pairs of core promoters, we computed
pair-wise PCCs between the respective STARR-seq fragment coverages at the sum-
mits of all peaks called in either of the two screens genome wide. We performed
hierarchical clustering (complete linkage) in R, directly using the computed PCC
values as similarities.

STARR-seq enrichment heat map. We computed the log, of the corrected STARR-
seq enrichment over input as described earlier, but for each nucleotide in a 20 kb
window around all reference peak summit positions, and down-sampled the data
points 50-fold by calculating one average data point per 50 nucleotides.
STARR-seq enrichment meta-profiles around TSSs. We calculated corrected
STARR-seq enrichments (log,) as for the heat maps, but for 20 kb windows around
TSSs, selected according to their core promoter motif content (see Extended Data
Figs 4 and 8), corrected for the orientation of the TSSs within the genomic se-
quence. We then calculated the average for each position along the x-axis.
Boxplot. We obtained Dref ChIP-seq and input data (from Kc167 cells) from ref. 21
(Gene Expression Omnibus accession numbers GSM977024 and GSM762849)
and mapped the 36-nucleotide reads using bowtie*” (version 0.12.9) with the fol-
lowing parameters: -p 4 -q -v 3 -m 1 --best --strata --quiet. We extended the reads
to 150 bp, calculated the coverage for ChIP-seq and input at the STARR-seq peak
summit, normalized the value to the number of input fragments, added a pseudo
count of 1, and computed the confidence ratio of ChIP-seq over input. For the Trl
ChIP-chip data obtained from ref. 22, we used the signal of the chip-array probe at
the peak summit if available or inferred the signal by linear extrapolation from the
two nearest flanking probes (one on each side) provided that they were both within
10 nucleotides of the peak summit. We calculated statistical significance via
Wilcoxon’s paired rank tests.

Coordinate intersections. We performed genomic coordinate intersections using
the BEDTools suite*® (version 2.17.0).

Statistics. We performed all statistical calculations and created graphical displays
with R”.
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Extended Data Figure 1| Set-up of STARR-seq with different core
promoters. a, STARR-seq detects enhancers but no promoters (reproduced
with permission from ref. 12). Left, STARR-seq couples the enhancer activities
of candidate fragments to the sequences of the candidates in cis by placing
the candidates to a position within the reporter transcript. Enhancer activities
can therefore be assessed by the presence of candidates among cellular
messenger RNAs, which allows the parallel assessment of millions of
candidates, enabling genome-wide screens. Sequences that activate
transcription from the intended core promoter of the STARR-seq vector lead to
a full-length reporter transcript and can be detected by STARR-seq. Shown are
the reverse transcription (RT) and nested polymerase chain reaction (PCR)
steps of the STARR-seq reporter RNA processing protocol that ensure this.
Right, in contrast, STARR-seq does not detect truncated transcripts that result
if a candidate fragment functions as a promoter to initiate transcription.
Thus, core-promoter-containing (that is, TSS-overlapping) sequences that are
detected by STARR-seq exhibit enhancer activity as they can activate
transcription from a remote position, in addition to their ability to serve as core

promoters endogenously'”. b, Luciferase signals (firefly/Renilla) assessing the
intrinsic (or basal) activity of the core promoters used in this study. The
luciferase reporter constructs do not contain any enhancer and differ only in
the respective core promoter sequences. The basal activities differ as expected,
but do not differ consistently between housekeeping (RpS12, eEF16, NipB,
x16) and developmental (DSCP, eve (long), eve and pnr) core promoters, nor
between core promoters for which the STARR-seq screens appear most similar
(for example, RpS12 and eEF10; see Fig. 3). Note that all luciferase assays
and STARR-seq screens are corrected for differences in intrinsic activity.

¢, Reproducibility of hkCP and dCP STARR-seq in D. melanogaster S2 cells.
The reproducibility of hkCP and dCP STARR-seq as assessed by the STARR-
seq enrichments (replicate 1 versus 2) at the summits of enhancer peaks
called in the merged experiments (hkCP: 5,956; dCP: 5,408). Scatter plots

are enlarged versions of the insets in Fig. 1d. “Enr. rep X”, STARR-seq
enrichment in replicate X. Note that the raw data for dCP have been re-analysed
from ref. 12.
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Extended Data Figure 2 | Transcription initiates within the core promoter
of the STARR-seq construct. a-d, 5’ Rapid amplification of cDNA ends

(5" RACE) demonstrates that transcription initiates at the TCT and Inr motifs
within the hkCP and dCP, respectively. a, Set-up of the 5" RACE experiment,
including the STARR-seq plasmid, used here with two defined enhancers, the
STARR-seq transcript and the location of all primers used to specifically
amplify 5'-capped STARR-seq transcripts. b, 5" RACE nested PCR products
separated on a 1% agarose gel. ¢, Screenshot of Sanger sequencing results

Transcribed sequence

(chromatogram and called bases) compared with the template sequence.
Annotations are shown in green, in the following order: 5" RACE adaptor,
hkCP with TCT motif (only the part downstream of the TSS is annotated,

as the 5" part is not present in the sequenced complementary DNA), spliced
intron, green fluorescent protein (GFP); the sequencing primer is shown in
red (top). Also shown is a version that displays the template and Sanger
sequencing results for the core promoter region only (zoom in). d, Same as in
c but for the dCP for which transcription initiates within the Inr motif.
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Extended Data Figure 3 | Specificity of hkCP and dCP enhancers to the
hkCP and dCP assessed by luciferase assays. a, Luciferase reporter set-up with
the hkCP or dCP (see also Fig. 1e). b, Luciferase signals of 24 hkCP-specific
enhancers tested in a hkCP- (purple bars) as well as in a dCP-containing
(brown bars) luciferase reporter. Twenty-one out of 24 hkCP enhancers
showed luciferase activity (>1.5 fold over negative, P < 0.05 via one-sided
unpaired Student’s t-test, n = 3) with the hkCP, while only 1 out of 24 showed
activity with the dCP (error bars are s.d. of three biological replicates, x’
indicates candidates that are not active with the correct core promoter, and ‘+’
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indicates candidates for which the activity with the wrong core promoter is
above the threshold (note that the activity with the correct core promoter is
still higher in all three cases). ¢, As in b but testing dCP-specific enhancers. Ten
out of 12 are positive with the dCP whereas only 2 out of 12 are positive with
the hkCP. d, As in b and ¢ but testing shared enhancers that were found by
STARR-seq with hkCP and dCP; 6 out of 7 are active with both core promoters.
See Supplementary Table 17 for the genomic coordinates of the enhancers
and the primers used to amplify them.
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Extended Data Figure 4 | hkCP and dCP STARR-seq signal in S2 cells
around different core promoter types. Average hkCP (top)and dCP (bottom)
S2 STARR-seq enrichment in 40 kb intervals around TSSs that contain different
combinations of known core promoter motifs. Shown are (left to right)
TATA box-Inr (179 TSSs), Inr (that do not contain either TATA box or DPE;
1,901), Inr-DPE (100), TCT (303) and motif 1-motif 6 (266). According to

kb from TSS kb from TSS

their motif contents, the first three are developmental-type core promoters
and the last two are housekeeping-type core promoters. Indeed, only the
housekeeping-type core promoters show a strong enrichment of hkCP S2
STARR-seq signals at the TSS, which is not seen for the dCP STARR-seq signal
(owing to enhancer—core-promoter specificity) nor for the developmental-type
core promoters (owing to the dCP enhancers location at more distal sites).
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Extended Data Figure 5 | TSS-overlapping hkCP enhancers function
independent of their orientation. Luciferase signals for all 17 TSS-
overlapping hkCP enhancers (that is, containing one TSS or two divergent
TSSs; see Supplementary Table 17) from Extended Data Fig. 3 cloned in the
second orientation with respect to the TSS of the luciferase gene (bottom bar
plot; the top bar plot corresponds to the initial orientation as in Extended
Data Fig. 3 and is shown for comparison). In both orientations, 15 out of 17
enhancers showed activity towards the hkCP (details as in Extended Data
Fig. 3). These results together with the findings in Extended Data Fig. 3
challenge the widespread notion that TSS-proximal sequences are promoters
and even the concept of promoters more generally: sequences that

autonomously activate gene expression—and are therefore often termed
promoters—might in fact be the combination of a core promoter and a
proximal enhancer. The TSS-proximal location of many housekeeping
enhancers might be evolutionarily more ancient, consistent with regulatory
mechanisms in simple eukaryotes such as yeast. In contrast, enhancers of
genes with more complex regulation are typically located more distally,
potentially simply because the several different cell-type-specific enhancers of
these genes would not all fit to positions near TSSs. Consistently, such genes
frequently have larger intergenic and intragenic regions* known to
accommodate enhancers with diverse activity patterns*'.
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Extended Data Figure 6 | hkCP and dCP enhancers in S2 cells are associated
with genes of different functions and core promoter elements. a, GO analysis
of genes next to hkCP- and dCP-specific enhancers in S2 cells using different
enhancer-to-gene assignment strategies (top left, ‘closest TSS’ as in Fig. 2;

top right, 1 kb TSS’; bottom left, ‘gene loci’; see Methods for details). Shown are
20 non-redundant GO categories selected from the 100 most significantly
enriched categories associated with each enhancer class (see Supplementary

Tables 2-4 for all categories). b, Enrichment of core promoter elements at genes
next to hkCP- and dCP-specific enhancers in S2 cells. Similar analysis as in
Fig. 2e, but using different enhancer-to-gene assignment strategies (see
Methods for details). Consistent with Fig. 2e, core promoters of genes assigned
to hkCP-specific enhancers are enriched in motifs 1, 5, 6, 7 and DRE, while
core promoters of genes assigned to dCP-specific enhancers are enriched for
TATA box, Inr, MTE and DPE motifs, irrespective of the assignment strategy.
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Extended Data Figure 7 | Housekeeping and developmental core promoters  box- and DPE-containing core promoters (Hsp70, pnr and DSCP (dCP))
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Extended Data Figure 8 | hkCP and dCP enhancers differ in OSCs.
a, b, Different enhancers activate transcription from hkCP and dCP in

OSCs. As Fig. 1c, d but for OSCs rather than S2 cells (data in bottom inset of

enhancers in OSCs. As

Fig. 2a but for OSCs rather than S2 cells. d, hkCP and

dCP STARR-seq signal in OSCs around different core promoter types. As

b are re-analysed from ref. 12). ¢, Genomic distribution of hkCP and dCP

Extended Data Fig. 4 but for OSCs rather than S2 cells.
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but assessing enrichments of the same motif PWMs exclusively at distal
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enhancers. NS, not significant (FDR-corrected hypergeometric P> 0.01). S2
cells: hkCP n = 790, dCP n = 3,013; OSCs: hkCP n = 556, dCP n = 2,555.

b, Distal hkCP- and dCP-specific enhancers are differentially bound by Dref
and Trl, respectively. ChIP enrichments of Dref (left) and Trl (right) at S2
hkCP- and dCP-specific enhancers that are distal (>>500 bp) from the closest
TSSs. Equivalent to Fig. 5b, but considering exclusively TSS-distal enhancers to
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exclude potentially confounding effects for TSS-proximal enhancers for which
it is not possible to discern whether binding occurs due to the enhancer
sequence or core promoter function. The differential binding between Dref
and Trl to hkCP- and dCP-specific enhancers, respectively, is also found in
Kc167 cells, in which the Dref ChIP-seq experiment had been performed
(data not shown). ¢, Addition of DRE motifs to dCP enhancers increases their
activity towards hkCP. Relative luciferase activity values (firefly/Renilla) for
11 dCP enhancers without DRE motifs (wild type (WT), light purple) and with
3 DRE motifs flanking the enhancers on each side (+DRE, dark purple).

*P < 0.05, one-sided unpaired Student’s ¢-test; error bars denote the s.d. of
three biological replicates.
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Paper #2: Regulatory Enhancer-Core-Promoter Communication via Transcription

Factors and Cofactors

Muhammad A. Zabidi & Alexander Stark, Trends in Genetics, 2016. 32(12) pp. 801-814.

The two principal cis-regulatory DNA elements in an animal genome are
enhancers and core promoters. Enhancers can lie at arbitrary distances from their cognate
core promoters. It is not clear how enhancers target the correct core promoters in the
genome. Motivated by this intriguing picture, a principal question in gene regulation is

how enhancers activate their core promoters.

In this review, we summarize the current knowledge on enhancer—core-promoter
communication. First, genomic regions are physically organized into topological domains
that restrict enhancer functions. Alternatively, tethering elements and DNA accessibility

may also specify enhancer—core-promoter communication.

The specificity between enhancers and core promoters has been observed in
several isolated cases and in our genome-wide study. The specificities are conferred by
the sequence that recruits distinct factors. Other factors also exhibit differential
occupancy and activity towards core promoters, supporting that the enhancer—core-
promoter specificity is mediated via biochemical compatibility of the factors, many of
which also have enzymatic activities. These factors assemble at high concentration in
regulatory microenvironments, where post-translational modifications (PTMs) may act as

conduits to transfer the signaling information.

We end the review with perspectives for further development in the field. Other
sequence-mediated specificities may also be employed in other transcription programs.
We also propose the reannotation of regulatory genomic regions based on their functions,

instead of the proximity of the regions.
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Results and Discussion

Regulatory Enhancer—Core-
Promoter Communication via
Transcription Factors and
Cofactors

Muhammad A. Zabidi' and Alexander Stark'*

Gene expression is regulated by genomic enhancers that recruit transcription
factors and cofactors to activate transcription from target core promoters. Over
the past years, thousands of enhancers and core promoters in animal genomes
have been annotated, and we have learned much about the domain structure in
which regulatory genomes are organized in animals. Enhancer-core-promoter
targeting occurs at several levels, including regulatory domains, DNA accessi-
bility, and sequence-encoded core-promoter specificities that are likely medi-
ated by different regulatory proteins. We review here current knowledge about
enhancer-core-promoter targeting, regulatory communication between
enhancers and core promoters, and the protein factors involved. We conclude
with an outlook on open questions that we find particularly interesting and that
will likely lead to additional insights in the upcoming years.

Gene expression and its spatiotemporal regulation are central to the development and adult
physiology of all multicellular organisms. It enables the formation of distinct cell types with
specialized morphologies and functions by allowing different genes to be activated in a cell type-
specific manner. Transcription constitutes the first and one of the most intensely regulated steps
of gene expression. Indeed, the RNA content of different cell types differs greatly and correlates
well with protein abundance for many genes [1]. Furthermore, misregulation at the level of
transcription underlies several developmental disorders and diseases such as cancer [2,3].
Transcription initiates within core promoters (see Glossary), short sequences of ~100 bp
surrounding the transcription start-sites (TSSs) at the 5’ ends of genes. Core promoters recruit
RNA polymerase Il (Pol Il), assemble the pre-initiation complex (PIC), and dictate the accurate
position of initiation and the direction of transcription [4]. Typically, however, core promoters on
their own cannot support efficient transcription and exhibit only low basal activities. Instead, their
cell type-specific activities are typically determined by enhancers, the second key type of
transcriptional regulatory elements [5,6].

Enhancers are genomic DNA elements of up to several hundred bp in length which contain short
transcription factor (TF) recognition sequences or binding sites. Through these sites,
combinations of TFs are recruited to enhancers and in turn recruit cofactors with a variety of
biochemical functions (Figure 1, Key Figure). Through the combined activating or repressive
cues of the different TFs and cofactors, enhancers exert their overall regulatory function to
control transcription from target core promoters irrespective of their orientation and distance [7].
Because enhancers can act over short and long distances, in other words their positions with

Cell

Trends

The specificity of enhancers for core
promoters is encoded in the sequence.

Motifs within enhancer and core-pro-
moter sequences recruit trans-acting
factors that mediate regulatory enhan-
cer-core-promoter  communication
and specificity.

The communication is mediated by a
high local concentration of cofactors
that interact dynamically with, and pos-
sibly  post-transcriptionally  modify,
each other and the RNA polymerase.
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Results and Discussion

Key Figure

Enhancers and Core Promoters, Two Major Classes of Cis-Regulatory
Elements

PN

Enhancer 7 Tl
TATAsAs TcAGTx -CocTT=
TATA box Initiator DPE

Core promoter

Trends in Genetics

Figure 1. An enhancer contains binding sites for sequence-specific transcription factors (TFs). These in turn recruit
cofactors (COFs) that typically mediate the regulatory communication between the core promoter and the enhancer, in other
words relay the regulatory cues from enhancers to target core promoters. Core promoters encompass short sequences of
~100 bp surrounding the transcription start site (TSS), where RNA polymerase Il (Pol Il) assembles and initiates transcrip-
tion. Core promoters typically contain characteristic core-promoter elements or motifs, for example the TATA box, Initiator,
or downstream promoter element (DPE).

respect to their target core promoters can be arbitrary, they do not always regulate the nearest
gene.

An important question in biology is how activating regulatory cues are communicated from
enhancers to their correct target core promoters. We discuss different modes of specifying
enhancer—core-promoter communication, starting with the organization of the regulatory
genome into chromatin domains, followed by the specification of enhancer—core-promoter
contacts by DNA accessibility and enhancer—core-promoter tethering, and finally how enhancer
and core-promoter sequences recruit different regulatory proteins that mediate the regulatory
communication and specificity.

Core Promoter Targeting within Topologically Associating Domains (TADs)
Cis-regulatory genomic regions in animals are organized locally into domains that can be several
kb or Mb in length (Figure 2A). These domains are typically delineated by insulator proteins such
as CTCF (reviewed in [8-10]) or by broadly expressed housekeeping genes [11-13]. Within
these topologically associating domains (TADs) [12,14,15], chromatin contacts are more
frequent than elsewhere, as measured by chromosome conformation capture (3C) and variant
techniques [16-22], or by fluorescence in situ hybridization (FISH) [23].

Ample evidence supports a role of TADs in restricting or directing enhancer function during
transcriptional regulation: for example, TAD boundaries and insulator binding are depleted
between enhancers and their target core promoters [24], and TAD boundaries curb the
spreading of chromatin marks associated with transcriptional activity [12,25-27]. Moreover,
while enhancers function generally independently of their orientation, enhancers with proximal
CTCF binding sites can show directional activities in vivo that can be inversed by inverting the
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Glossary

Cofactors: regulatory protein factors
that are typically unable to bind to
DNA themselves and are recruited to
enhancers by transcription factors
(TFs). Cofactors can have enzymatic
functions, for example catalyze post-
translational modifications (PTMs) of
proteins, and mediate the regulatory
function of the enhancers.

Core promoter: a short sequence
around the transcription start-site
(TSS) that can direct the recruitment
of RNA polymerase Il (Pol Il) and
transcription initiation. Core
promoters typically have low basal
activities in the absence of enhancers
and are also termed minimal
promoters.

Enhancer: a sequence that boosts
transcription from a target core
promoter in a cell type-specific
manner and independently of the
relative orientation and distance of
the enhancer. Known enhancers are
several tens to several hundred bp in
length.

Insulator: a DNA element that can
block regulatory enhancer—core-
promoter communication, typically by
the recruitment of insulator proteins
such as CTCF. Insulators can thus
demarcate the range of enhancer
activity and define topologically
associating domains (TAD) borders.
Pre-initiation complex (PIC): an
assembly of proteins, including Pol Il
and general transcription factors, that
first nucleates at the core promoter
before transcription initiation, and
renders Pol Il transcription-
competent.

Promoter: sequence up to several
kb upstream of TSSs that can
autonomously drive transcription. This
functionality and the fact that some
promoters can activate transcription
from a distal core promoter in
reporter assays is in line with
promoters consisting of a core
promoter and a proximal or
overlapping enhancer.
Promoter-proximal tethering
element (PTE): a sequence proximal
to core promoters that enables or
facilitates its interaction with
enhancers.

Promoter-targeting sequence: a
sequence proximal to enhancers that
enables or facilitates their interactions
with core promoters.
Self-transcribing active regulatory
region sequencing (STARR-seq):
enhancer-activity assay in which
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DNA fragment containing the enhancer and CTCF binding site [28]. Within TADs, individual
enhancers are able to activate reporter genes irrespective of the positions into which the
reporters were integrated, suggesting that enhancer—core-promoter communication within
TADs is not restricted to specific positions [29,30].

Furthermore, disruptions of TAD boundaries lead to gene deregulation, manifesting in conditions
such as polydactylies in human patients and in mouse models [31]. In addition, chromosomal
rearrangements [32] or reduced CTCF binding because of hypermethylation of CTCF binding
sites [33] can impair boundary function and have been implicated in cancer. Such alterations
create new enhancer—core-promoter interactions, leading to gene misexpression and increased
cancer cell oncogenicity (reviewed in [34]), and, indeed, mutations of CTCF sites are enriched in
cancer-associated SNPs [35]. Together, these observations suggest that TADs act as gene
regulatory units.

Core-Promoter Selection via DNA Accessibility and Tethering

While genes within TADs are indeed often coordinately regulated [36], many are not coex-
pressed, and enhancers and their target core promoters are not necessarily adjacent and
colinear in the genomic sequence. For example, during Drosophila embryogenesis, the neigh-
boring genes Sex combs reduced (Scr) and fushi tarazu (ftz) are expressed in different patterns
and their enhancers are not colinear (Figure 2B): the enhancer of Scr is located 3’ of the ftz gene
and the enhancer of ftz lies between the two genes. The selectivity of the Screnhancer for the Scr
promoter can be recapitulated in reporter assays and depends on a promoter-proximal
tethering element (PTE) [37] that might mediate specific enhancer-core-promoter spatial
proximities or contacts. Interestingly, another PTE identified at the Bithorax complex locus even
enables enhancer communication across insulators [38,39]. Equivalent sequences have also
been described within or next to enhancers, and these mediate the contacts of enhancers to
their target promoter, thus termed promoter-targeting sequences [40]. Such enhancer—
core-promoter tethering would be compatible with the observation of looping and stable
enhancer—polymerase contacts as observed during development [41]. In experimental setups
with forced enhancer—core-promoter proximity, tethering approaches have also been shown to
activate transcription in defined systems [42-44].

Alternatively, the promoter-proximal sequences might, in a cell type-specific manner, regulate
the availability of a core promoter by modulating its DNA accessibility within chromatin
(Figure 2C). Transcriptional inactivity due to promoter inaccessibility is also found more generally
in Drosophila when enhancers skip neighboring genes to activate more distal core promoters
[24], and might also explain the different expression patterns of the divergently transcribed
homeobox genes gooseberry (gsb) and gooseberry-neuro (gsb-n) [45]: while divergently tran-
scribed homologous genes are often coexpressed, gsb and gsb-n seem to be differentially
active at different embryonic stages, potentially reflecting differential accessibilities of the core-
promoter sequences. The regulation of DNA accessibility is also important in other species to
regulate core-promoter activity and gene expression (e.g., in worm [46,47]) or the transcriptional
activity of entire gene loci [48-50], and is likely involved in controlling enhancer—core-promoter
targeting more generally.

Sequence-Encoded Enhancer-Core-Promoter Specificity

DNA accessibility, however, does not always explain why neighboring genes are differentially
expressed. In Drosophila, neighboring genes out at first (oaf) and decapentaplegic (dpp) are
expressed in different patterns at the same stage, despite the oaf core promoter being more
proximal to the dpp enhancer. Furthermore, if the oaf core promoter is replaced by the hsp70
core promoter, oaf is activated in the dpp expression pattern, arguing that the respective core-
promoter sequences are important determinants of enhancer targeting [51]. In addition, during

Cell

candidate DNA fragments are
positioned in the 3’-untranslated
region of a reporter gene such that
active enhancers transcribe
themselves and the activity of the
sequence can be assessed by
measuring the abundance of their
transcripts among cellular RNAs [61].
The coupling of candidate sequences
to enhancer activity in cis, such that
each enhancer serves as its own
barcode, allows the parallel
assessment of millions of DNA
fragments from arbitrary sources and
enables genome-wide functional
enhancer screens.

TF recognition sequences or
binding sites (vs motifs): short
DNA sequences that bind to TFs.
Consensus sequences that
summarize the binding preferences of
a TF are known as TF motifs.
Transcription factors (TFs):
proteins that bind to DNA sequences
in enhancers through their DNA-
binding domains and that activate or
repress transcription, usually via the
recruitment of cofactors.
Topologically associating
domains (TADs): large genomic
regions, typically several kb or Mb in
length, within which frequent
chromatin contacts occur, as
measured by chromosome
conformation capture (3C) and variant
techniques. As discussed in the main
text, the importance of TADs for
transcriptional regulation is
increasingly being recognized.
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Figure 2. Topologically Associating Domains (TADs), Promoter-Proximal Tethering Elements (PTEs), and DNA Accessibility. (A) Enhancer function is
typically restricted to activate core promoters within the same TAD [12,31], the boundaries of which are enriched in insulator protein binding. (B) PTEs are sequences
proximal to core promoters that promote preferential interaction between enhancers and core promoters [37-39]. For example, the PTE of the Sex combs reduced (Scr)
core promoter enables its activation by the distally located Scr enhancer, skipping the intervening gene fushi tarazu (ftz). In a transgenic reporter, relocation of the PTE to a
proximal position of the ftz core promoter results in activation of the latter by the Scr enhancer. In situ staining of embryo images are from the Berkeley Drosophila Genome
Project [161]. (C) Inaccessible DNA can prevent the activation of a core promoter by a nearby enhancer. For example, Drosophila enhancers skip the proximal and
inaccessible core promoters to activate more-distal and accessible core promoters [24]. Abbreviations: CAT, chloramphenicol acetyltransferase; LacZ, gene of B-

galactosidase.
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maternal and early zygotic transcription many genes initiate at different TSS that can be very
closely spaced but which are located within AT- versus CG-rich core promoters, suggesting that
core-promoter sequences are involved [52]. This is further supported by the observation that
reporter genes under the control of different enhancer—core-promoter combinations can also
exhibit distinct expression patterns [53-55], even when integrated at identical genomic positions
[56]. In addition, the regulation of several Hox genes including ftz by the caudal (cad) TF seems to
depend on specific sequence elements within the core promoters, particularly the downstream
promoter element (DPE) [57].

Apart from the DPE, other defined core-promoter motifs or elements also exist and are
differentially distributed in core promoters of genes with different functions. For example, core
promoters of developmentally regulated genes tend to contain TATA box, Initiator (Inr), and DPE
motifs, whereas core promoters of housekeeping genes contain motifs such as DNA replicating
elements (DREs), and Ohler motifs 1, 6, 7, and 8 (reviewed in [58,59]). This sharp dichotomy
strongly indicates the involvement of core-promoter sequences in enhancer specificity.

Given the differential core-promoter element distribution between the developmental and
housekeeping gene regulatory programs, the activity of millions of Drosophila enhancer can-
didates towards several housekeeping and developmental core promoters [60] were recently
tested using self-transcribing active regulatory region sequencing (STARR-seq) [61]. This
revealed thousands of enhancers with strong preference for either one of the two core-promoter
classes (Figure 3A). In the defined reporter set-up the core promoters were the only variable:
proximity, DNA accessibility, insulators, or other DNA elements cannot explain the marked
enhancer—core-promoter specificity, suggesting that core-promoter sequences fall into different
functional classes that are activated by distinct types of enhancers.

Differential Occupancy of Trans Factors at Housekeeping versus
Developmental Enhancers

The identification of thousands of enhancers with preference for either one of two core-promoter
classes enabled comparisons of the DNA sequences to identify sequence features that underlie
this specificity. As expected, developmental enhancers were enriched for motifs of cell type-
specific TFs such as Serpent (Srp), Traffic jam (Tj), and Chorion factor 2 (Cf2), and also for
dinucleotide repeats, particularly GA repeats that are bound by Trithorax-like (Trl) [62]. By
contrast, housekeeping enhancers were enriched for DREs, recognized by the DNA replica-
tion-related element factor (DREF). DREs were necessary and sufficient for housekeeping
enhancer activity and allowed reprogramming of developmental into housekeeping enhancers.
Consistently, Trland DREF were also differentially bound to both types of enhancers. In addition,
depletion or specific inhibition of Trl or DREF results in different gene expression changes [63-
67], providing further evidence that the two factors play different roles in gene regulation. The
distinctive distribution of TF motifs and the differential binding of the corresponding TFs suggest
that the core-promoter specificity is encoded in enhancer sequences and is mediated by trans-
activating factors [60] (Figure 3B).

Differential Activity of Trans Factors at Housekeeping versus Developmental
Core Promoters

While sequence motifs and TF occupancy are differentially distributed between housekeeping
versus developmental enhancers, these observations do not shed light on how the TFs exert their
functions and whether they themselves have intrinsic core-promoter preferences as well. The
regulatory activity of different TFs or cofactors on core promoters can be assessed by directly
tethering the respective factors via heterologous DNA-binding domains (DBDs) to positions
upstream of reporter gene core promoters in activator bypass experiments [42-44,68]. Following
this logic, 812 Drosophila TFs and cofactors were recruited to a housekeeping (hkCP) and a
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Figure 3. Sequence-Mediated Enhancer—Core-Promoter Specificity. (A) Housekeeping core promoters (hkCPs;
purple) show preferences for housekeeping over developmental enhancers. The reverse is true for developmental core
promoters (dCPs; ochre) [60]. (B) Housekeeping enhancers bind to DREF and activate transcription from hkCPs, which
typically contain Ohler motif 1 and 6 core-promoter elements (indicated by motif logos). Developmental enhancers
meanwhile bind Trl and activate transcription from dCPs that contain different core-promoter elements, such as the TATA
box, Initiator, and DPE. Compared to housekeeping enhancers which are TSS-proximal or even overlapping, develop-
mental enhancers are found at various positions, including within introns or very distal.

developmental (dCP) core promoter [69]. Consistent with the differential TF binding to house-
keeping and developmental enhancers [60], recruitment of DREF and Trl recapitulated the
differential activation of hkCP (by DREF) and dCP (by Trl; Figure 4A).

Interestingly, many additional TFs show differential activities towards the two core promoters
(Figure 4A). For example, Putzig (Pzg) preferentially activates hkCPs and is indeed important for
housekeeping gene expression [70,71]. On the other hand, TFs that preferentially activate dCPs
represent factors important during fly development, including the Hox TF Abdominal-B (Abd-B),
the early zygotic activator Zelda (ZId), and the developmental TFs Cf2 and Pointed (Pnt).

Transcriptional cofactors similarly exhibit core-promoter preferences: dCPs are strongly acti-
vated by the Mediator subunits MED15 and MED25 as well as the Drosophila CBP/p300
ortholog Nejire (Ngj), while hkCPs are strongly activated by Chromator, Males absent on the first
(Mof), TBP-associated factor 4 (Taf4), and Trithorax-related (Trr). The latter type of factors indeed
play roles in cell maintenance: for example, Mof is the acetyltransferase component of the Male-
specific lethal (MSL) [72-75] and Non-specific lethal (NSL) [76,77] complexes that control
transcriptional dosage compensation for male X chromosome and housekeeping genes,
respectively, while Chromator is important in maintaining spindle dynamics during mitosis
[78] and regulates chromatin structure [79]. Unsurprisingly, there is much evidence that under-
scores the importance of cofactor recruitment via sequence-specific TFs during transcriptional
regulation in different physiological processes. During dauer formation in worms, for example,
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Figure 4. Trans Factors Mediate Sequence-Directed Enhancer—Core-Promoter Specificity. (A) Activator-
bypass experiments show that different transcription factors (TFs) and cofactors (COFs) can differentially activate house-
keeping core promoters (hkCPs) over developmental core promoters (dCPs), or vice versa. Activation is indicated by a
check-mark, and examples of TFs and cofactors that function accordingly are shown below. (B) hkCPs and dCPs recruit
TRF2- and TBP-containing complexes, respectively. The members of these complexes also potentially differ. Abbreviation:
Pol Il, RNA polymerase |I.

the DAF-16 TF recruits the SWI/SNF complex to activate longevity and stress-resistance target
genes [80], while the sterol regulatory element binding protein (SREBP) TF recruits p300 and
MED15 during lipid homeostasis [81]. Other examples also exist in different systems [82-84].
Interestingly, cofactors can also provide feedback to the DNA-binding activity of TFs [85]. Finally,
mutation or overexpression of cofactors deregulates communication between sequence-spe-
cific TF binding to target genes, resulting in human pathologies, for example intellectual disability
[86] and colorectal cancers [87]. Thus, the ability of enhancers to trigger transcription from their
target core promoters is highly dependent on channeling of the regulatory information at
enhancers to core promoters via cofactors. Collectively, the existence of factors that differentially
activate the two types of core promoters suggest that these factors might be the trans-
determinants of enhancer—core-promoter specificity.

Differential Protein Occupancy at Housekeeping versus Developmental Core
Promoters

The distinct transcriptional outcomes when tethering the same cofactor to different core
promoters in activator-bypass experiments suggests that the protein factors at the two
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core-promoter types are also different (Figure 4B). Consistently, different core promoters that are
activated by the same TF are differentially affected by depletion of different cofactors, suggesting
that they rely on different trans factors [88].

Biochemical studies of proteins bound to core promoters typically used sequences with the
canonical TATA box and Inr motifs. Such studies and the recent elucidation of protein-complex
structures have revealed that, in an archetypical PIC, TFIID serves as the main recognition factor
for the core promoter [89-91]. TFIID consists of TBP together with 12-14 TAF subunits: TBP
specifically recognizes the TATA box [92-94], while some TAF subunits recognize other core-
promoter elements, for example TAF1 and TAF2 bind to Inr [95], and TAF6 and TAF9 bind to
DPE [96] (reviewed in [97]). In addition, TAFs can also relay the communication from the
enhancers via direct contact with sequence-specific TFs [98] or by being the targets of cofactors
(reviewed in [99]).

However, the PIC is far from uniform. Distinct TFIID complexes exist [100-102] that can bind to
the TATA box and Inr. Further, some of the components seem to be dispensable, including for
example TBP that appears not to be required for transcription, not even at TATA- and Inr-
containing core promoters [103-105]. Furthermore, ‘canonical’ TAFs are dispensable in accu-
rately positioning the PIC at a core promoter that contains a hitherto unknown core-promoter
element [106], suggesting different factor requirements for different core promoter sequences.

Evidence suggests that housekeeping core promoters, which typically do not contain TATA
box or Inr elements, assemble different complexes: the binding proteins for two of the
housekeeping core-promoter motifs are known: Motif 1 binding protein (M1BP) recognizes
Ohler motif 1 [107], while DREF recognizes DREs [108]. DREF is a part of a large complex that
includes other factors including Pzg, an hkCP-specific cofactor (see above), TATA box binding
protein-related factor 2 (TRF2) [109], and components of the nucleosome-remodeling factor
complex (NURF) that catalyzes nucleosome sliding downstream of active housekeeping core
promoters [110].

TRF2 has been shown to bind at non-overlapping positions from TBP in the histone gene cluster
[111] to control the expression of ribosomal genes [109], and it might also function at DPE-
containing core promoters [112]. Further, while it was found that TAF4 highly activates the hkCP,
it also exhibits preferences for DPE- over TATA-containing core promoters [113]. Some
instances have been found where enhancers [53,56] as well as factors [114-116] show TATA-
over DPE-specific activation, suggesting that DPE- and TATA-containing core promoters might
represent different subclasses of developmental core promoters [58]. Indeed, the TATA-box and
DPE motifs rarely occur together in the same core promoters [117,118].

Transcriptional Activation Mediated via Activating Microenvironments

While it is well established that enhancers and core promoters are either proximal along the
linear DNA or spatially close in 3D [41,119,120], the exact details on how regulatory cues are
communicated between enhancers and core promoters are not entirely clear. Increasing
evidence suggests that static and rigid protein—protein interactions between these factors
are not involved or at least not required (Figure 5A). For example, the activity of intronic
enhancers is not disrupted when Pol Il crosses them during the transcription of the host gene
[121,122]. Further, the finding that a single enhancer can simultaneously activate transcription
from two core promoters that are 15 kb apart in a reporter setup in transgenic Drosophila
embryos [123] also speaks against static protein—protein contacts. On the other hand, the
transcription dynamics of mammalian - and y-globins on a single allele are more consistent
with rapid switching of enhancer—core-promoter contacts, suggesting that such dynamics
might depend on the experimental system [42]. These observations, as well as others, are
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Figure 5. Enhancers Activate Core Promoters in a Microenvironment. (A) Static model of transcription regulation in
which defined protein complexes formed by static protein—protein interactions at enhancers exert their function on core
promoters. This model is incompatible with some observations such as the simultaneous activation of two core promoters
by a single enhancer [123]. (B) Transcription regulation might alternatively occur via an activating microenvironment in which
enhancers and core promoters recruit trans factors to create a high concentration of regulatory proteins that dynamically
interact with each other, and enable regulatory communication through post-transcriptional modifications (PTMs, top) or via
dynamic protein—protein interactions and recruitment (bottom).

incompatible with a scanning model in which Pol Il is recruited to enhancers and then ‘scans’ to
target core promoters [124,125], or with a modelin which Pol Il is ‘handed over’ from enhancers
to core promoters (recently reviewed in [126,127]).

Such observations are compatible with an activating microenvironment around the enhancer in
which enhancer-bound TFs recruit cofactors, thereby increasing their local concentration and
ability to activate nearby core promoters (Figure 5B; [128,129] for more detailed review).
Because different activating cofactors possess enzymatic activities, for example to post-tran-
scriptionally modify other proteins, these activities and post-translational modifications (PTMs)
might be involved in transcriptional regulation. Indeed, the activities of many TFs, general TFs of
the PIC, Pol ll, and some cofactors are modulated by PTMs. The communication from enhancer
to core promoter thus might conceivably be transmitted via PTMs of different factors, presenting
an attractive alternative mechanism compared to static interactions of the factors. For example,
Pol Il is acetylated by P300/CBP at specific growth factor-responsive genes, and this PTM is
required for Pol Il activity at these genes [130]. Similarly, P300/CBP acetylates hematopoietic
TFs, leading to the recruitment of BRD4 and promoting the expression of leukemia maintenance
genes [131,132]. PTMs of TFs can also modulate TF binding site preferences and thus target
genes, as for example has been shown for Mef2 in Drosophila [133]. PTMs are also important in
regulating specific steps of transcription, for example the release of paused Pol Il, and it is
conceivable that some enhancers specifically regulate this step [134]. These examples highlight
the role of PTMs in relaying regulatory information from enhancers to target gene core
promoters.
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Concluding Remarks and Future Directions

The past years have witnessed enormous progress in our understanding of transcriptional
regulation, the organization of animal regulatory genomes, and enhancer—core-promoter com-
munication: insulators restrict enhancer activities and delineate the genome into regulatory
domains, long-range enhancer—promoter contacts enable distal regulation, and the cell type-
specific availability of core promoters can be regulated by DNA accessibility within chromatin.
Furthermore, it is increasingly clear that enhancer—core-promoter specificities can be deter-
mined by the sequences of both elements: differential motif distribution allows distinct sets of
factors to be recruited at enhancers and core promoters such that biochemical compatibilities
between the factors determine core-promoter targeting and effective regulatory communication.

Sequence-Mediated Core-Promoter-Enhancer Specificity in Other Transcription Programs

As known core-promoter elements correlate with biological functions [58,118,135], and diverse
TAFs and their paralogs exist that relate to specific transcription programs (reviewed in
[136,137]), it is possible that more transcription programs are separated at the level of
enhancer—core-promoter specificity. For example, during Drosophila spermatogenesis, an
alternative TFIID complex that consists of testis-specific TAFs (tTAFs) is required for the
transcription of spermatid differentiation genes, but is dispensable for meiotic cell-cycle genes
[138,139]. The regulatory information comes from sequence-specific DNA binding of the tMAC
complex, which relays the information through MED22 to achieve gene selectivity of tTAFs [140].
It will be exciting to learn about additional transcriptional programs, for example in germ cells.

Sequence-Encoded Enhancer and Core-Promoter Function

Genomic regulatory regions have often been annotated according to their location with respect
to genes, including ‘promoter’ regions as regions upstream of gene transcription sites and
‘enhancers’ as TSS-distal. Our ability to measure transcription (initiation) with increasing sensi-
tivity has revealed that both enhancer and promoter regions can initiate transcription and
frequently contain (degenerate) core-promoter sequence elements [141-143]. Transcription
initiation within enhancers has for example been used to predict enhancers [141,144-148].
Furthermore, functional assays have demonstrated that Drosophila promoters can partly act as
enhancers to activate transcription from a distal target core promoter [60]. Consistently, human
TSS-proximal sequences that can recruit cofactors display transcription-initiating ('promoter’)
activity when tested without an enhancer, as well as enhancer activity [149]. Typically, however,
core-promoter activities have been measured in the presence of activating enhancers
[65,150,151]. These observations suggest that future definitions might better be based on
functional assays that specifically assess enhancer and core-promoter function separately.
Because enhancers are typically assessed by their ability to activate transcription from a given
core promoter compared to negative controls (reviewed in [6,152]), we propose to assess core-
promoter functionality by the ability to convert the activity of a given enhancer into transcription
initiation events, in other words by the enhancer-responsiveness of a core promoter measured
as its induced versus basal activity. It will be interesting to learn which sequences within a large
animal genome possess high enhancer-responsiveness and what the determining sequence
properties will be.

Rethinking Enhancer—Core-Promoter Communication: Activating Microenvironments and
Biochemical Compatibilities

We are excited about the prospects of learning how enhancer-bound TFs and the cofactors they
recruit mediate regulatory communication with core promoters. It is clear that the proteins
involved do not form rigid or stable complexes; instead a dynamic and flexible microenvironment
is generated that can activate more than one core promoter simultaneously [123] and the
function of which is resilient to structural perturbation by transcription through the enhancer
[121,122]. Which combinations of TFs and cofactors are able to activate transcription, how

810 Trends in Genetics, December 2016, Vol. 32, No. 12

60

Cell

QOutstanding Questions

What are the defining sequence fea-
tures of a core promoter that allow high
enhancer-responsiveness?

How many functionally distinct types of
core promoters exist? Are additional
types of enhancer—core-promoter spe-
cificities employed for other transcrip-
tion programs (e.g., in germ cells)?

How are enhancer-core-promoter
specificities implemented molecularly?

How is the information from the
enhancer communicated to the core
promoter? Do different enhancers use
different modes of communication?

Which combinations of TFs activate
transcription? How is combinatorial
control achieved molecularly?

How many different types of TFs
exist, and how many are obligately
combinatorial?

Which TFs recruit which of the cofac-
tors, and what are the respective pro-
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biochemical compatibility is implemented, and which PTMs on TFs, cofactors, histones, or PIC
components are involved are exciting open questions for future studies (see Outstanding
Questions). Perhaps in the future such knowledge could be used for therapeutic purposes,
for example to very precisely activate or repress gene transcription using TALE or Cas9-derived
regulators [153,154], entirely synthetic proteins [155,156], or small-molecule mimetics [157] or
inhibitors [3,158-160].
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Core promoters convert signaling information from enhancers into transcription
initiation. Accordingly, a principal property of core promoters is enhancer-responsiveness
that describes their inducibility upon activation by enhancers. However, the extent of the
enhancer-responsiveness of core promoters, and how enhancer-responsiveness is
important in gene expression, have remained unknown. Transcription initiation has also
been observed at genomic positions that are distal from gene starts, the expected
locations of core promoters. Whether these distal positions represent bona fide core

promoters have remained unexplained.

Available genome-wide methods do not enable the quantification of enhancer-
responsiveness. These methods quantify endogenous transcripts, the sum of intrinsic traits
of core promoters, enhancer activities and other determinants. To measure enhancer-
responsiveness of core promoters in the genome, we developed self-transcribing active
core promoter sequencing (STAP-seq). This reporter assay enables the quantification of
the potential of genome-wide core promoter candidate fragments to act as core promoters
towards single and defined enhancers. Importantly, this setup allows direct comparison of

the intrinsic activity of the core promoter candidates.

Core promoters in the genome exhibit a wide range of enhancer-responsiveness.
Enhancer-responsiveness correlate with gene functions: highly responsive core promoters
are associated with TFs, and lowly responsive core promoters are associated with cell-
type specific enzymes. Core promoter sequences are also predictive of their enhancer-
responsiveness. Finally, enhancer-responsiveness is significantly lower at distal positions
of endogenous initiation. This observation supports that such positions are the sites of

transcription initiation as they associate with enhancers during endogenous transcription.
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ARTICLES

Genome-wide assessment of sequence-intrinsic
enhancer responsiveness at single-base-pair

resolution

Cosmas D Arnold!2, Muhammad A Zabidi'2, Michaela Pagani!, Martina Rath!, Katharina Schernhuber!,

Tomas Kazmar! & Alexander Stark!

Gene expression is controlled by enhancers that activate transcription from the core promoters of their target genes. Although

a key function of core promoters is to convert enhancer activities into gene transcription, whether and how strongly they activate
transcription in response to enhancers has not been systematically assessed on a genome-wide level. Here we describe self-
transcribing active core promoter sequencing (STAP-seq), a method to determine the responsiveness of genomic sequences

to enhancers, and apply it to the Drosophila melanogaster genome. We cloned candidate fragments at the position of the core
promoter (also called minimal promoter) in reporter plasmids with or without a strong enhancer, transfected the resulting library
into cells, and quantified the transcripts that initiated from each candidate for each setup by deep sequencing. In the presence
of a single strong enhancer, the enhancer responsiveness of different sequences differs by several orders of magnitude, and
different levels of responsiveness are associated with genes of different functions. We also identify sequence features that predict
enhancer responsiveness and discuss how different core promoters are employed for the regulation of gene expression.

Animal development is coordinated by differential gene expression
that is commonly attributed to the dynamic and cell-type-specific
activities of transcriptional enhancer sequences2. Enhancers are
genomic regulatory elements that recruit transcription factors and
cofactors to activate transcription from their target core promoters,
short sequences at the 5" ends of genes at which RNA polymerase II
(Pol IT) assembles and gene transcription initiates®*. However, sensi-
tive methods to assess endogenous transcription have revealed many
positions outside gene starts that initiate transcription, blurring the
distinction between promoters and other genomic regions>°. We rea-
soned that one of the key functions of bona fide core promoters that
is essential for differential gene expression is their ability to strongly
respond to enhancers, that is, to efficiently convert the enhancers’ acti-
vating cues into productive gene transcription. However, despite the
central importance of this enhancer responsiveness, it has remained
unclear how many sequences in large animal genomes respond to a
given enhancer, which sequences respond most strongly, and how
wide the range of response strength is. Knowing the range of enhancer
responsiveness and the sequence features of strongly versus weakly
responding candidates is critical for determining how enhancer
responsiveness is sequence-encoded and differentially employed for
the regulation of gene expression. It is also important for our under-
standing of transcription and might explain the cause of endogenous
transcription initiation within different genomic regions.

However, the quantitative assessment of enhancer responsiveness
in a standardized manner is challenging and cannot be derived from
measures of endogenous transcription. Endogenous initiation rates

result from activation by different—possibly many”-8—enhancers
of different strengths, and the combined contributions of core pro-
moter and enhancer functionality cannot be deconvoluted. Therefore,
the responsiveness of candidate sequences to an enhancer needs to
be assessed in standardized reporter assays, under the influence of
defined enhancers that are kept constant, a technique equivalent to
the widely used enhancer activity assays that operate with constant
core promoters?. Such assays have been performed for individual
core promoters in human and Drosophila cells?~!1, and systematic
medium-scale tests of yeast core promoters!'? and of mammalian core
promoters in vitro'3 exist. However, a method to systematically assess
enhancer responsiveness for millions of candidate fragments across
large genomes is lacking.

Here we present STAP-seq, a method to assess the sequence-intrinsic
enhancer responsiveness of millions of candidate sequences at single-
base-pair resolution and perform a genome-wide analysis of their
enhancer responsiveness in Drosophila melanogaster cells. We find that
in the presence of a single strong enhancer, thousands of sequences
exhibit enhancer-responsive transcriptional activation with strengths
that vary over three orders of magnitude. The strength of the response
can be predicted from the candidates’ primary sequences, and the host
genes of candidates that respond strongly or weakly to enhancers dif-
fer characteristically in their function. Positions within enhancers that
initiate transcription endogenously exhibit low enhancer responsive-
ness compared to positions within bona fide core promoters. Overall,
our systematic analysis identifies sequences that efficiently convert
enhancer activity into transcription initiation events and shows how
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sequences with different enhancer responsiveness are employed for
the regulation of gene expression.

RESULTS

Determining sequence-intrinsic enhancer responsiveness

To identify genomic sequences that can initiate transcription in
response to enhancers and to directly assess the strength of the
response (that is, the candidate fragments’ inducibility or enhancer
responsiveness), we developed STAP-seq (Fig. 1a). We separately
determine the induced and basal activities for candidate DNA frag-
ments at single-base-pair resolution in standardized reporter setups
that do (STAP-seq®™?) or do not (STAP-seq°'*)) contain a single defined
enhancer. For STAP-seq®™?, we randomly sheared D. melanogaster
genomic DNA into short fragments (median length, 192 bp;
Supplementary Fig. 1a) and cloned them in bulk into a reporter
plasmid at the position of the core promoter (also called the minimal
promoter), between a defined strong developmental enhancer (from
the transcription factor Zn finger homeodomain 1 (zfh1)!®14) and a
protein-coding open reading frame (ORF; Fig. 1a). Core promoters
are typically ~100 bp long, and the candidate fragments thus also
included flanking sequences up- and/or downstream of potential
core promoters'>16, This, however, should not influence our ability
to assess enhancer responsiveness as negligible differences were
observed between sequences within this length range!? (see also below
for a demonstration that most candidates have low basal activities). If
a fragment initiates transcription in response to the enhancer, it will
produce reporter transcripts, and the number of reporter transcripts
generated will directly reflect the fragment’s induced activity. Because
all reporter transcripts will be identical except for short 5" sequence
tags that originate from the respective candidate, this allows the quan-
tification of the candidate’s activity in the respective reporter setup
(Fig. 1a). For STAP-seq°!", we repeated the above with an enhancer-
less reporter setup to assess the candidate fragments’ basal activities
and subsequently their enhancer responsiveness (see below).

We transfected D. melanogaster S2 cells with each reporter library,
isolated polyadenylated RNA, and followed a modified CapSeq pro-
tocol!7:18 to selectively capture the reporter mRNAS’ 5" sequence tags,
which enable the precise mapping of the transcription start sites (TSSs;
i.e., the +1 nucleotides) throughout the genome. Briefly, all non-5’
capped RNA species were rendered ligation-incompetent by dephos-
phorylating their 5" ends with calf intestinal phosphatase. Subsequently,
the 5 caps were removed with tobacco acid pyrophosphatase, and RNA
oligonucleotides, each containing an 8-nucleotide (nt) random barcode
as a unique molecular identifier, were ligated to the resulting 5" phos-
phate RNA molecules. The 5" sequence tags of the reporter transcripts
were then selectively reverse transcribed, amplified, and paired-end
sequenced. The paired-end reads were aligned to the D. melanogaster
genome and the initiation events at each genomic position were quanti-
fied in a strand-specific manner by the number of unique sequence tags,
as identified by the unique molecular identifiers. We performed two
technical replicates for both STAP-seq¢™P and STAP-seq°'™l, which in
each case were highly similar (Pearson correlation coefficient (PCC) =
0.99 and 0.93, respectively; see below for replicates with independent
libraries and transfections and an analysis of the variance of individual
data points), and combined them for further analyses. We will now first
discuss the induced activities obtained from STAP-seq with the zfh1
enhancer (STAP-seq?M!) and compare them with measures of endog-
enous initiation (basal activities cannot be assessed in endogenous
contexts) and with STAP-seq screens using different enhancers and
another cell type, before we discuss enhancer responsiveness as the
normalized ratio STAP-seq®? versus STAP-seq<t',
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STAP-seq identifies endogenous transcription start sites
STAP-seq“h! revealed a highly distinctive genomic profile of candi-
date transcription initiation events with specific signals that over-
lapped TSSs annotated by FlyBase (aTSSs; Fig. 1b). Indeed, even
though candidates from across the entire genome were assayed, over
half (55%) of all 28,509 genomic positions with >5 tags mapped to
within 50 bp of an aTSS, and the degree of alignment with aTSSs
improved with higher tag counts: 66% of all positions with >10 tags
and 71% of all positions with 220 tags were within 50 bp, and 30%
(=5 tags), 39% (=10 tags), or 45% (=20 tags) were within 5 bp, respec-
tively (Supplementary Fig. 2a). The latter corresponds to more than
140-fold enrichment over the genome (only 0.32% of the genome is
within 5 bp of an aTSS; Supplementary Fig. 2a,b).

Furthermore, plotting the cumulative STAP-seq“M! tag count
around all aTSSs revealed a strong enrichment, with the highest value
precisely at the +1 position (Fig. 1c and Supplementary Fig. 2c). Data
sets that measure endogenous transcription initiation!®1° and the
analysis of the Initiator (Inr) motif, known to coincide with TSSs?’,
also supported STAP-seq-defined TSSs (experimentally defined TSSs
or eTSSs; see Online Methods), even if they did not map to aTSSs
(Fig. 1d,e and Supplementary Fig. 2d-h).

Overall, these results suggest that STAP-seq identifies positions
that initiate transcription endogenously and that aTSSs at annotated
gene starts are distinguished among the many genome-wide candidate
fragments by their ability to efficiently convert enhancer activities into
transcription initiation events. Because we tested short fragments in a
defined reporter setup outside their endogenous sequence and chroma-
tin contexts, these results confirm that the ability to convert enhancer
activities into transcription initiation events and the precise position of
transcription initiation are encoded in the DNA sequence.

Induced activities are consistent for three developmental
enhancers

We next asked whether induced activities are influenced by the
choice of enhancer. We therefore repeated STAP-seq with the zfhlI
enhancer and with additional enhancers for a focused candidate
library of reduced complexity, derived from 34 bacterial artificial
chromosomes (BACs) that cover about 5% of the D. melanogaster
genome and contain ~1,100 aTSSs. For these screens, we chose an
intronic enhancer within sugarless (sgl) and an intergenic enhancer
near hamlet (ham), both developmental enhancers weaker than the
zfh1 enhancer!?. In addition, we chose two housekeeping enhancers
close to nucampholin (ncm) and to short spindle 3 (ssp3), respectively.
As they were expected to specifically activate housekeeping- but not
developmental-type core promoters!?, they served as an outgroup in
our subsequent analysis.

For the screens using developmental enhancers, strong signals
were observed at aTSSs of developmentally regulated genes, while the
housekeeping enhancers produced strong signals at aTSSs of house-
keeping genes (Fig. 2a). This confirmed the expected core promoter
specificity!? of the three developmental and the two housekeeping
enhancers, and suggests that within each of these two broad transcrip-
tional programs!®—but not across programs—the tested fragments
respond similarly to different enhancers.

Indeed, the focused screens with all three developmental enhancers
were highly similar (all PCCs > 0.83; Fig. 2b and Supplementary Fig. 3a)
and also agreed well with the genome-wide screen (PCC = 0.86
between focused and genome-wide STAP-seq?M!; Supplementary
Fig. 3b; for an analysis of the variance of individual data points, see
Supplementary Fig. 3c). The most highly induced sequences in STAP-
seq?™! were also the most highly induced ones when using the weaker



© 2017 Nature America, Inc., part of Springer Nature. All rights reserved.

Results and Discussion

ARTICLES

Gelsolin
=} L - =
STAP-seq libral
= atbran TR ——y  TEW
|
---———— == — ORF HpA site}------ CG14642
Enhancer 500 — (g f:F ]
.- STAP-seq™™
-
e Amplified
Pt 5’ sequence tags ,,L — — —
& x - g
AAAAA .
4 1
.
AAARA ¢ .
A 4 ~500 —
AAAAA P
. Sequenced & mapped
STAP-seq transcripts b 5 sequence tags e O
H Shift =
[ ]
Reference genome 0
a®
c L] [
S 150,000 *
Q [ ]
o o ©
_ & 100,000 L Q
© ~ —_
SE ° ! ° s
F = 50,000 . ? oooe 2E
3 e © o S%
o 0 o L . 8 &
= B aand D 0
” 0o © g2
T T T T 1 ° g8
-40 -20 +1 +20 +40 2 @ e
aTSS position 00 o0, % g
o % S
d i =2
o
60 — e® £ 8
® STAP-seg™™ [ E 2
L] o O
40 - ©® scRNA-seq 3 8 <
(endogenous e % §
= 204 transcription initiation) ° }7) %
=3
3 AP ey, i
o 0- e S
8 °
Q
2 150 — ® 4
3 %0  %¢e®,
c
3 100
=
o® ©,
50 A
5
0 — 000
T T 1] T 1 I I 1
-40 -20 +1 +20 +40 -20 +1 +20

€TSS position

aTSS position

Figure 1 STAP-seq identifies position and orientation of transcription initiation within arbitrary candidate fragments. (a) Experimental setup of
STAP-seq. Short candidate DNA fragments are cloned into a reporter construct that provides an enhancer and a reporter gene (short open reading

frame (ORF)). Active candidates initiate reporter transcripts that start with sequence tags depicting the exact TSS. These tags are then sequenced

and mapped to the reference genome. (b) UCSC Genome browser screenshot depicting STAP-seq using the zfh1 enhancer. Tag coverage is shown in a
strand-specific manner. (¢) Cumulative STAP-seq?M! tag counts around FlyBase-annotated TSSs (aTSS). (d) Metagene profile of STAP-seq#! tag counts
and short-nuclear-capped-RNA-seq (scRNA-seq) 18 signals at experimentally determined STAP-seq TSSs (eTSSs). (e) Agreement of STAP-seq#! and

scRNA-seq!8 for eTSSs that are shifted with respect to aTSSs by 1-5 nt.

developmental sgl and ham enhancers (Fig. 2b,c and Supplementary
Fig. 3a), and their rankings agreed well (Spearman’s correlation coef-
ficient (SCC) = 0.75 for sgl versus zfhl and for ham versus zfhl).
The similarity between the induced activities with each of the dif-
ferent developmental enhancers became particularly apparent in the
comparison to the outgroup. Whereas the screens performed with
the two housekeeping enhancers were highly similar (PCC = 0.88;
Fig. 2b), they differed characteristically from the screens with the
developmental enhancers (sgl versus ncm and ssp3 had PCC = 0.18
and 0.16, respectively; ham versus ncm and ssp3 had PCC = 0.16 and
0.14, respectively; Fig. 2b,c). Indeed, when we grouped all five screens
by hierarchical clustering, the three developmental screens clustered

tightly as did the two housekeeping screens, forming an outgroup as
expected (Fig. 2¢).

These results show that different sequences responded to devel-
opmental versus housekeeping enhancers, recapitulating the
previously reported enhancer-core-promoter specificity!?. They
demonstrate that STAP-seq is a tool that can probe enhancer
responsiveness of millions of candidate fragments and identify
strongly responding sequences for different types of enhancers.
Notably, the responses were consistent across the three different
developmental enhancers and across the two different housekeep-
ing enhancers we tested, suggesting that enhancer responsive-
ness within a given transcriptional program is independent of the
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pore complex, respectively. (b) Scatterplots depicting the similarity of

) enhancers, respectively, and the dissimilarity between developmental- and

housekeeping-enhancer screens (middle). (c) Bi-clustered heatmap depicting pairwise similarities. Pearson correlation coefficients (PCCs) of STAP-seq

tag counts for three developmental and two housekeeping enhancers.

particular enhancers used and thus constitutes a functional
sequence feature of general importance.

Activities are consistent across two different cell types
To investigate whether the different induced activities observed for
different sequences are consistent across different cell types or vary
with cell-type-specific gene expression, we repeated STAP-seq with
the focused library in D. melanogaster ovarian somatic cells (OSCs)?!.
OSCs differ from S2 cells in gene expression and enhancer activi-
ties!®14, which required exchanging the S2-specific zfh1 enhancer
with an OSC-specific developmental enhancer from traffic jam or tj14.
Notably, STAP-seq“™! in S2 cells and STAP-seq¥ in OSCs were highly
similar (PCC = 0.85; Fig. 3a,b and Supplementary Fig. 4), reminiscent
of the screens with three different developmental enhancers in S2 cells
(Fig. 2b,c and Supplementary Fig. 3a), and much above the similarity
of endogenous transcription between the two cell types as assessed
by Global Run-On sequencing (GRO-seq)?223 (PCC = 0.31 ataTSSs;
Fig. 3¢c). Even sequences that are endogenously active exclusively in
S2 cells or OSCs, respectively, behave similarly across the two cell
types in STAP-seq (Kolmogorov-Smirnov test P value > 0.1; Fig. 3a
and Supplementary Fig. 4).

Together, these results suggest that the enhancer responsiveness of
a DNA sequence is an intrinsic property that is independent of cell-
type-specific gene expression, confirming previous observations dur-
ing transgene expression with widely used minimal promoters (e.g.,
the Drosophila synthetic core promoter in different tissues in trans-
genic flies®24). These results also demonstrate the complementarity
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of STAP-seq and methods that assess endogenous transcription
initiation, such as GRO-seq, that detects positions of transcription-
ally engaged Pol II, and short nuclear-capped RNA-seq (scRNA-
seq) that measures short nascent transcripts in vivo (Fig. 3d-f and
Supplementary Fig. 5); whereas endogenous transcription initiation
reflects cell-type-specific gene expression, STAP-seq measures the
sequence-intrinsic ability of DNA fragments to initiate transcrip-
tion in response to an enhancer, that is, it measures the fragments’
enhancer responsiveness. Notably, enhancer responsiveness appears
to be consistent across different enhancers and cell types.

A wide and continuous range of enhancer responsiveness
A notable aspect of the STAP-seq data is the very wide range of
induced activities for the different candidate fragments. Whereas the
vast majority of the tested genomic positions did not initiate tran-
scription in STAP-squfhl (0 tags), 1,864 eTSSs had 2100 tags at their
+1 positions, 136 had >1,000, and the strongest eTSS had 14,249—
even though all fragments were tested using the same enhancer.
The consistency of these differences between different enhanc-
ers and across different cell types suggests that the ability to effi-
ciently convert enhancer-activity into transcription initiation events
is a sequence-intrinsic property and an important contributor to
transcription regulation.

We therefore define the inducibility or enhancer responsiveness of
a candidate sequence as the ratio of its induced versus basal activity,
measured by STAP-seq®™? and STAP-seq“""l, respectively. To assess
enhancer responsiveness genome-wide, we repeated STAP-seq

0
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without an enhancer (STAP-seq°'"}; Supplementary Fig. 1b), again
obtaining two highly similar replicates (PCC = 0.93), and divided the
induced by the basal activity for each eTSS, normalizing to spike-in
controls present in both samples (Online Methods). This revealed a
very wide range of developmental enhancer responsiveness with an up
to 1,000-fold difference between the highest and lowest inducibility
(Supplementary Fig. 6a—c; housekeeping enhancer responsiveness
had a much reduced dynamic range, see Supplementary Fig. 6d). We
also found a similarly wide range of responsiveness for the known
aTSSs (Fig. 4a), particularly when we corrected their positions based
on short nuclear-capped RNA-seq (scRNA-seq) data!®2> or restricted
the analysis to corrected aTSSs containing exclusively TATA box, Inr,
DPE, or MTE motifs (Supplementary Fig. 6b and Online Methods).
By contrast, analyzing the same number of randomly selected posi-
tions (Fig. 4b) or antisense initiation at the +1 positions of eTSSs
(Fig. 4¢) revealed only very weak enhancer responsiveness.

To validate the different levels of enhancer responsiveness deter-
mined by STAP-seq, we tested 30 sequences (from ranks 2 to 4,675;
19 known aTSSs and 11 eTSSs that to our knowledge had not been
described previously, including 2 candidates that overlap exons) and
16 negative controls (12 aTSSs and 4 candidates without TSS annota-
tion) individually in luciferase assays. The enhancer responsiveness
determined by STAP-seq and luciferase induction showed a high linear
agreement (PCC = 0.96; Fig. 4d), much higher than the PCCs observed
between the luciferase results and methods that measure endogenous

transcription initiation (luciferase versus scRNA-seq'8, CAGE29, and
GRO-seq?? show PCCs of 0.35, 0.08, and 0.4, respectively). Together,
these results validate the wide range of enhancer responsiveness and
establish STAP-seq as a quantitative genome-wide assay to function-
ally quantify this measure, which does not necessarily correlate with
endogenous transcription rates in any particular cell type.

Enhancer responsiveness correlates with gene function

The results above reveal that sequences in the genome vary widely in
their ability to convert enhancer activities into transcription initia-
tion events. Strong additive activation by multiple enhancers might
require highly inducible TSSs, because weaker ones might otherwise
limit transcription rates. Indeed, sequences proximal to aTSSs of genes
with five or more developmental enhancers!®1“ to the developmental
zfh1 enhancer were significantly more inducible than those with only
one or two developmental enhancers (Fig. 4e; P value = 2.66 x 107).
Furthermore, sequences with different levels of enhancer responsive-
ness to the developmental zfh1 enhancer were also located near genes
of different biological functions (Supplementary Fig. 7a). The overall
most responsive sequences tended to be near genes involved in develop-
ment, regulation of gene expression, and response to stimuli, whereas
the overall weakest ones were next to housekeeping genes, as expected,
given the incompatibility of the developmental zfh1 enhancer, used in
STAP-seq”™!, with the core promoters of housekeeping genes'?. When
we restricted the analysis to eTSSs that contain only TATA box, Inr,
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Figure 4 Wide range of enhancer responsiveness and associated biological functions. (a—c) Scatterplots showing the range of enhancer responsiveness
at corrected aTSSs that contain exclusively TATA box, Inr, MTE, or DPE in a, random positions in b, and eTSSs in ¢, depicting replicate 1 versus 2 in
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Genome Project (BDGP)3?9 in situ embryo images for genes representing the GO categories most strongly enriched near weak eTSSs.

MTE, or DPE motifs (i.e., those that preferentially function with devel-
opmental enhancers!?), we found that the most responsive eTSSs were
enriched near genes coding for transcription factors, whereas weak ones
were predominantly near genes for cell-type-specific enzymes (Fig. 4f).
For example, CG8560, CG16749, and CG14528 are all annotated as
peptidases and are expressed in midgut and/or yolk (Fig. 4g).

This suggests that highly responsive non-housekeeping core
promoters might regulate genes that require rapid induction
(e.g., transcription factors), whereas weakly responsive ones could
be employed at genes with potentially lower transcription kinetics
(e.g., enzymes; Fig. 4f,g). Together, these results suggest that core pro-
moters with different levels of enhancer responsiveness are employed
for the transcription of genes with different functions and different
regulatory characteristics.

The DNA sequence predicts enhancer responsiveness

We next investigated whether sequences that respond very differ-
ently to developmental enhancers have recognizable features that can
predict enhancer responsiveness. We binned eT'SSs according to their
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responsiveness and visualized the nucleotide preferences, using the
+1 positions of the eTSSs as anchor points. The resemblance with the
established Inr motif?? correlated with responsiveness and was higher
for strongly responsive sequences than for weaker ones (Fig. 5a).
In addition, the most responsive sequences had a preference for
guanine (G) around the +30 position and a consensus sequence that
resembled the downstream promoter element (DPE) motif?”. They
also showed increasing information content around positions +15
to +20, where no known core promoter element resides, especially
a prominent TC dinucleotide at position +17, just upstream of the
motif-ten-element (MTE?3; Fig. 5a).

This observation prompted us to speculate whether the presence
of core promoter motifs in the sequences (i.e., match quality/score
or affinity) might determine the sequences’ enhancer responsive-
ness. Indeed, eTSSs with higher responsiveness showed greater simi-
larity to the canonical Inr, TATA box, and DPE motifs?? (Fig. 5b),
and the combined similarity scores for these motifs correlated with
the responsiveness of eTSSs (Fig. 5¢). This is also reflected by an
enrichment of each of these motifs in €TSS sequences compared to
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Figure 5 Candidate sequences are predictive of responsiveness to developmental enhancers. (a) Sequence logos summarizing position-specific
nucleotide frequencies for eTSSs (bins of 2,000 sequences) ranked by decreasing enhancer responsiveness. (b) Position weight matrix (PWM)

match scores for TATA box, Inr, and DPE motifs at eTSSs ranked by enhanc

er responsiveness (b), and aggregate quality scores of all three motifs

from b (c). Center line: median; limits: interquartile range; whiskers: 5th and 95th percentiles. (d) Scatterplots of experimentally determined and

predicted enhancer responsiveness for eTSSs, subthreshold positions, and

random positions. Also included is predicted enhancer responsiveness

after randomizing the assignment between the sequences and responsiveness (gray). MSE: mean square error. (e) Five most predictive 5mers, their
positions (bin out of 7 bins along the sequence), and weights, as well as the most similar known core promoter motifs.

random sequences, which increases toward more responsive eTSSs
(Supplementary Fig. 7b), even though, for example, TATA-box- and
DPE-containing core promoters are typically found at different genes
with distinct expression properties?®3(. Indeed, although both TATA
box and DPE are increasingly enriched, they less frequently occur
in the same €TSS, consistent with previous reports2? and with their
non-overlapping spatiotemporal expression patterns and biological
functions?*3% (Supplementary Fig. 7c). For more responsive eTSSs,
the Inr, TATA box, and DPE motifs also aligned increasingly well to
their consensus positions at +1, =27, and +30, respectively4, and the
distance to these consensus positions increased for less responsive
eTSSs (Supplementary Fig. 7d,e; the absence of the TATA box in the
sequence logo in Fig. 5a, despite its enrichment, stems from a reduced
positional constraint®!, see Supplementary Fig. 7e).

Moreover, the positional occurrence of specific 5mers relative to
the eTSSs is predictive of the sequences” enhancer responsiveness by
a linear model3? using fivefold cross-validation, leading to a PCC of
0.75 between the predicted and experimentally determined enhancer

responsiveness (Fig. 5d,e). The 5mers with the highest weights resem-
ble known core promoter motifs and are specifically enriched at the
canonical positions of these motifs (Fig. 5e). Together, these results
suggest that enhancer responsiveness is determined by core promoter
motif affinity (i.e., match quality) and positioning, providing a poten-
tial explanation for the positional preferences of these motifs.

DISCUSSION

The ability to efficiently convert enhancer activities into transcrip-
tion initiation events is of central importance for differential gene
expression. Here, we develop a functional reporter assay, STAP-seq,
to quantitatively assess enhancer responsiveness systematically for
millions of candidate fragments across entire genomes. Thousands
of short fragments of genomic DNA are able to specifically initiate
transcription to very different levels when activated by a single strong
enhancer. For annotated gene TSSs, the different levels of enhancer
responsiveness correlate with the function and the number of enhanc-
ers of the respective host gene, suggesting that strongly responsive
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STARR-seq enhancers!4 that are more than 500 bp away from the nearest aTSS and for each enhancer considered the position with the highest sScRNA-
seq signal within £ 250 bp around the STARR-seq peak summit on either strand (disregarding enhancers for which this signal was below 5 tags).

For ‘Upstream antisense TSSs’, we considered the position with the highest scRNA-seq signal upstream and antisense of aTSSs until the 3’end or—for
divergent gene pairs—until 500 bp upstream of the 5" end (aTSS) of the next gene. ‘Random scRNA-seq positions’ are aTSS- and enhancer-distal

and not closely spaced with respect to each other. Also shown are P values via one-sided Wilcoxon’s rank-sum test between the categories. Center line:

median; limits: interquartile range; whiskers: 5th and 95th percentiles. (b) UCSC Genome browser screenshots exemplifying representative loci
of endogenous transcription initiation within enhancers as measured by scRNA-seq!8 that have only weak STAP-seq signals.

core promoters might be required to reach high transcription rates,
whereas those weakly responsive might serve to limit transcription
and thus enhancer additivity.

Our observations of both a continuum of responsiveness and its
degree of variation across three orders of magnitude suggest that
enhancer responsiveness is an important measure to characterize and
classify transcriptional regulatory elements. The continuum of activ-
ity suggests that many sequences can initiate transcription at very low
levels (at or below the thresholds used here) when brought into the
vicinity of strong enhancers. This could explain recent observations
that enhancers and positions upstream of active aTSSs can be sites of
transcriptional initiation!>1-33-38 When we measured the sequence-
intrinsic enhancer responsiveness of these positions with STAP-seq,
we found it slightly higher than at control positions (random positions
with endogenous initiation and arbitrarily chosen genomic positions),
but substantially weaker than at positions within bona fide core pro-
moters (Fig. 6). This finding suggests that in the vicinity of strong
enhancers, accessible DNA might unavoidably initiate transcription,
preferentially at sites of (degenerate) core promoter motifs, even if
the respective DNA sequence is responsive to the enhancer only at
the level of random sequences.
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Our results further suggest that autonomously active promoters
might consist of an enhancer-responsive core promoter and a TSS-
proximal or TSS-overlapping enhancer. Whereas STAP-seq<!"! had
generally only a few tags, consistent with low basal activities of core
promoters (Supplementary Fig. 8), the genomic positions of candi-
dates with the highest activity in STAP-seq!"! frequently overlapped
those of enhancers, predominantly housekeeping enhancers, suggest-
ing that such autonomous promoter activities stem from proximal
enhancers (Supplementary Fig. 9). This provides a simple expla-
nation for the previously observed similarity between promoters
and enhancers>® in that both have enhancer functionality yet differ
in the presence of strongly responsive core promoters that support
productive transcription.

Our results could explain the source of transcription initiation within
enhancers and suggest how core promoters and proximal enhancers
can form autonomously functioning promoters. Even though high
enhancer activity and enhancer responsiveness can co-occur within
a given DNA fragment, the two functions are generally uncoupled,
re-emphasizing the difference and importance of the two key types
of transcription regulatory elements and the functionalities they
encode. STAP-seq will prove useful to assess enhancer responsiveness
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genome-wide and select the most responsive sequences, which should
allow the highly efficient expression of transgenes, potentially beyond
what is currently possible. STAP-seq will also be useful for study-
ing the mechanisms of transcriptional initiation and its regulation,
questions of fundamental importance especially today, when the key
role of transcriptional regulation during development, evolution, and
disease is becoming exceedingly clear.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Accession codes. GEO: GSE78886. Vectors are available from
Addgene (http://www.addgene.org/Alexander_Stark).

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

STAP-seq screening vector. For STAP-seq in Drosophila cells we constructed
a screening vector based on the pGL3-Promoter backbone (Promega; cat. no.
E1751) by replacing the sequence between BglIT and Fsel with the following
sequence, containing a ccdB suicide gene flanked by homology arms (used for
cloning the candidates during library generation), an intron (mhc16), an ORF
(truncated sgGFP, Qbiogene, Inc.), followed by the pGL3’s SV40 late polyA-
signal. The full sequence is available at http://www.addgene.org. The enhancers
were cloned between the Kpnl and BglIT sites (for coordinates and sequences
of the enhancers please see Supplementary Table 1). The control screens were
performed with the STAP-seq vector not harboring any enhancer.

STAP-seq library generation. Genomic DNA (genome-wide libraries) or BAC
DNA (focused libraries; Supplementary Table 2) was isolated as described
previously!®14. The DNA was sheared by sonication (Covaris $220) and DNA
fragments (100- to 250-bp length) were size-selected using a 1% agarose gel.
Illumina NEBnext Multiplexing Adaptors (New England BioLabs (NEB);
cat. no. E7335 or E7500) were ligated to 1 ug of size-selected DNA fragments
using NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB; cat. no.
E7645L) following the manufacturer’s instructions, except the final PCR ampli-
fication step. Ten PCR reactions (98 °C for 45 seconds (s); followed by 10 cycles
of 98 °C for 15's, 65 °C for 30 s, 72 °C for 10 s) with 1 pl adaptor ligated DNA
as template were performed, using KAPA Hifi Hot Start Ready Mix (KAPA
Biosystems; cat. no. KK2602) and primers (fw: TAGAGCATGCACCGGACA
CTCTTTCCCTACACGACGCTCTTCCGATCT and rev: GGCCGAATTCG
TCGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT), which add a
specific 15-nt extension to both adapters for directional cloning using recom-
bination (Clontech In-Fusion HD; cat. no. 639650). Each five PCR reactions
were pooled, purified, and size selected with Agencourt AMPureXP DNA
beads (ratio beads/PCR 1.25; cat. no. A63881), followed by column purifica-
tion (QIAquick PCR purification Kkit; cat. no. 28106.). Cloning of the fragments
into the vector was performed as described previously!4.

STAP-seq spike-in controls. In order to control for transfection efficiency
and to normalize all STAP-seq screens we used spike-in controls. We gen-
erated four STAP-seq spike-in control plasmids that are driven by the zfhl
enhancer and harbor a single sequence each, which were derived from the
Drosophila pseudoobscura orthologs of even skipped (eve), CG32369, and two
alternative TSSs from u-shaped (ush). Reads derived from those sequences
map uniquely to the Drosophila pseudoobscura (dp3 assembly), but not to the
D. melanogaster genome. We cloned the sequences into the STAP-seq vector using
the same strategy as we used for library generation (see above; Supplementary
Table 3). A mix of the four spike-in control plasmids was added to the genome-
wide STAP-seq libraries before transfection at a final dilution of 1:1,000,000.
For the focused libraries (BAC) we only used the eve spike-in control plasmid
at a dilution of 1:100,000.

Cell culture and transfection. S2 cells were obtained from Life Technologies
and cultured as described previously'4. Transfection of the STAP-seq libraries
was performed with 1 x 108 (focused libraries) or 1.2 x 107 cells (genome-wide
libraries) at 70-80% confluence using the MaxCyte STX Scalable Transfection
System. Cells were transfected at a density of 1 x 10° cells per milliliter in
MaxCyte HyClone buffer using OC-100 or OC-400 processing assemblies and
50 ug library per milliliter of cells. S2 were pulsed with the pre-set program
Optimization 1. Cells were transferred to a cell culture flask and mixed with
10% DNasel (2,000 U/ml) and incubated for 30 min at 27 °C, before resus-
pension in full medium. Cells were incubated after electroporation for 24 h
before RNA isolation. OSCs?! originally isolated by the M. Siomi laboratory
(Keio University School of Medicine) were obtained from the laboratory of
J. Brennecke (Institute of Molecular Biotechnology (IMBA)) and cultured as
described previously'4. Transfection of the focused library was performed
using all cells from a 70-80% confluent square dish (24.5 cm x 24.5 cm) in
an OC-400 processing assembly in 400 pul MaxCyte HyClone buffer mixed
1:1 with the OSC culture medium without supplements and 20 pig of library
(pre-set program Optimization 5). Cells were transferred to a cell culture flask
and mixed with 10% DNasel (2,000 U/ml) and incubated for 30 min at 27 °C,
before resuspension in full medium. The cells were plated on a square dish

doi:10.1038/nbt.3739

(24.5 cm x 24.5 cm) for 24 h after electroporation. For the focused screens,
we performed three STAP-seq”™!(PCC > 0.97 with each other), and two
each for STAP-seq*8! (PCC = 0.95), STAP-seq"™(0.98), STAP-seq*P3(0.87),
STAP-seq™™(0.78), and STAP-seq(0.98). All cell lines used are checked for
mycoplasma contamination on a regular basis.

STAP-seq RNA processing. 24 h after electroporation total RNA was isolated
followed by polyA* RNA purification and DNasel treatment, as described
previously'4. 10-20 ug (focused) or 200 g (genome-wide) of DNasel-treated
RNA was incubated with calf intestinal alkaline phosphatase (CIP; NEB
cat. no. M0290L). Per 1 ug RNA, 0.5 pl CIP was used. The reactions were
cleaned up using Qiagen RNeasy MinElute reaction clean-up kit (cat. no.
74204) according to the manufacturer’s protocol, adding beta-Mercaptoethanol
to the RLT buffer. Subsequently all RNA was processed during all further reac-
tions. The CIP-treated RNA was then incubated with 0.05 pul Tobacco Alkaline
Phosphatase (TAP; Epicentre, discontinued, now available as Cap-Clip Acid
Pyrophosphatase (cat. no. C-CC15011H) from CELLSCRIPT) per 1 ug RNA to
remove the 5" cap of all 5’-capped RNA species. The reactions were cleaned up
using Agencourt RNAClean XP (BeckmanCoulter, cat. no. A63987) at a ratio of
1.8 of beads to RNA. To the 5" ends of the TAP-treated RNA 10 uM RNA oligo-
nucleotide (GUUCAGAGUUCUACAGUCCGACGAUCNNNNNNNN) was
ligated per 1 ug RNA at 16 °C for 16 h using 0.2 ul T4 RNA Ligase 1 (ssRNA
Ligase, NEB, cat. no. M0204L). The eight random nucleotides at the 3" end of
the 5" RNA linker are used as a Unique-Molecular-Identifier (UMI) to count
reporter mRNAs (see below), but also minimizes sequence preferences during
the T4 RNA Ligase 1 reaction®’. The reactions were cleaned up using Agencourt
RNAClean XP (BeckmanCoulter, cat. no. A63987) at a ratio of 1.0 of beads
to RNA. First strand cDNA synthesis was performed with 1ul of Invitrogen’s
SuperscriptIII (50 °C for 60 min, 70 °C for 15 min; cat. no. 18080085) using a
reporter-RNA-specific primer (CAAACTCATCAATGTATCTTATCATG) for
2.5-5 ug of polyA* RNA in 20 pl total volume. Five reactions were pooled and
1 ul of 10 mg/ml RNaseA was added (37 °C for 1 h) followed by bead purifica-
tion (Agencourt AMPureXP DNA beads (ratio beads/RT reaction 1.8). We
amplified the total amount of reporter cDNA obtained from reverse transcrip-
tion (above) for Illumina sequencing. For the focused libraries we performed
two PCR reactions using the KAPA real-time library amplification kit (KAPA
Biosystems, cat. no. KK2702) according to the manufacturer’s protocol. The
genome-wide screens were amplified using KAPA Hifi Hot Start Ready Mix
(KAPA Biosystems; cat. no. KK2602) in 32 PCRs. As forward primer we used
AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTACAGT
CCGA and as reverse primer NEBNext Multiplex Oligos for Illumina (NEB;
cat. no. E7335 or E7500). PCR products were purified with Agencourt
AMPureXP DNA beads (ratio beads/PCR 1.25).

Illumina sequencing. All samples were sequenced by the VBCF’s NGS unit on
an Illumina HiSeq2500 platform, following manufacturer’s protocol. All deep
sequencing data are available at http://www.starklab.org/ and are deposited
in GEO.

Luciferase reporter assays. We replaced the SV40 promoter of the pGL3-pro-
moter plasmid (Promega) by the candidate sequences (see Supplementary
Table 4 for coordinates and primers) between the BglII and SbfI restriction sites.
As in STAP-seq the zfh1 enhancer (inserted in the KpnI restriction site) was used
to drive transcription from the candidates. To determine the basal activities of
the candidates they were also cloned into the luciferase vector not harboring any
enhancer. Individual constructs were tested by co-transfecting 100,000 cells with
95 ng of the respective pGL3 firefly construct and 5 ng of a Renilla control plas-
mid (driven by the ubiquitin-63E promoter) that is based on the pRL plasmid
(Promega) using FuGENE HD Transfection Reagent (Promega; cat. no. E2312).
Using the Promega Dual Luciferase Assay kit (cat. no. E1960), we measured
luciferase activity at a Bio-Tek Synergy H1 fluorescence plate reader.

Candidate selection for Luciferase validation. The candidate TSSs were
selected to not have basal activity (STAP-seq°'"! < 3 tags) but are active in
STAP-seq“! (>5 tags). According to this rule we selected 30 positive regions
across the entire range of strength (from rank 2 to rank 4,675; 19 aTSS and 11
eTSS, including 2 candidates that overlap exons). We in addition selected 12
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aTSS for which we did not observe any STAP-seq signal and 4 genomic regions
without any TSS annotation as negative controls.

STAP-seq NGS data processing. Paired-end STAP-seq reads were trimmed
to 44 bp, with the first 8 bp as the unique molecular barcode identifier (UMI).
The reads were mapped using the remaining 36 bp to dm3 and dp3 (for spike-
in controls) genome assemblies using Bowtie*! version 0.12.9 as in ref. 10.
The dp3 spike-in controls were selected from their dm3 orthologs that allows
unambiguously unique mapping to dp3 with the same mapping parameter.
For paired-end reads that are mapped to the same positions, we collapsed
those that have identical UMIs as well as those for which the UMIs differed
by 1 bp to ensure the counting of unique reporter mRNAs (we removed all
mapped reads that had N’s in their UMIs). Tag counts at each position repre-
sent the sum of the 5’-most position of collapsed fragments. For focused STAP-
seq screens in S2, we subsampled all reads at 700,000 reads before mapping
and removed fragments outside of the focused regions (see Supplementary
Table 2 for full list of BACs) from analysis (Supplementary Table 5). For
analysis of STAP-seq“M! versus STAP-seqY, we subsampled 300,000 of the
mapped BAC fragments.

Genomic distribution. We assigned a unique annotation for each nucleotide
in the genome via the following priority order: + 5, + 10, £ 50 bp around
aTSS, CDS, 5'-untranslated region (UTR), 3’-UTR, intron, intergenic region.
We then assigned each eTSSs to one of these categories by the annotation of
the +1 position of the eTSSs.

eTSSs calling. We selected candidate positions as those with at least 5 tag
counts in the STAP-seq*h! experiment. At 5 tag counts >98% of eTSSs could
be recovered in the replicates. For normalization, we used the tag counts at +1
position of the dp3 eve (focused STAP-seq?™!) or together with the tag counts
from the two most prominent initiation positions from the ush-1 spike-in
TSSs (genome-wide STAP-seq?™!; Supplementary Table 3). We used these
tag counts as the probability P in determining the binomial distribution, and
determined the enhancer responsiveness of each candidate position as the
corrected ratio of STAP-seq”™!/STAP-seq“!" tag using a pseudo count of 1.
We considered only positions that were more than 1.5-fold enriched in STAP-
seq”™! over STAP-seq"! with P value < 0.05, before merging those that were
within + 10 bp around each other. We determined within each of these regions
the position with the highest enhancer responsiveness, with which we ranked
the eTSSs, as the +1 positions.

Metagene plots. We obtained raw reads from scRNA-seq obtained from ref. 18
(GSM463298), and mapped the 38 bp reads as 36-nt reads using Bowtie*!
with the following parameters: -p 4 -q -v 3 -m 1-best-strata —quiet. PEAT
data were obtained from ref. 19 (https://ohlerlab.mdc-berlin.de/research/
Download_The_Data_97/). Raw tag counts were directly derived from the
strand-specific log,-transformed bigwig files. To test the accuracy of identifi-
cation of the highest position as the +1 position in STAP-seq (Supplementary
Fig. 2c), we bootstrapped the STAP-seq?™! tag counts, normalized to the spike-
ins, at each position 100 times, calculated the mean, and plotted the 5th, 50th,
and 95th percentiles.

Sequence logo. We downloaded genomic sequence using fastacmd version
2.2.10, and used WebLogo version 2.8 (ref. 42).

Scatterplots. For tag count scatterplots, we considered only positions that have
at least 3 tag counts. For enhancer responsiveness scatterplots, we calculated
the corrected ratio of STAP-seq*!/STAP-seq!"! tag using a pseudo count of 1,
and computed the log, values. We added a pseudo count of 0.7071 to any zero
values, and a dithering factor of 0.1 for nonzero coordinates that are plotted
more than once. For comparison between STAP-seq and GRO-seq, we took
the sum of STAP-seq tag counts within + 5 bp of aTSSs, or the sum of GRO-seq
fragment 5’ positions in a window spanning 101 bp downstream. To depict
variation of STAP-seq, we plotted the sample s.d. from three focused STAP-
seq“P! replicates at €TSS positions, called on the combined three replicates,
on a scatterplot on two of the replicates with no dithering. For scatterplot of
enhancer responsiveness in focused screens, we summed up the tag counts
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of positions + 50 bp around aTSSs for the induced and basal activities, and
calculated the enhancer responsiveness as above.

Luciferase assay analysis. We first normalized firefly over Renilla luciferase
values for each of the three independent transfections per construct individu-
ally and then calculated the mean and s.d. for these normalized values. Finally,
we used these means and s.d. to calculate the fold change of the zfh1 enhancer-
driven luciferase signals over the enhancer-less control.

STAP-seq correlation heatmap. For all pairs of enhancers, we computed
pairwise Pearson correlation coefficients (PCCs) between the respective
STAP-seq tag counts at positions that are covered by at least 3 tag counts in
either enhancer. We performed hierarchical clustering (complete linkage) in
R, directly using the correlation values as similarities as previously!.

Cell-type specificity analysis. We obtained GRO-seq raw reads performed
in S2 (ref. 23) (GSM577244) and OSCs?2 (GSM1027403) and mapped them
as 36-nt reads using Bowtie?! with the following parameters: -p 4 -q -v 3 -m
1-best-strata—quiet. We considered all positions that were > 3 tag counts in
either STAP-seq?™! S2 or STAP-seqV OSC and determined the sum of GRO-seq
fragment 5’ positions in a window spanning 101 bp downstream. We classi-
fied a position to be exclusively active in a cell type if it had GRO-seq start
fragments at least 15 in a cell type but not in the other. As this gives more
OSC active TSSs, we considered only OSC TSSs with the highest GRO-seq
signal to be the same number as in S2 cells. For the cumulative distribution
plot, we randomized “all” positions and took the same number as S2 active
positions. We performed two-sided Kolmogorov-Smirnov between S2 and
OSC active positions.

Global comparison of STAP-seq“™! and other endogenous methods. We
used our previously published RNA-seq!4. We obtained raw reads from two
CAGE replicates in S2 (SRX142946 and SRX 144189, modENCODE submis-
sion 5331)2¢ and mapped the 27-nt reads using Bowtie*! with the following
parameters: -p 4 -q -v 2 -m 1-best-strata —quiet. As CAGE reads often car-
ries nontemplate G nucleotide at the 5" end*3, we shifted the start position of
the fragment 1 bp downstream when the first position mapped to a G in the
genome, and combined the two replicates. We computed Pearson correlation
coefficients (PCCs) only for aTSSs that in either experiment had the following
cutoffs: around 5 bp aTSSs with sum of signal >3 for STAP-seq“h?, >5 for
scRNA and CAGE, or 215 for 101 bp downstream of aTSSs for GRO-seq. For
comparisons with RNA-seq, we took the aTSS with the highest signal from
each gene, and considered only genes with 23 RPKM. We used our core pro-
moter motif counts and calculated their enrichment as previously?. To specifi-
cally compare STAP-seq?™! and scRNA-seq!8 (Fig. 3d-f and Supplementary
Fig. 5), an aTSSs was considered to be detected if within £5 bp of either side
it has >3 STAP-seq?! tag counts, or =5 by scRNA-seq tag counts in total. We
calculated the binomial distribution of DHS-seq!4 within £250-bp window
and called it to be closed for a P value > 0.05. We obtained bigwig RAMPAGE
data®* (GSE36212), and determined the mean RAMPAGE signal at shifted
controls 200 bp upstream of aTSSs to be 10, and therefore used this value as
cutoff. For aTSS detection in the focused screens, an aTSSs was considered
to be detected in a housekeeping screen if it had >3 tag counts in either ncm
or ssp3 screens within 50 bp to account for broad initiation of housekeep-
ing genes, or if it had 1 or 2 tag counts to be considered to be detected at
subthreshold level.

Density plot of enhancer responsiveness. Kernel density was calculated using
density function in R from the log, values of the enhancer responsiveness.
We first calculated density parameters using aTSSs, for which we obtained
bandwidths of 0.0903 and 0.09597, respectively, for replicates 1 and 2. We
plotted the density using polygon function, and added pseudo-positions at the
ends of the estimated kernel density: x coordinates corresponded to the esti-
mated end positions, and y coordinates were from the minimum y coordinates
from the estimate.

Number of enhancer per gene analysis. We assigned a gene to an eTSS if
the €TSS lies within £ 20 bp from the 5" end of a transcript from that gene.
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Results and Discussion

‘We removed eTSSs and genes that are assigned more than once. We used anno-
tation from D. melanogaster FlyBase release 5.50. As a gene could have multiple
aTSS, we only considered aTSS with the highest enhancer responsiveness. To
count the number of enhancers per gene, we used our previous assignment!©.
Briefly, developmental enhancers were assigned to a gene provided that they
fall anywhere within 5 kb upstream from the TSS to 2 kb downstream from
the gene end of the longest isoform.

Correction of aTSS +1 positions. For “corrected aTSSs”, we realigned the +1
positions to be the highest scRNA position that is at least 5 within a window
of up to 20 bp on either side of the aTSS. For aTSSs that contain TATA box,
Inr, MTE or DPE, we considered only “corsrected aTSSs” that contain either
of these motifs but not TCT, DRE, Ohler motifs 1, 5, 6, and 7 as previously!©.

Gene Ontology (GO) and TF enrichment analysis. We used aTSS-to-eTSS
assignments as above. We ranked the genes based on their enhancer respon-
siveness and divided them into two categories: the top and bottom 1,000
genes. We assessed whether genes assigned to an eTSS were enriched for any
GO terms* by calculating hypergeometric P values and enrichment for all
terms. For all terms that were enriched more than twofold among the top
and bottom gene sets and were present at least 4 times in all assigned eTSSs,
we sorted for their enrichment and counts. For each category, we calculated
log;( (P value under-representation)—log;, (P value over-representation), and
sorted the terms in a descending order of difference between values from the
classes. The color intensity of the heatmaps represents log;, (P value under-
representation)—log; (P value over-representation). To investigate the rela-
tionship between eTSSs that contain TATA box, Inr, MTE, or DPE, and their
biological function, we considered only eTSSs that have any of these motifs
but not TCT, DRE, Ohler motifs 1, 5, 6, and 7, terms that were enriched more
than 1.5-fold among the top and bottom gene sets and were present at least
twice in all assigned eTSSs. For TF enrichment analysis, we used our curated
TF and cofactor lists*® as well as sets of factors annotated by the Drosophila
Transcription Factor Database (http://www.flytf.org/)*” (“experimentally veri-
fied site-specific TFs”, “equivalent to release vl—trusted TFs”, and “proteins
involved in chromatin-related processes”).

Analysis of enhancer responsiveness and length of fragments. For +1 of
€TSS positions, as well as STAP-seq“M! positions that are >1-5 tag counts, we
intersected with the sequenced input STAP-seq“! fragments. We considered
only fragments that intersect on the same strand and cover +30 bp around the
positions, and determined the longest ones. We also divided the fragments
into 4 groups around the median: 80 to 140 bp, 141 to 190 bp, 191 to 240 bp,
and 241 to 300 bp, and determined the eTSSs that obey the same intersection
rule as above.

Core promoter element enrichment and position heatmaps. We scanned for
motif occurrences using MAST from the MEME suite*® (version 4.9.0) and
used parameters that ensured specificity and sensitivity (for enrichment heat-
map) or sensitivity only (for position heatmaps) for each motif as previously!©.
For enrichment heatmap, we calculated enrichment and hypergeometric distri-
bution, and considered an enrichment to be significant for P value < 0.05.

Core promoter element quality and position boxplots. We scanned for motif
occurrences as above to obtain motif match scores, and added the individual
match scores to derive the aggregate match scores. We determined the median
position for the core promoter element from these positions, and computed
the deviation of each sequence for the position boxplot.

k-mer-based prediction of enhancer responsiveness. We considered all
13,218 eTSSs, and also included two categories of control positions with no
STAP-seq" signal: 6,405 each for subthreshold positions with STAP-seq#h!
less than 5, and random positions with no STAP-seq“M! signal (from random
positions for motif enrichment analysis). This selection covers a large span
of responsiveness and made the sequence-based discrimination tractable. We
counted the occurrences of 5mers in seven equally spaced sectors around the
+1 position: —50 to —37, —36 to —23, —22 to -9, -8 to +6, +7 to + 20, +21 to +34,
+35 to +48. To simplify the learning, we de-noised the data by binning every

doi:10.1038/nbt.3739

ten consecutive sequences: the k-mer counts were summed in each bin and
a median of responsiveness was considered as the responsiveness of the bin,
resulting in 10x smaller data set and larger k-mer counts. We log;-transformed
the responsiveness to decrease their dynamic range and exponential growth,
and used an L;-regularized linear model (ref. 32, implemented in the scikit-
learn Python package®’). We kept the regularization coefficient o fixed at
1073, and estimated the mean squared error and correlation coefficient of the
predicted responsiveness using a fivefold cross-validation.

Enhancer responsiveness analysis at positions of endogenous distal
transcription. For distal enhancers, we defined the position within £ 250 bp
of distal enhancer summits as previously defined!® with the highest scRNA
signal >5. For antisense upstream TSSs, we looked only upstream of positions
of active aTSSs (total scRNA signal within %5 bp either side of the +1 position
to be 25) of the longest 5" isoform of each gene, and considered the highest
positions that were not in the gene body of another gene, or 500 bp upstream
of another aTSSs, and had scRNA signal >5. For random scRNA positions,
we first selected positions with scRNA signal >5 that did not overlap 500 bp
of all aTSSs, developmental enhancers, as well as antisense upstream TSSs on
both strands, merged those that were within 10 bp of each other, and consid-
ered only the highest positions. For random genomic positions, we considered
2,000 positions and controlled for their chromosome distributions. For all of
the positions defined as above, we removed those that have gaps in the input
coverage in the same strand, and calculated the sum of STAP-seq“M! and STAP-
seq° within 5 bp and calculated enhancer responsiveness as above (see e€TSSs
calling). We calculated the P value via one-sided Wilcoxon’s rank-sum test.

Generation of random TSSs (motif enrichment). We aimed the random
positions to be the same number of all aTSSs, considered positions that do
not overlap 1 kb surrounding aTSS and eTSSs. We further merged positions
that are within £ 50 bp of each other, recentered the position, and removed
positions with undefined nucleotides (Ns) within % 50 bp.

Generation of random TSSs (scatter and density plots). We generated ran-
dom positions that do not overlap £50 bp of eTSS and aTSSs, aimed to be the
same number of all aTSSs.

Coordinate intersections. We performed genomic coordinate intersections
using the BEDTools suite>® version 2.17.0.

Statistics. We performed all statistical calculations and created graphical
displays with R>L.
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Supplementary Figure 1
Candidate fragment length distribution.

(a) Candidate fragment length distributions of STAP-seqth1 and (b) STAP-seq™ input fragments in bins of 10bp (40 bins in total).
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Results and Discussion

Genomic distribution of eTSSs and agreement of eTSS positions with endogenous TSSs and established sequence motifs.

(a) Pie charts of the genomic distribution of all genomic sequences that initiate transcription with tag counts >=5, >=10, >=20,
respectively, in response to the zfh1 enhancer compared to the D. melanogaster genome (leftmost pie chart; the sector indicates
aTSSs +50bp that make up 0.32% of the genome). (b) Bar plots visualizing the enrichment of the regions from a, over the genome.
(c) Metagene profile of average normalized STAP-seq“™" tag counts around aTSSs, including the 5™ and 95" percentiles determined
by bootstrapping. (d) Metagene profiles of STAP-seq™", scRNA-seq'® and PEAT' at all eTSSs. (e) As in d, but specifically for
proximal, distal, within coding DNA sequence (CDS) and intronic eTSSs. (f) Agreement of STAP-seq eTSSs and embryo-derived
TSSs by PEAT' that are shifted from aTSSs between 1 to 10 nucleotides (each row is scaled to the respective maximum; see
Figure 1e for the equivalent comparison with scRNA-seq from S2 cells18). (g9) Sequence-logos depicting position-specific nucleotide
frequencies for eTSSs that are aTSS-proximal or -distal, within CDS, or intronic. (h) Sequence logos of eTSSs that coincide with
aTSS (shift 0, top row, the +1 position of aTSSs is indicated by the arrow) or are proximally-misaligned by 1 to 10 base pairs (bps)
from aTSSs (logos are moved closer together but not scaled differently relatively to each other).
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Supplementary Figure 3

Reproducibility of STAP-seqth1 and comparisons between STAP-seq screens with different enhancers.
(a) Scatterplots comparing focused STAP-seq®™™ screens with different screens with diverse developmental (dev; top) and
housekeeping enhancers (hk; bottom; see Figure 2 for further comparisons; PCC: Pearson correlation coefficient). (b) Scatterplot
depicting the similarity between focused and genome-wide STAP-seqth1 screens. (c¢) Scatterplot for two independent biological
replicates of focused STAP-seq”™™" screens, including standard deviations (s.d) calculated across three independent biological
replicates (error bars).
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Supplementary Figure 4

Induced activities are consistent across cell types.

Scatterplot depicting STAP-seq tag counts for STAP-seq™ in S2 cells (x-axis) versus STAP-seq’ in OSCs (y-axis) and their
similarity (expressed as PCC: Pearson correlation coefficient). TSSs that are endogenously — as measured by GRO-seqzz’23 - and
exclusively active in S2 cells or OSCs are labeled blue or red, respectively. Aligned to each axis are the respective cumulative
distributions used to assess the difference between TSSs that are endogenously exclusively active in either S2 cells or OSCs by
Kolmogorov—Smirnov tests (P values indicated). The scatter plot corresponds to Figure 3a.
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STAP-seq is complementary to methods that assess endogenous transcription initiation.

(a) Venn diagram depicting the overlap of aTSSs detected by STAP-seg®™™" and scRNA-seq in S2 cells genome-wide (see Figures
3d and e for an equivalent analysis of the focused STAP-seq screens). (b) Proportion of aTSSs uniquely detected by STAP-seq
that are also detected during different developmental stages by RAMPAGE** (left bar) or are in closed chromatin in S2 cells (right
bar). (c) aTSSs uniquely detected by scRNA-seq that contain housekeeping core promoter motifs. (d) Gene Ontology analysis of
aTSSs uniquely detected by either STAP-squfh1 or scRNA-seq. The results from b-d suggest that aTSSs uniquely detected by
scRNA-seq are housekeeping-type core promoters (see also Figures 3e and f), while aTSSs uniquely detected by STAP-seqth1 are

endogenously not active in S2 cells (b, right bar) but in other cell types (b, left bar).
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Supplementary Figure 6
A wide range of enhancer-responsiveness.

(a) Scatterplots depicting the range of enhancer-responsiveness as determined by STAP-squfh1 over STAP-seqCtrl at eTSSs for
replicate (rep) 1 versus 2. The distributions of enhancer-responsiveness at the respective TSSs (brown) and at random positions
(grey) are shown by density plots along the axes. (b) As in a, but, at all, position-corrected, and TATA box, Initiator (Inr), MTE or
DPE-containing and position-corrected aTSSs. (¢) TSS strengths are independent of candidate lengths. Boxplots depicting maximal
length of candidate STAP-seqth1 fragments intersecting positions with the corresponding STAP-squfh1 tag counts (left) or eTSSs of
different enhancer-responsiveness (middle), and ranks of eTSSs which +1 positions intersect candidate STAP-seqth fragments of
different lengths (right). Center line: median; limits: interquartile range; whiskers: 5" and 95" percentiles. (d) Housekeeping
enhancers activate transcription from candidate sequences at a reduced dynamic range compared to developmental enhancers.
Scatterplots depicting the range of enhancer-responsiveness of the indicated focused STAP-seq screens at aTSSs in genomic
regions covered by the focused candidate libraries for developmental (left and middle) and housekeeping (right) enhancers. To
account for the broad nature of initiation at housekeeping core promoters, enhancer-responsiveness in d, is calculated in a window of
+50bp around aTSSs.
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Supplementary Figure 7
Biological significance and sequence properties of eTSSs with different enhancer-responsiveness.

(a) Gene Ontology analysis of the top and bottom 1,000 genes associated with the strongest and weakest eTSSs, respectively (see
Figure 4f for an equivalent analysis restricted to eTSSs containing exclusively TATA box, Inr, MTE or DPE). (b-c) Enrichment of
single (b) or combinations (c¢) of core promoter motifs in eTSSs of different ranks compared to random genomic sequences. As has
been observed before®, the combination of TATA box and DPE motif is less strongly enriched compared to the TATA box and Inr or
Inr and DPE motif pairs and the combination of all three motifs rarely occurs in the same eTSS. (d) Boxplots depicting motif deviation
(distance in base pairs, bp) from their consensus positions (determined as the average position across all eTSSs) versus enhancer-
responsiveness of eTSSs. Center line: median; limits: interquartile range; whiskers: 5™ and 95" percentiles (e) Heatmaps depicting
positional occurrences of core promoter motifs around eTSSs. Note that TATA boxes are somewhat less positionally constraint, as
previously observed for mammalian core promoters®".
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Sequences with the highest basal activities are at housekeeping genes and overlap housekeeping-type enhancers.

(a) Core promoter motif enrichment analysis of candidate sequences with the highest basal (STAP-seqC“') versus the highest induced
(STAP-squﬂ”) activities (top 500 each). NS: not significant. (b) Gene Ontology (GO) analysis for genes associated with eTSSs that
show the highest basal (STAP-seq™, right) versus the highest induced (STAP-squ"“, left) activities. (¢) Fraction of candidates as in
a, that show STARR-seq enrichment values of at least 3-fold. Developmental and housekeeping STARR-seq data are from ref. 10.
(d) As in ¢, but plotting average STARR-seq signals around the most prominent, or the center of dispersed TSSs.
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Conclusions and Perspectives

Enhancer-specificity and Biochemical Compatibility

Previously, the specificity of core promoters towards enhancers have been
observed in a few cases. However, how the specificity is mediated could not be
determined. Here | have shown that the enhancer-specificity of core promoters correlates
globally with enhancer sequence signatures, through which TFs are differentially
recruited. Core promoters, including housekeeping and developmental-type core
promoters, have been known to differentially recruit and be activated by trans

factors'?" 1?2

. Together, this suggests that enhancer—core-promoter specificity is directly
mediated via biochemical compatibility between the factors recruited by core promoters

and enhancers.

Separately, our group has determined that many TFs and COFs have differential
activities towards housekeeping and developmental core promoters*®. These results,
together with the known biological functions of the factors, suggest that these factors
mediate the enhancer—core-promoter communication of the two transcription programs.
The biological functions of these factors (apart from those already mentioned in Paper #2)
are also consistent with their activities towards the different core promoters. For example,
the TF relative-of-woc (row) preferentially activates housekeeping core promoters, and is
involved in the correct recognition of heterochromatin®'®. Conversely, Dorsal-related
immunity factor (Dif) and Pointed (Pnt) preferentially activate developmental core
promoters. These TFs are respectively crucial for antimicrobial response’”, and neural

and eye development’'®*'” in living Drosophila.

The next step is to determine, via proteomics-based approach, whether these
factors exist and are important in in vivo complexes that mediate the enhancer—core-
promoter activity. Additionally, depletion experiments might be able to validate the
requirement of these factors for the activity of the complexes. To this end, the enhancers
identified in Paper #1, and the core promoters in Paper #3, provide a ready set of cis-

regulatory elements with which the protein complexes could be isolated.
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The next question is how the message from enhancers is relayed to core
promoters. At least two scenarios can be envisioned. First, the message is transmitted via
the conformational change of the complexes. Alternatively, as many of the COFs carry
enzymatic activities, the signal can be relayed by PTMs. The Mediator complex®'® has
been extensively studied and shown to act as a “bridge” that communicate the regulatory
signal between enhancers and core promoters for most Pol Il genes’”**'. Both the
membership of the Mediator subunits and their PTMs can affect the biological functions
of the Mediator’**. Interestingly, some Mediator subunits show strongly differential activity
towards the developmental versus housekeeping core promoters*®. For example,
Mediator complex subunits 15 and 25 (MED15 and MED25) strongly activate
developmental core promoters compared to housekeeping core promoters, implying that
they function differentially in these transcription programs. Further investigations on these
factors, as well as other factors that show differential activity towards the two core
promoters, will determine how they function within their preferred programs, as well as

how potential communication leakage across the programs is prevented.

Shortly after Paper #2 was published, another group has validated our findings and
extended the characterization of the two enhancer classes. Specifically, they investigated
enhancer—core-promoter communication of the two transcription programs from the
perspective of genome organization. To this end, they determined the binding signatures
of architectural proteins at the identified enhancers®”. Strikingly, the two enhancer classes
exhibit differential occupancy of architectural proteins. Furthermore, housekeeping
enhancers associate with multiple core promoters at topologically associated domain
(TAD) borders, while developmental enhancers are more likely to interact with single
core promoters within TADs. Interestingly, they also observed differential enrichment of
histone PTMs surrounding the two enhancer classes, suggesting for their differential
association with histone-modifying enzymes. It will be interesting to see whether these
enzymes are also involved in PTM-mediated signaling within these transcription
programs. Additionally, the results from their study suggests that differential assembly of
architectural proteins could be either an alternative, or a non-overlapping mechanism,

from biochemical compatibility in mediating enhancer—core-promoter specificity.

92



Conclusions and Perspectives

Enhancer-specificity in Other Transcription Programs

The housekeeping and developmental transcription programs are active in several
somatic Drosophila cell lines that we investigated. Other transcription programs, also
separated via enhancer—core-promoter specificity, might also exist in these cell lines. In
addition, many transcription programs that are dedicated for specific cell types exist.
Especially interesting are transcription programs in cell types with very different
properties, such as stem or germ cells. Some of the critical core promoter factors for these
transcription programs have been identified. For example, gonad-specific TAFs have been
identified and shown to drive the pluripotency transcription programs'*®%2432¢ |t s

plausible that enhancer—core-promoter specificity is also employed to separately drive

gonad-specific transcription programs from other co-existing transcription programs.

Decoding Enhancer-responsiveness

Core promoter activities have previously been determined mainly via in vitro
transcription and reporter assays. Most of these studies were limited in scale, and the
range of enhancer-responsiveness of core promoters in the genome could not be
determined. Here, | have shown that the wide range of enhancer-responsiveness is related
to the affinity and position of core promoter elements. This observation implies that the
difference in sequence signatures translates into enhancer-responsiveness via the different
efficiency, stability or kinetics of the trans factors at core promoters. Consistently, the
affinity of the TATA box correlates with the conformational change and stability of the
core promoter-TBP containing complex’’***. Thus, given the constant enhancer input as
in STAP-seq, each core promoter has differential behavior of the trans factors, translating
the difference in the core promoter sequence into different levels of transcription

initiation.

Enhancer-responsiveness of housekeeping core promoters has reduced dynamic
range. For translation-related core promoters that contain the positionally-constrained
TCT element and support focused initiation, enhancer-responsiveness might be similarly

related to the affinities and the positioning of the TCT element. However, other
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housekeeping core promoters support dispersed initiation, and carry non positionally-
constrained core promoter elements. Thus, enhancer-responsiveness at these core
promoters might rely on the affinities of the core promoter elements, or other
determinants such as the overall sequence composition. Furthermore, it will be interesting
to determine whether enhancer-responsiveness has any correlation with the

“disperseness” of initiation at housekeeping core promoters.

Deciphering the Initiation Code

At core promoters identified by STAP-seq, Inr stably aligns around the +1 position.
However, there are still many genomic instances of Inr with no STAP-seq activity. Within
these fragments, there could be short motifs that negatively affect the PIC*"***** or that
affect the stability of the chimeric STAP-seq transcript, for example the poly (A) signal
(PAS) motif**'?**." A deeper analysis of the Inr-containing fragments with low enhancer-
responsiveness will elucidate how the transcriptional machinery surveys the genome,

correctly recognizes and activates core promoters while ensuring fidelity in transcription.

Recently, it was shown that CpG methylation represses spurious transcription
initiation from intragenic Inr-like sequences in mammals®®. Interestingly, STAP-seq also
identifies core promoters that are distal from annotated gene starts. As Drosophila lacks
genome methylation, it will also be interesting to determine how these sequences are
silenced in the genome. Finally, STAP-seq also allows the identification of core promoters
that do not belong to the housekeeping or developmental classes. This can be done by
identifying core promoters that are highly active in other tissues or developmental stage,
but not active in STAP-seq using housekeeping and developmental enhancers in somatic
cell lines. Such analysis will shed light into the nature of these core promoters, as well as

the transcription programs to which they belong.
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Enhancer-responsiveness and Transcription Regulation

Enhancer-responsiveness is also invariant to cell type, consistent with previous
studies of single core promoters. Furthermore, this is in line with the notion that core
promoters are the sites of the nucleation of the PIC. Across cell types, the PIC is
(relatively) uniform compared to the complexes that form at enhancers, directly
suggesting that the cell-type specific activity of genes lies mainly at enhancers. As non-
canonical PIC components, particularly cell-type specific TAFs also exist, it will be
interesting to see what is the nature of enhancer-responsive on recognition by complexes
that contain such cell-type specific TAFs. Additionally, there are also individual core
promoters with highly specific cell-type activities, implying that some sequence-specific

TF motifs could be present in core promoters*>~%,

The wide range of enhancer-responsiveness of core promoters is related to gene
functions and the number of enhancers. Genes with highly responsive core promoters are
associated with more enhancers, compared to genes with core promoters that have
reduced responsiveness. Thus, enhancer-responsiveness of core promoters imposes a
ceiling level for a gene to be expressed. Consistently, core promoter sequences is related

to their maximally-observed in vivo activity**.

Consider a scenario where core promoters have highly similar enhancer-
responsiveness. For these hypothetical core promoters, they have a constant degree of
activation irrespective of enhancer input. The transcriptional output is dependent instead
on their intrinsic basal activity and DNA accessibility. An example exists where it is
beneficial to regulate a core promoter via its basal activity. Two well-studied core
promoters from adenovirus are the E4 and the major late (ML) core promoters. Compared
to the ML core promoter, the E4 core promoter is highly responsive towards activators.
The ML core promoter has lower responsiveness but strong basal activity, and is proposed

to function by being responsive towards the viral genome copy number’.

For
multicellular animals with stable ploidy and gene copy number however, it is the wide
range of enhancer-responsiveness of the core promoters that is critical for differential gene

regulation.
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Beyond Enhancer-responsiveness and —specificity

The studies in Papers #1 and #3 were performed in Drosophila. Many aspects of
transcription are conserved between Drosophila and mammals, including several core
promoter elements, their biological association (such as the TCT element with translation-
associated genes), and the dichotomy of the initiation patterns. It is likely that enhancer-
specificity and -responsiveness exists and is also sequence-encoded in mammals and

other species.

How do enhancer-specificity and -responsiveness of core promoters relate?
Enhancer-specificity is an extreme trait of enhancer-responsiveness. Core promoters that
are highly responsive towards one transcription program seem to be lowly responsive, or
could even be repressive, towards the other. By having mutually exclusive activity
towards the different enhancer classes, erroneous activation of core promoters by the
other enhancer class can be prevented. This notion is consistent with previous
observations that core promoter elements that are related to either the housekeeping or

46,101

the developmental programs seldom co-occur*'™'. A thorough examination of core

promoter activities from Paper #3 will elucidate whether this notion is true.

Knowledge on enhancer-specificity and —responsiveness should aid in the design
of transcriptional reporter and transgene expression constructs (for example, discussed in
ref. 225). For most transgenic experiments, it is important that the constructs exhibit
strong cell-type specific activity. This can be done by pairing a cell-type specific enhancer
with a developmental core promoter. The correct level of reporter expression can be
tuned via selecting the core promoter: a core promoter with high enhancer-
responsiveness and low basal activity will result in high expression and low ectopic
expression. Conversely, a housekeeping enhancer—core-promoter pairing will ensure

construct activity with minimal stage or cell-type specificity.

In conclusion, | have shown that core promoters have sequence-intrinsic
enhancer-specificity and a wide range of enhancer-responsiveness. These traits determine
the transcription output of core promoters on activation by enhancers. Importantly, these

traits are central in explaining differential gene expression, how cell translate the
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information from the genome and drive the development of multicellular animals.
Additionally, the identification of housekeeping and developmental enhancers, and the
quantification of enhancer-responsiveness of core promoters, should be a valuable

resource for future studies.
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