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Abstract

Enhancers are a class of DNA sequences that regulate gene transcription in a spatial-temporal
manner. Recent studies show that enhancer numbers exceed genes numbers in the genome. In
many genomic regions, enhancers are clustered to regulate the expression of target genes.
Nevertheless, the mechanisms by which individual enhancer cooperates within such clusters to
modulate gene expression are still not well understood. Manipulating enhancers in their native
genomic context is labor-intensive and not well suited for high-throughput studies. In particular,
for cis-regulatory elements with weak enhancer activity, conventional loss-of-function

approaches are often insufficient to fully capture their function within endogenous regions.

In this thesis, I generated a cell line with a synthetic locus that enables efficient integration of
enhancer sequences at three defined distances upstream of a fluorescent reporter gene, thereby
allowing systematic reconstruction of regulatory landscapes from the bottom up. With this
platform, I inserted multiple enhancers individually at defined distances relative to the same
promoter. I found that all tested enhancers exhibited reduced promoter-activating capacity
when the enhancer—promoter distance increased. However, the magnitude of this effect varied

among enhancers and depended on their intrinsic enhancer strength.

To gain deeper insight into enhancer cooperativity in gene regulation, I introduced enhancer
pairs into the synthetic locus, with each enhancer placed at a defined distance relative to the
promoter. The results show that when weak and strong enhancers were combined, expression
levels were markedly elevated if the weak enhancer was positioned between the strong
enhancer and the promoter, indicating that enhancer synergy depends both on intrinsic enhancer
strength and on relative genomic positioning. CTCF-binding sites and other structural elements
are known to modulate enhancer—promoter interactions. To evaluate their contribution to
enhancer cooperativity in our synthetic system, I removed two CTCF-associated regions in
multiple cell lines harboring synergistic enhancer pairs. Deletion of the CTCF regions led to a
further increase in reporter gene expression. This indicates that enhancer synergy is affected by

CTCEF sites.



Taken together, these findings summarized in this thesis highlight that transcriptional output is
not governed by a single factor but rather emerges from the interplay between enhancer

cooperativity and structural elements.



Zusammenfassung

Enhancer sind eine Klasse von DNA-Sequenzen, die die Genexpression in raumlich-zeitlicher
Weise regulieren. Jiingste Studien zeigen, dass die Anzahl der Enhancer im Genom die Zahl
der Gene deutlich tibersteigt. In vielen Genomregionen sind Enhancer zu Clustern angeordnet,
die gemeinsam die Expression ihrer Zielgene steuern. Dennoch sind die Mechanismen, durch
die einzelne Enhancer innerhalb solcher Cluster kooperieren, um die Genexpression zu
modulieren, bislang nur unzureichend verstanden. Die Manipulation von Enhancern in ihrem
nativen genomischen Kontext ist arbeitsintensiv und eignet sich fiir High-Throughput-Studien
kaum. Insbesondere fiir cis-Elemente mit schwacher Enhancer-Aktivitit reichen herkdmmliche
Loss-of-Function-Ansitze oft nicht aus, um ihre Funktion in endogenen Regionen vollstindig

zu erfassen.

In dieser Dissertation habe ich eine Zelllinie mit einem synthetischen Lokus etabliert, der die
effiziente Integration von Enhancer-Sequenzen in drei definierten Abstinden zu einem
fluoreszenten Reportergens ermdoglicht. Auf diese Weise lassen sich regulatorische
Landschaften systematisch von Grund auf rekonstruieren. Mit diesem System habe ich mehrere
Enhancer einzeln in definierten Abstinden zu demselben Promotor integriert. Dabei zeigte sich,
dass alle getesteten Enhancer mit zunehmender Distanz zum Promotor eine verringerte
Aktivierungskapazitit aufwiesen, wobei das Ausmal} dieses Effekts je nach intrinsischer Stirke

der Enhancer variierte.

Um tiefere Einblicke in die Kooperativitit von Enhancern bei der Genregulation zu gewinnen,
wurden Enhancer-Paare in den synthetischen Lokus integriert, wobei jeder Enhancer in einem
definierten Abstand zum Promotor positioniert war. Die Ergebnisse zeigen, dass die
Kombination von schwachen und starken Enhancern zu einer deutlich erhhten Expression
fithrte, wenn der schwache Enhancer zwischen dem starken Enhancer und dem Promotor lag.
Dies weist darauf hin, dass Enhancer-Synergie sowohl von der intrinsischen Aktivitét als auch
von der relativen genomischen Positionierung abhdngt. CTCF-Bindestellen und andere
strukturelle Elemente sind dafiir bekannt, Enhancer—Promotor-Interaktionen zu modulieren.

Um ihren Beitrag zur Enhancer-Kooperativitit in unserem synthetischen System zu



untersuchen, habe ich zwei CTCF-assoziierte Regionen in mehreren Zelllinien mit
synergistischen Enhancer-Paaren entfernt. Die Deletion dieser CTCF-Regionen fiihrte zu
einem weiteren Anstieg der Reportergenexpression, was darauf hinweist, dass Enhancer-

Synergie durch CTCF-Bindestellen beeinflusst wird.

Zusammenfassend zeigen diese Ergebnisse, dass die Transkription eines Gens nicht durch
einen einzelnen Faktor bestimmt wird, sondern aus dem Zusammenspiel von Enhancer-

Kooperativitdt und strukturellen Elementen hervorgeht.



Introduction

The human body contains over 37 trillion cells, encompassing a wide variety of cell types.
Proper development and cell differentiation require precise spatial and temporal control of gene
expression. Gene transcription is precisely regulated through the coordinated actions of gene
promoters and distal regulatory elements known as enhancers. Enhancers were first discovered
in transient transfection assays by using plasmid reporters (Banerji et al., 1981), where the

SV40 enhancer was shown to increase the expression of the B-globin reporter gene from

various distances and in either orientation. These findings formed the textbook definition of an
enhancer: a DNA sequence that activates a target promoter independently of distance and
orientation. Enhancers are now recognized as fundamental regulators of transcription in
eukaryotic genomes that play a crucial role in cell-type-specific gene regulation. In addition to
their developmental roles, enhancers carry the majority of non-coding variants associated with
human disease, highlighting their significance in both evolution and pathology. For instance, a
single nucleotide change in the Duffy enhancer confers resistance to malaria (Tournamille et
al., 1995). Point mutations in the ZRS enhancer cause ectopic Sonic hedgehog expression in
the developing limb and lead to polydactyly (Kvon et al., 2020; Lettice et al., 2008). What’s
more, structural rearrangements that disrupt enhancer—promoter specificity are frequently
implicated in oncogene activation in cancer (Ryan et al., 2015). Together, these findings
underscore enhancers as key nodes in the regulatory genome and emphasize the importance of
understanding their mechanisms of action to fully decipher gene regulation in health and

disease.

1. Enhancer Grammar

Although the importance of enhancers in gene regulation is well established, a key question is
how their activity is encoded in the underlying DNA sequence and interpreted by regulatory
proteins. Central to this process is the interaction between transcription factors and their
cognate DNA motifs. The affinity, arrangement, and combinatorial use of these motifs together
constitute the “grammar” of enhancers, which dictates the timing, location, and strength of

gene expression. Examining how transcription factor (TF) binding, motif organization



contribute to enhancer grammar provides a foundation for understanding the regulatory logic

of transcription.

1.1 Transcription Factor Binding and Pioneer Activity

Enhancers are made up of multiple sequence motifs, which can be recognized by TFs that
usually contain a DNA-binding domain and a transactivation domain. The DNA-binding
domain can specifically identify its sequence motif and bind the DNA, and the transactivation
domain can facilitate activation by recruiting cofactors. The activity of enhancers is largely
determined by the binding of TFs and the subsequent recruitment of coactivators and histone

modifiers that facilitate transcriptional initiation (Slattery et al., 2014; Spitz & Furlong, 2012).

How do TFs interact with enhancers? One hypothesis indicates that pioneer transcription
factors are the first to engage silent chromatin, where they induce local accessibility and
nucleosome displacement. This chromatin remodeling facilitates the recruitment of other
factors, which mediate the assembly of coactivators and the transcriptional machinery to
activate gene expression (Figurel A) (de la Serna et al., 2005; Gassler et al., 2022; McDaniel
et al., 2019). A well-studied pioneer transcription factor is FoxAl, which was identified to
occupy nucleosome-bound enhancer regions of the serum albumin gene in endodermal cells,
preceding the gene's transcriptional activation (Bossard & Zaret, 1998; Cirillo et al., 2002).
Pioneer transcription factors can also play a potential bookmarking role during mitosis as they
remain bound to mitotic chromatin (Caravaca et al., 2013; Deluz et al., 2016; Festuccia et al.,
2016; Kadauke et al., 2012). During mitosis, chromatin becomes highly condensed, and most
TFs dissociate from DNA (Gottesfeld & Forbes, 1997). Pioneer factors bound to mitotic
chromatin can facilitate rapid rebinding of mitotically-excluded TFs and reactivation of their

target genes in G1 (Kadauke et al., 2012; Liu et al., 2017).
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Figure 1. Interaction between pioneer transcription factors, TFs and enhancer. A. Binding of pioneer transcription factors to enhancers
promotes chromatin accessibility, enabling recruitment of additional TFs. B. Enhancers comprise TFBSs for multiple TFs, which differ in their
orientation, affinity, spacing, and arrangement. Figure 1B adapted from Jindal G& Farley E, 2021 (Developmental Cell); modified. © Elsevier
(2021), used with permission (RightsLink License No. 6145960216212). Created with BioRender.com.

It remains controversial whether pioneering is a unique feature of select TFs or a broader
capability that depends on cellular context. A recent study challenged the conventional
classification of pioneer transcription factors by comparing FoxA1l and the non-pioneer TF
HNF4A in naive K562 cells, assessing the concentrations required for each to bind accessible
versus inaccessible chromatin (Hansen & Cohen, 2022). Overexpressed HNF4A displayed
stronger binding to inaccessible regions than FOXA1. These findings suggest that pioneering
activity may not be exclusive to a distinct TF subclass but instead reflects intrinsic DNA-

binding affinity and expression level (Stoeber et al., 2024).

Once an enhancer adopts an open chromatin conformation, sequence-specific TFs can bind to
their cognate transcription factor binding sites (TFBSs) within the enhancer. The efficiency of
TF binding is modulated by the intrinsic affinity of the binding motifs, the DNA methylation

status, and the presence of cooperative partner TFs.
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1.2 DNA Methylation and Motif Affinity

In mammalian cells, de novo DNA methylation is catalyzed by Dnmt3a and Dnmt3b, whereas
maintenance methylation is mediated by Dnmt1 (Bestor et al., 1988; Okano et al., 1999). The
DNA-binding domains of TFs exhibit differential sensitivity to DNA methylation, which can
be assessed using methylation sensitivity assays such as methylation-sensitive microarrays
(Mann et al., 2013) and systematic evolution of ligands by exponential enrichment (SELEX)
(Yin et al., 2017). Analysis of 542 human TFs by SELEX revealed that while 23% of tested
TFs were inhibited by DNA methylation, 34% displayed increased binding affinity to
methylated motifs.

1.3 Low- and High-Affinity Motifs in Enhancer Specificity

The affinity to the DNA-binding motif affects the dwell time of TFs. Imaging-based studies
have demonstrated that TFs often transiently interact with numerous genomic loci, with dwell
times of less than one second, before engaging a site for an extended period (~10 s), likely due
to the presence of a high-affinity binding motif (J. Chen et al., 2014). Although interactions at
low-affinity sites are transient, they may still play a critical role in enhancer function. One study
showed that in Drosophila, shavenbaby enhancers contain clusters of low-affinity binding sites
of Ubx-Exd. When replacing these sites with high-affinity sites, the specificity of the enhancer
is lost. Such low-affinity Ubx binding sites offer a general mechanism for achieving both
enhancer specificity and robustness, highlighting the importance of detecting and
characterizing such motifs within enhancers (Crocker et al., 2015). Follow up study showed
that this low-affinity enhancer can be activated in nuclear regions where Ubx and Hth are
locally concentrated, indicating that microenvironmental TF enrichment promotes their
transcriptional activity (Tsai et al., 2017). Another study demonstrated that the FoxF enhancer
contains several low-affinity ETS binding sites. Mutations that increase the binding affinity of
these sites lead to elevated enhancer activity, resulting in misregulation of gene expression and
consequent defects in heart development of ciona embryos (Jindal et al., 2023). A seminal
finding was reported for the ZRS enhancer, which contains five ETS binding sites. A mutation
within the ETS-A site that increases binding affinity from 0.15 to 0.25 is sufficient to cause
polydactyly. Further increases in binding affinity result in phenotypes with higher penetrance

12



and greater severity (Lim et al., 2024). Together, these show that the affinity of TFBSs is

essential for establishing tissue-specific patterns of gene expression during development.

1.4 Cooperative Binding and Transcription Factor Syntax

Enhancers have multiple TFBSs (Figure 1B). A central question in gene regulation is the
contribution of multiple TFBSs to enhancer activity. One model named billboard model was
proposed to explain how TFs coordinate enhancer activity. In this model, TFs bind
independently to an enhancer, with any single TF capable of maintaining a nucleosome-free
state(Reiter et al., 2017; Spitz & Furlong, 2012). A recent CAP-SELEX study systematically
analyzed 9,400 human TF-TF-DNA interactions and identified hundreds of TF pairs that
recognize different heterodimeric motifs, many of which exhibited clear spacing and
orientation preferences between their binding sites (Jolma et al., 2015). This finding indicates
that DNA-guided cooperativity is common among TFs and suggests that, in most cases,
cooperative binding arises not from direct protein—protein interactions but from the formation
of DNA-mediated complexes. Building on this concept, a more recent CAP-SELEX screen of
over 58,000 TF—TF combinations identified 2,198 interacting pairs and 1,131 composite motifs.
These composite motifs, often bound by developmentally co-expressed TFs, were enriched in

cell-type-specific regulatory elements (Xie et al., 2025).

Another model, the TF-collective model, proposes that TFs occupy an enhancer collectively
through a combination of TF-DNA interactions at TFBSs and TF-TF interactions (Junion et
al., 2012). The binding of one TF could impact the binding of additional ones (Carey, 1998),
and single-nucleotide polymorphisms (SNPs) or mutations in the binding site of one TF can
modulate the binding behavior of another (Deplancke et al., 2016). An analysis of five TFs
critical for cardiac development showed that they frequently co-occupy a set of enhancers that
contain motifs for different transcription factors subsets. Strikingly, removal of any one TF in
in vitro assays eliminated the ability of the others to activate these enhancers (Junion et al.,
2012). This might be facilitated by protein—protein interactions between these TFs. However,
recently researchers performed systematic co-deletion assays to investigate potential
dependencies in TF binding across promoters. Surprisingly, such binding dependencies are

found to be uncommon, one-sided. For example, Msn2/4 can promote the recruitment of
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multiple TFs to their cognate promoters, whereas the occupancy of Msn2 itself remains
unchanged even when as many as 14 other TFs are simultaneously deleted (Lupo et al., 2023).
These findings highlight the need to re-examine the contribution of TF-binding cooperativity
to binding specificity, as well as the mechanisms by which non-DNA-binding domains shape

this process.

High-resolution nuclease footprinting combined with single-molecule methylation profiling
confirmed that transcription factor cooperativity is prevalent at active enhancers, with
quantitative analyses indicating that cooperative occupancy represents the dominant binding
mode at most active enhancers (Rao et al., 2021). Further integrative analyses of large-scale
datasets such as ATAC-seq, TF ChIP-seq, and footprinting of mammals and Drosophila further
revealed two distinct TF groups that frequently colocalize with the majority of expressed
factors, forming characteristic “stripe” patterns. The first group comprises lineage-determining
TFs, consistent with their roles in tissue-specific transcription. The second group, termed
universal stripe factors, can recognize overlapping GC-rich motifs and enhance chromatin

accessibility for partner TFs and extend their binding residence times (Zhao et al., 2022).

TFs cooperative interactions are essential for the activation of developmental enhancers in a
cell-type—specific manner (Lagha et al., 2012). One recent study focused on coordinator, a 17-
bp DNA motif, which was identified through comparative analysis of enhancer landscapes in
human and chimpanzee cranial neural crest cells (Prescott et al., 2015). The coordinator
contains common motifs by many homeodomain (HD) TFs and basic helix—loop—helix (PHLH)
TFs, and it facilitates cooperative binding between HD TFs and TWIST1, which is bHLH
family mesenchymal regulator. While expression of TWISTT1 is broad across the developing
mesenchyme, the expression of HD TFs is more regionally restricted. Through this interplay,
Coordinator-mediated TF cooperativity regulates genes that govern cell-type and positional
identity, thereby contributing to the developmental and evolutionary diversification of

craniofacial morphology (Kim et al., 2024).

1.5 Disease-Associated Mutations in Enhancers

14



Investigating disease-associated mutations within cis-regulatory elements offers critical
insights into the grammar underlying enhancer function. Such mutations can disrupt or create
TFBSs, alter motif affinities, and ultimately influence enhancer strength and specificity. A well-
known example is the human ZRS limb enhancer of Shh, located ~1 Mb from its target
promoter, where sequence variants lead to ectopic Shh expression in the anterior limb bud and
cause polydactyly across multiple vertebrate species (Kvon et al., 2020). Similarly, large-scale
mutagenesis of a Ciona developmental enhancer has shown that increasing TF motif affinity
can lead to loss of enhancer specificity, highlighting the importance of finely tuned binding site
strength in maintaining spatial regulation (Farley et al., 2015). In another example, a single-
nucleotide variant (SNV) in a non-regulatory region of the human a-globin locus creates a de
novo promoter that downregulates a-globin expression, leading to a-thalassaemia (Bozhilov et

al., 2021).

However, recent high-throughput studies suggest that enhancer strength is generally robust to
mutations and does not depend on strict sequence conservation. For example, a survey of 5.9
million SNPs across four human genomes identified only ~30,000 variants that significantly
altered the regulatory activity of cis-regulatory elements such as enhancers and promoters (van
Arensbergen et al., 2019). Another study conducted functional assays in transgenic mice to
investigate 23 ultraconserved enhancers function by introducing 1,547 mutations. Surprisingly,
83% (19/23) retained enhancer activity at one developmental stage, and over half remained
functional later in development (Snetkova et al., 2021). These findings underscore that gene
expression is not strictly determined by sequence conservation. Instead, it depends on key
features of enhancers. These include the types and combinations of TFBSs, as well as their
binding affinity, number, order, orientation, and spacing. Together, these features define the
regulatory architecture of enhancers. These parameters collectively define the enhancer syntax
or enhancer grammar, which describes how the arrangement and sequence context of TFBSs

modulate enhancer activity (Jindal & Farley, 2021).

1.6 High-Throughput Approaches to Enhancer Grammar

Several studies applied massively parallel reporter assays (MPRAs) to investigate the TF

syntax in cis-regulatory elements like enhancers and promoters and showed that motif grammar
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is often flexible; however, mutations within TFBSs can still disrupt TF binding and impair
regulatory activity (Barbadilla-Martinez et al., 2024; Georgakopoulos-Soares et al., 2023; King
et al., 2020; Reiter et al., 2023; Singh et al., 2021; Song et al., 2023).

One example is notochord enhancers of Ciona, which contain low-affinity ETS and Zic TFBSs
(Jindal & Farley, 2021). To test how enhancer grammar encodes notochord activity, the Ciona
Brachyury enhancer (BraS) was analyzed. A library of 24.5 million variants was generated with
the Zic and two ETS sites fixed, while all other nucleotides were randomized. Compared with
wild-type BraS (73% notochord expression), the randomized version (BraS rZE) drove
expression in only 28% of embryos, indicating the importance of additional sequence features.
In a second library of 45 million variants, the Zic, two ETS, FoxA, and Bra sites were fixed,
yielding a construct (BraS rZEFB) with expression levels comparable to wild type (62% vs.
73%). This result demonstrates that these five sites are necessary and sufficient for BraS activity.
This study highlights the importance of enhancer grammar in notochord regulation (Song et al.,
2023). In another work, a MPRA was applied to 209,440 synthetic sequences to systematically
evaluate the arrangement and orientations of 18 liver-related TFBSs. The experiments revealed
that the orientation and sequential order of TFBSs can substantially alter enhancer or promoter
activity. Consistent patterns were observed in human promoter datasets, and a second MPRA
involving 164,307 candidate liver regulatory elements validated similar orientation- and order-
dependent effects. Incorporating TFBS orientation information into a sequence-to-expression
prediction model led to a 7.7% improvement in accuracy. Together, these results indicate that
TFBS orientation and order are critical parameters in transcriptional regulation and should be

integrated into analyses of sequence variant function (Georgakopoulos-Soares et al., 2023).

However, enhancer activity is influenced not only by the TFBSs themselves, but also by the
surrounding sequence context. A recent study in Drosophila melanogaster S2 cells used
STARR-seq based high-throughput strategies to investigate how sequence flexibility and local
context shape TF motif function. Eight representative TF motif types were inserted into
hundreds of positions across nearly 500 enhancers to test how their activity changes with
sequence environment. The results showed that, although key motifs could be substituted with
alternative sequences from a limited number of motif classes, only a small subset of all possible

sequences were functionally active. Moreover, motif activity was strongly influenced by the
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local sequence context, including flanking regions, motif diversity, and spacing. As a result,

the same motif did not exhibit equivalent activity across different positions (Reiter et al., 2023).

1.7 Deep Learning Approaches to Enhancer Grammar

Recently, deep learning models have been used to further investigate the regulatory grammar
of cis-regulatory elements, combined with high-throughput reporter data such as MPRA and
large multi-omics datasets. These models accurately capture regulatory grammar (de Almeida
et al., 2022; Sahu et al., 2022; Vaishnav et al., 2022). DeepSTARR, a deep learning model,
predicts the activity of thousands of developmental and housekeeping enhancers directly from
DNA sequence in Drosophila melanogaster S2 cells. In addition to recognizing canonical TF
motifs, the model also learned higher-order regulatory syntax, including the context-dependent
functionality of identical motifs influenced by surrounding sequences and spacing (de Almeida
et al., 2022). Another study applied deep residual networks (ResNets) to predict enhancer
activity and used model-interpretation methods to show that these networks can learn
regulatory grammars that recover known heterotypic TF clusters, illustrating how deep learning

can reveal biologically meaningful regulatory rules (L. Chen & Capra, 2020).

Beyond TFBSs themselves, the regulatory influence of surrounding sequence context can also
be quantitatively learned by deep learning models. One recent work introduced the concept of
a transcription factor binding unit (TFBU), which explicitly incorporates the sequence context
surrounding TFBSs. Based on this concept, a model named DeepTFBU was designed to
rationally generate enhancers by tuning TFBS context sequences to modulate activity and
achieve cell-type—specific responses. To validate this strategy, the authors measured the
activity of over 36,000 DeepTFBU-designed sequences across diverse conditions by MPRA.
The results showed that TFBS-context preferences are often TF- and cell type—specific, and
that modifying the context region within TFBU modules significantly altered enhancer activity
for the majority of TFs tested (82.9%, 97 out of 117). This approach demonstrates that context

design is as critical as motif choice (J. Li et al., 2025).
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Deep learning models have emerged as powerful tools for decoding the cis-regulatory code and
predicting regulatory activity from DNA sequence (Bu et al., 2017; Erwin et al., 2014; Quang
& Xie, 2016), More recently, generative deep learning approaches have been used to design
synthetic enhancers and promoters with precise, cell type—specific activity (Barbadilla-
Martinez et al., 2024; de Almeida et al., 2024; Gosali et al., 2024; Hecker et al., 2025; Schreiber
etal., 2025, 2025; Taskiran et al., 2024). For instance, convolutional neural networks have been
used to design de novo enhancers in Drosophila embryos targeting specific tissues, including
the central nervous system and muscle, achieving high validation rates in vivo (de Almeida et
al., 2024). Similarly, frameworks such as CREsted support end-to-end enhancer modeling,
encompassing data preprocessing, sequence design, and motif analysis, and have demonstrated
applicability in diverse systems, including the mouse cortex and zebrafish development

(Hecker et al., 2025).

Further studies have shown that deep learning guided optimization can generate fully synthetic
enhancers from random sequences, including compact or dual-cell-type enhancers, while also
revealing fine-scale syntax rules such as motif arrangement and flanking sequence effects. In
human cells, synthetic cis-regulatory elements designed through neural network models and
massively parallel reporter assays have exhibited superior tissue specificity compared to natural

sequences (Gosai et al., 2024; Taskiran et al., 2024).

In the context of promoters, a recent model named PARM was trained by integrating
convolutional neural networks with custom-designed MPRAs to predict cell-type-specific
promoter activity directly from promoter sequence. Beyond prediction, PARM facilitates the
identification of TFBSs that shape promoter activity. It further captures detailed regulatory
grammar, revealing positional preferences of activators and repressors and context-dependent
motif—motif interactions (Barbadilla-Martinez et al., 2024). Together, these approaches
establish a generalizable paradigm for learning enhancer and promoter grammar, understanding
transcriptional regulation, and engineering functional cis-regulatory elements for basic and

applied purposes.
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2. Enhancer—Promoter Communication

Although enhancers are central regulators of mammalian gene expression, the mechanisms by
which they specifically communicate with target promoters to activate mRNA transcription
remain largely unclear. Enhancers can reside within introns of their target genes or be located
tens to hundreds of kilobases away, and are capable of bypassing nearby non-target genes to
interact with their target promoters specifically (Mifsud et al., 2015; Sanyal et al., 2012;
Schoenfelder & Fraser, 2019). This long-range communication is facilitated by the 3D
architecture of genomic DNA in nuclear space, with each level of spatial architecture
contributing uniquely to enhancer—promoter interactions (Andrey et al., 2017; Javierre et al.,

2016).

2.1 3D Genome Organization

The development of genomics assays to map genome-wide 3D chromatin interactions has
revealed that the genome is hierarchically organized at several levels (Figure 2) (Dixon et al.,
2012; Kempfer & Pombo, 2020; Lieberman-Aiden et al., 2009; McKay et al., 2020, 2020;
Sexton et al., 2012). Within the interphase nucleus, individual chromosomes occupy distinct
territories. At a megabase scale, transcriptionally active euchromatic regions tend to localize in
the nuclear interior, where they interact with one another to form compartment A, often
clustering near nuclear speckles, whereas heterochromatic and silenced regions associate with
the nuclear lamina or nucleolus and form compartment B. At an intermediate scale from tens
to hundreds kilobases, the genome is partitioned into self-interacting topologically associating
domains (TADs), enriched for internal chromatin contacts but insulated from neighboring
regions. The boundaries between TADs in mammals are frequently demarcated by CTCF or
other insulator proteins. At the finest level of organization, cohesin-mediated loop extrusion

brings enhancers and promoters into proximity to facilitate their regulatory interactions.
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Figure 2. Genomic DNA in the nucleus is folded in a hierarchical manner across multiple scales. This three-dimensional organization gives

rise to distinct architectural features, including chromosome territories, A/B compartments, and chromatin loops. Created with BioRender.com.

2.2 3D Genome Alterations and Misregulation of Enhancer—Promoter
Interactions

Alterations in three-dimensional genome architecture can disrupt enhancer—promoter
communication (Figure 3), resulting in enhancer adoption or ‘“hijacking,” and thereby

contribute to developmental disorders and cancer (Lettice et al., 2011).

For instance, deletion of boundary elements may result in the fusion of neighboring TADs,
enabling enhancers from one domain to ectopically activate genes in another, which can cause
misexpression and disease (Bianco et al., 2018). At the PITX2 locus, deletion of a 15-kb region
spanning a TAD boundary allows PITX2 to hijack pacemaker-specific enhancers, leading to its
ectopic expression in the sinoatrial node and resulting in sinoatrial node dysfunction, atrial
fibrillation, and developmental defects (Baudic et al., 2024). Another well-documented case is
the EPHA4 locus, where deletion of CTCF-associated boundaries permits inappropriate
enhancer—gene contacts and causes congenital limb malformations (Lupidiiez et al., 2015).
Likewise, duplications involving boundaries and adjacent genes may generate neo-TADs,
placing duplicated genes under the influence of enhancers from nearby regions (Franke et al.,
2016). A recent study reported that a 0.5-Mb duplication at the Fgf8 locus resulted in the
formation of neo-TADs and increased interactions between Fgf8 and enhancers from a
neighboring TAD, thereby driving ectopic activation in both forelimbs and hindlimbs through
enhancer hijacking (Socha et al., 2021).
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Structural variants such as inversions or translocations that cross TAD boundaries can
reorganize regulatory domains. This phenomenon, known as TAD shuffling, can enable ectopic
enhancer-promoter interactions and thereby drive abnormal gene regulation (Figure 3C). An
illustrative example is an inversion affecting the EPHA4 locus, which repositions an enhancer
cluster, that normally regulates EPHA4, close to WNT6. As aresult, WNT6 becomes ectopically
activated in an EPHA4-like expression domain, leading to limb malformations (Lupiéiez et al.,
2015). Although alterations in 3D genome architecture can disturb enhancer—promoter
specificity, leading to aberrant gene regulation, this outcome is not universal. Several studies
have shown that chromosomal rearrangements do not necessarily coincide with changes in
gene expression. For instance, analysis of the mouse HoxD cluster, which comprises two TADs,
demonstrated that even large deletions spanning a TAD boundary had little effect on limb bud
expression (Rodriguez-Carballo et al., 2017). Another study in Drosophila embryo shows that
TAD shuffling or fusion rarely perturb the expression of most genes, indicating that gene

regulation is buffered against large-scale topological alterations (Ghavi-Helm et al., 2019).
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Figure 3. Structural variations can lead to TAD reorganization. A. Illustration of WT TAD structure. B. Illustration of neo-TAD generated
by duplication of a boundary-containing region. C. Illustration of TAD shuffling generated by inversion of a boundary-containing region. D.
Diagram illustrating TAD fusion triggered by boundary deletion. Figure 3 adapted from Ibrahim DM and Mundlos S. (2020) modified. ©
Elsevier (2020), used with permission (RightsLink License No. 6145961227068). Created with BioRender.com.
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2.3 Methods for Mapping 3D Genome Architecture

The investigation of three-dimensional genome architecture has been largely propelled by two
major categories of technologies: imaging-based methods, most notably fluorescence in situ
hybridization (FISH), and sequencing-based techniques derived from chromosome

conformation capture (3C).

DNA-FISH was used for measuring the localization and distance between genomic loci in
single cells. However, its relatively low throughput and limited spatial resolution constrain its
applicability in large-scale and high-resolution analyses of chromatin architecture (Speicher et
al., 1996). Subsequent advancements in super-resolution microscopy, including structured
illumination microscopy (SIM) (Heintzmann & Cremer, 1999), single-molecule localization
microscopy (SMLM) (Betzig et al., 2006), and stimulated emission depletion (STED)
microscopy (Klar et al., 2000), have surpassed the classical diffraction limit, providing
nanometer-scale resolution and enabling detailed visualization of chromatin organization.
More recent innovations, including Oligopaints (Beliveau et al., 2012) and OligoFISSEQ
(Nguyen et al., 2020), have further enhanced the multiplexing capabilities of FISH-based
methods, allowing precise and high-throughput tracing of genomic regions across nuclear

space.

Chromosome conformation capture (3C) can map chromatin interactions (“one versus one”)
through proximity ligation techniques (Dekker et al., 2002). However, due to its inherently
limited throughput and scope, the 3C method gave rise to more comprehensive variants. For
instance, circularized 3C (4C) enabled genome-wide detection of interactions anchored at a
single locus (“one-versus-all”) (Simonis et al., 2006), while Hi-C, a high-throughput extension,
provided an unbiased, genome-wide view of chromatin contact landscapes (“all-versus-all”)
(Andrey et al., 2013). Hi-C was pivotal in uncovering major principles of nuclear architecture,
including the segregation of chromatin into A/B compartments (Lieberman-Aiden et al., 2009),
the delineation of TADs (Dixon et al., 2012), and the formulation of the loop extrusion model
(Schwarzer et al., 2017). Despite its strengths, Hi-C's resolution is inherently constrained by
restriction enzyme digestion and sequencing depth. This limitation has been addressed by

Micro-C, a modified method employing micrococcal nuclease for more uniform chromatin
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fragmentation down to the nucleosome level, thereby enabling finer-scale interaction maps

(Hsieh et al., 2015).

In parallel, hybrid approaches that combine proximity ligation with chromatin
immunoprecipitation, including ChIA-PET, HiChIP, and PLAC-seq, have been developed to
selectively capture chromatin interactions mediated by specific TFs or epigenetic modifications
(Fang et al., 2016; Fullwood et al., 2009; Mumbach et al., 2016). Additionally, targeted capture
methods such as Capture-C and Capture Hi-C have been introduced to focus on interactions
anchored at predefined genomic loci (Davies et al., 2016; Jiger et al., 2015). These
complementary imaging and sequencing-based approaches have established a foundation for
elucidating the hierarchical organization of the genome and have provided unprecedented

resolution into the spatial mechanisms that regulate enhancer—promoter communication.

2.4 Mechanistic Models of Enhancer—Promoter Communication

Although imaging- and sequencing-based methods have revealed the spatial organization of
the genome and enhancer—promoter proximity, such findings remain largely correlative.
Physical contact does not necessarily imply functional communication, and transcriptional
activation can occur without detectable proximity. These limitations highlight the need for
mechanistic explanations, and multiple mechanistic frameworks have been proposed to explain
how enhancers communicate with their target promoters. In early one-dimensional (1D)
tracking models, TFs or RNA polymerase II were thought to bind enhancers and move linearly
along the DNA fiber until reaching the promoter(Yang & Hansen, 2024). However, this model
cannot account for the frequent observation that enhancers bypass nearby promoters to regulate
more distal targets. More recent three-dimensional (3D) models provide a better
explanation(Furlong & Levine, 2018; Yang & Hansen, 2024). The best-characterized is the
loop extrusion model, in which structural maintenance of chromosome (SMC) protein
complexes such as cohesin actively extrudes DNA loops until constrained by boundary
elements such as CTCF-bound sites in a convergent orientation, thereby bringing enhancers
and promoters in close spatial proximity. A recent study demonstrated that loss of cohesin
reduces enhancer—promoter contact frequency and consequently downregulates a subset of

genes with distal enhancers (>50kb), providing support for a contact-based model of enhancer
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function (Guckelberger et al., 2024). Another 3D mechanism is the direct bridging model,
where Mediator and RNA polymerase II interaction can assemble the preinitiation complex
(PIC), and connect enhancers with promoters to facilitate transcription initiation and elongation
(Abdella et al., 2021; Richter et al., 2022; Soutourina, 2018). Furthermore, dimerization or
oligomerization of TFs, such as LDB1 and YY1, can provide an additional means of bridging
enhancers and promoters in 3D space (Krivega & Dean, 2017; Weintraub et al., 2017). A well-
characterized example is the B-globin locus, where long-range interactions between the locus
control region (LCR) and the target promoter are mediated by the self-associating factor LDBI1,
which is simultaneously recruited to both regulatory sites to facilitate enhancer—promoter

communication (Deng et al., 2012).

Beyond direct physical contact, action-at-a-distance models were brought out as recent live-
cell imaging studies have shown that enhancer—promoter distance does not decrease upon
transcription activation. One such action-at-a-distance mechanism is the phase separation
model, in which condensates formed through multivalent, low-affinity interactions mediated
by intrinsically disordered regions of TFs, co-activators, Mediator, and RNA polymerase II
generate transcriptionally active hubs. These hubs can promote and stabilize enhancer—
promoter communication without requiring stable physical proximity (Chong et al., 2018;
Hnisz et al., 2017). For example, super-resolution microscopy reveals that the distance between
the Shh promoter and the neural enhancer SBE6, located approximately 100 kb away, was
found to be bigger in transcriptionally active neural progenitor cells compared to silent
embryonic stem cells (Benabdallah et al., 2019), challenging classical contact-based models.
This phenomenon of increased enhancer—promoter distance was not limited to a single gene,
but extended to multiple Estrogen-receptor alpha (ERa) regulated loci (Acufia et al., 2024).
Consistent with this finding, an independent live-cell imaging study investigating the Sox2
locus in mouse embryonic stem cells also reported that physical proximity between enhancer

and promoter is not required for transcriptional activation (Alexander et al., 2019).

Another proposed action-at-a-distance mechanism is the TF activity gradient (TAG) model,
which suggests that enhancer-bound co-activators, such as CBP or the histone acetyltransferase
p300, establish a local gradient of acetylated TFs. These modified TFs can then diffuse away

from the enhancer, with promoters in closer proximity more likely to encounter them and
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become transcriptionally activated (Karr et al., 2022). Supporting this view, several studies
shows that transcriptional output declines as the genomic distance between enhancer and
promoter increases (H. Chen et al., 2018; Nagano et al., 2025; Rinzema et al., 2022; Zuin et al.,
2022).

Collectively, these models indicate that enhancer—promoter communication is not controlled
by a single mechanism. Instead, it involves a range of strategies, including loop formation,
dynamic molecular bridging, and condensate assembly. These processes may act together in a

context-dependent manner to regulate gene expression.

2.5 Multi-Way Enhancer—Promoter Hubs and Regulatory Modules

Beyond single enhancer—promoter pairs, emerging 3C-based techniques such as multi-contact
4C, Hi-C, Tri-C, and Micro-C have revealed that enhancers and promoters often interact within
complex multi-way hubs, particularly in the context of long-range regulatory interactions
(Allahyar et al., 2018; Lando et al., 2024; Oudelaar et al., 2018). Regulatory hubs can take
various forms: promoter hubs, where multiple enhancers regulate a single promoter (Figure
4A); enhancer hubs, where one enhancer interacts with several promoters (Figure 4B); and
multi-connected hubs, which involve multiple enhancers and multiple promoters engaged in
complex interaction networks (Figure 4C). Recent studies have revealed that multiple cis-
regulatory elements within a TAD can spatially cluster to form sub-TAD regulatory modules.
Depending on the experimental approach used, these structures have been described under
different names, including Variable chromatin modules (VCMs) (Waszak et al., 2015),
microcompartments (Goel et al., 2023), cis-regulatory domains (CRDs) (Delaneau et al., 2019),
regulation associated modules (RAMs) (Zheng & Wang, 2022), chromatin nanodomains
(CNDs) (Szabo et al., 2020), and super-enhancers (SE) (Sabari et al., 2018).
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Figure 4. Graphical representation of multi-way enhancer—promoter Hubs. The top panel illustrates multiple enhancers regulating one
promoter. The middle panel depicts a shared enhancer regulates several promoters. The bottom panel shows a complex network where multiple
enhancers and promoters are interconnected. Figure 4 adapted from Uyehara CM and Apostolou E. (2023), modified. © Elsevier (2023), used
with permission (RightsLink License No. 6145970847394). Created with BioRender.com.

One proposed model for the formation of 3D enhancer—promoter (E-P) hubs is phase
separation, as mentioned earlier. Super-enhancers, which are composed of clusters of highly
active enhancer elements, have been widely observed to be occupied by phase-separated
condensates containing TFs, BRD4, and Mediator. These condensates are thought to create a
concentrated microcompartment that facilitates transcription and have been frequently
associated with multi-way interactions involving multiple enhancers and promoters (Sabari et
al., 2018; Wang et al., 2021). Another example is enhancer hubs enriched with KLF4, whose
structural integrity and associated regulatory interactions are disrupted upon KLF4 depletion
(Di Giammartino et al., 2019). Interestingly, recent studies have demonstrated that active
promoters and enhancers within such hubs are spatially confined to small A compartments
enriched in H3K27ac, surrounded by B compartments with inactive chromatin (Harris et al.,
2023). Consistently, an independent study has shown that multi-way chromatin interaction hubs
are enriched for active histone modifications, including H3K4me3 and H3K27ac, supporting
the notion that transcriptionally active hubs can spatially segregate from inactive chromatin in

a manner analogous to A/B compartments, but at a finer scale (Lando et al., 2024).
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Another model for such rosette-like hubs formation is the cohesin-mediated loop extrusion. A
study shows that three-way chromatin contacts anchored at CTCF binding sites (CBSs) are
critically dependent on both CTCF and cohesin. Experimental depletion of CTCF or cohesin
degradation diminished the tendency of CBSs and their flanking regions to engage in three-
way interactions. This indicates that both architectural proteins are essential for establishing
and maintaining multi-way chromatin hubs, likely established through cohesin-mediated loop
stacking (Allahyar et al., 2018; Hafner et al., 2023). Another study systematically examined
the structural organization of super-enhancers and found that subsets of constituent enhancers
within these regions can assemble into spatial hubs. ChIP-seq analysis further revealed that
these hub enhancers frequently overlap with CTCF binding sites and cohesin peaks (Huang et
al., 2018).

2.6 Shared Enhancers and Competition between Promoters

Building on the concept of multi-way regulatory hubs, an important scenario arises when a
single enhancer is engaged by more than one promoter. In such promoter hubs, enhancers can
coordinate the expression of multiple genes, yet this raises a central mechanistic question: how
does a shared enhancer regulate multiple targets? Using a dual-reporter system in which two
genes were positioned equidistant from a shared enhancer, it was shown that both promoters
exhibit highly coordinated transcriptional bursting dynamics (Fukaya et al., 2016). Further
study revealed that this coordinated bursting is mediated by clusters of TFs and co-activators
assembled at the shared enhancer, which serve as a transcription hub to synchronously activate
transcription at both promoters (Kawasaki & Fukaya, 2023). Consistent with this study, Tri-C
experiment in erythroid cells demonstrated that multiple promoters can interact with a-globin
LCR simultaneously. Deletion of a TAD boundary allows promoters located outside the TAD
domain to interact with the LCR, in addition to the promoters within the TAD. The observations
imply that promoters are not mutually exclusive in their enhancer interactions (Oudelaar et al.,

2018, 2019).

However, the ectopic promoter—enhancer contacts established upon boundary deletion have
been shown to attenuate the expression of intra-TAD genes (Hanssen et al., 2017). Two

additional studies have demonstrated that a single-nucleotide change within the a-globin locus
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can give rise to a novel promoter, which perturbs downstream globin gene expression and leads
to a-thalassaemia (Bozhilov et al., 2021; De Gobbi et al., 2006). These findings are consistent
with observations at the B-globin locus, where B-like globin genes appear to compete for LCR
engagement in a mutually exclusive manner. Specifically, experimental redirection of the LCR
toward the y-globin gene cluster led to an increased burst frequency of y-globin and a
corresponding decrease in B-globin burst frequency, without affecting burst size (Bartman et

al., 2016; Deng et al., 2012, 2014).

2.7 Enhancer Cooperation in Gene Regulation

There exist many examples of enhancer hubs with one promoter interacting with multiple
active enhancers (Kvon et al., 2021; Q. Li et al., 2002; Whyte et al., 2013). A key question is
how these enhancer hubs regulate target genes, as the enhancer strength of each enhancer can
be different. It has been reported that multiple enhancers can regulate gene expression in a sub-
additive, additive, or super-additive (synergistic) manner, depending on their strength, spatial
arrangement, and chromatin context. In the additive manner, the transcriptional output of a
promoter reflects the sum of activities from individual enhancers, suggesting minimal
interaction among them. Super-additive (or synergistic) effects arise when combined enhancer
activity exceeds the expected total, indicating cooperative interactions that amplify gene
expression. Sub-additive behavior is observed when the combined effect falls short of the sum,
often due to the saturation of the promoter (Bothma et al., 2015; Choi et al., 2021; Loubiere et
al., 2024; Scholes et al., 2019; Thomas et al., 2021).

For example, a recent study examined how combinations of primary and shadow enhancers
regulate the developmental genes hunchback (hb), knirps (kni), and snail (sna) in early
Drosophila embryos. At the kni locus, the primary and shadow enhancers showed additive, and
in some cases super-additive, effects on transcriptional output. In contrast, #b enhancers
showed context-dependent interactions: they functioned sub-additively in anterior regions of
the embryo where the Bicoid activator is abundant but shifted toward additive behavior in
posterior regions with lower Bicoid levels. Interestingly, the sna enhancers also demonstrated
sub-additive regulation (Bothma et al., 2015). An independent study shows that deletion of

individual shadow enhancers of snail did not result in observable developmental defects under
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standard conditions. However, when exposed to environmental stress, such as elevated
temperature, these deletions led to impaired gastrulation (Perry et al., 2010). Several other
studies show that shadow enhancers are seemingly redundant and often drive overlapping
spatial or temporal expression patterns (X. Li & Levine, 2024). However, genome editing and
live-cell imaging have revealed that shadow enhancers play important roles in fine-tuning gene
expression, ensuring developmental precision, and enhancing phenotypic robustness,

particularly under environmental or genetic stress (Kvon et al., 2021).

Beyond shadow enhancers, additive and synergistic interactions among other enhancers have
also been observed. At the Fgf5 locus, individual enhancer elements display low intrinsic
activity in reporter assays; however, targeted deletion of these elements results in substantial
reductions in endogenous Fgf5 expression. This indicates that enhancers exhibiting low
intrinsic activity can function cooperatively in a super-additive manner to drive robust gene
expression at their native genomic locus (Thomas et al., 2021). A separate study examining the
transdifferentiation of human B cells into macrophage-like cells also identified both additive
and super-additive modes of enhancer cooperation. While the majority of enhancers acted
additively and independently influenced promoter activity, a subset of target genes (~20%)
exhibited synergistic enhancer interactions, where combined activity exceeded the expected
sum of individual effects. Notably, the synergistic enhancers are enriched for cell-type-specific
TFs and can activate macrophage-specific genes, thereby facilitating efficient cell fate

transitions (Choi et al., 2021).

Extending these observations to a systematic, high-throughput setting, researchers discovered
distinct modes of enhancer—enhancer cooperation with STARR-seq: housekeeping enhancers
tend to function additively, with their combined activity closely matching the sum of their
individual effects. In contrast, developmental enhancers exhibit super-additive behavior.
Notably, this super-additive behavior does not depend on the enhancers' native genomic
positions or specific transcription factor binding motifs (Loubiere et al., 2024). However,
another study systematically tested about 69000 enhancer-enhancer-promoter combination in
mouse embyronic stem cells and found that enhancer pairs generally combine their activities
in a near-additive manner. This behavior was consistently observed across multiple

developmental promoters. The study further demonstrated that cases of super-additivity were
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rare and occurred predominantly in the context of weak promoters (Martinez-Ara et al., 2024).
The discrepancy between these findings underscores the influence of promoter context,

enhancer class, and methodological approach on the observed modes of enhancer cooperation.

2.8 New Class of Regulatory Elements

In addition to canonical enhancers within enhancer hubs, a subset of cis-regulatory elements
has been identified that bears active enhancer-like chromatin marks but exhibits little or no
intrinsic activity. This new class of regulatory elements act more like architectural components,
facilitating enhancer—promoter communication or boosting the activity of distal enhancers.
Depending on the genomic locus where they were reported, these elements have been termed

“facilitator elements”, “tethering elements”, or “range extenders.” (Blayney et al., 2023; Bower

et al., 2025; Brosh et al., 2023; X. Li & Levine, 2024; Z. Zhou et al., 2025).

In Drosophila, structural elements known as tethering elements were first identified in Hox
gene Scr (Calhoun et al., 2002). Although tethering elements lack intrinsic enhancer activity,
they promote spatial proximity between distal enhancers and promoters and contribute to Scr
gene activation (Levo et al., 2022). Similarly, Orphan CGIs (oCGIs) have also been proposed
to act as tethering elements that facilitate physical communication between poised enhancers

and target genes and contribute to gene expression (Pachano et al., 2021).

Such structural elements are also reported in super-enhancer regions. A recent study identified
facilitator elements within the a-globin LCR. The a-globin LCR comprises five enhancers: R1,
R2,R3, Rm, and R4. While distal enhancers R1 and R2 strongly activate a-globin transcription,
the proximal elements R3, Rm, and R4 show minimal activity on their own. R3/ Rm/R4-only
locus failed to drive expression, but each of these elements significantly boosted R1/R2-
mediated activation in a position-dependent manner, indicating their function as “facilitators”

that enhance the ability of R1 and R2 to activate the a-globin promoter (Blayney et al., 2023).
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In the Sox2 locus, which contains the Sox2 Control Region (SCR) super-enhancer, the
functional contribution of individual regulatory elements was dissected using the “Big-IN”
strategy, in which different combinations of DNase hypersensitive sites (DHSs) were used to
replace the entire SCR. This combinatorial analysis revealed that certain DHSs, although
inactive on their own, can act as facilitator elements that increase the activity of neighboring
elements through cooperative interactions (Brosh et al., 2023). Facilitator elements are present
not only within the SCR, but also in regions proximal to the Sox2 promoter. For example,
DHS15 was reported to show weak enhancer activity by luciferase reporter assay or deletion
by CRISPR/Cas9 system (H. Y. Zhou et al., 2014). Live-cell imaging showed that in the WT
cells, condensate proximity to Sox2 gene can increase burst size and frequency. However,
deletion of DHS15 abolished this effect, as burst size and frequency became comparable
between proximal and distal condensates. This indicates that the “weak” enhancer is required

for burst enhancement (Du et al., 2024).

Similarly, a recent study reported the identification of “Range Extenders” (REX), which lack
intrinsic enhancer activity but facilitate long-range enhancer—promoter communication during
limb development (Bower et al., 2025). REX exists in the surrounding region of a limb-specific
enhancer HS72, which failed to activate Shh transcription when relocated to the endogenous
position of the ZRS enhancer. However, when HS72 was fused with REX, long-range
activation of Shh was restored. This demonstrated that REX could extend the functional range
of HS72, effectively converting it into a long-range-acting enhancer. Similar range-extending
effects were observed when other limb-specific enhancers were paired with REX, highlighting
its role in facilitating long-distance enhancer—promoter communication. Motif analysis of REX
has revealed an enrichment of binding sites for LHX2. Disruption of LHX?2 motif impairs long-
range enhancer function without affecting enhancer strength. LHX2 interacts with LDB1, a
cofactor previously implicated in mediating long-range chromatin interactions at the B-globin
locus, as well as in the formation of multi-enhancer hubs at the Myc locus and inter-
chromosomal enhancer hubs(Aboreden et al., 2025; Deng et al., 2012; Monahan et al., 2019).
LHX2 and LDB1 may contribute to REX-mediated enhancer—promoter communication. These
findings suggest that REX elements may promote spatial genome organization by engaging

architectural proteins to support distal regulatory contacts (Bower et al., 2025).
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3. Methods for Enhancer Discover

The studies discussed above demonstrate that enhancers regulate transcriptional output by
modulating bursting dynamics, thereby influencing both the precision and robustness of gene
expression. These findings highlight the importance of enhancers as central control elements
of transcription. Yet, a fundamental challenge remains: How to reliably identify enhancers
across the genome and determine which sequences are functionally active in a given cellular
or developmental context. For example, an element that drives robust transcription in one tissue
or cell type may remain completely inactive in another, and some enhancers become functional
only at defined developmental time points or in response to particular external stimuli. This
pronounced context dependency has made the identification of enhancers a persistent challenge.
To address this, a wide range of experimental strategies has been developed over the years to
discover and characterize enhancers, range from classical reporter-based approaches to modern

high-throughput and genome-wide methods, which are discussed in the following section.

3.1 Histone Modification and Transcription Factor ChIP-seq

Active enhancer regions are marked by flanking enrichment of histone modifications such as
H3K4mel and H3K27ac (Shlyueva et al., 2014). This epigenomic signature enables enhancer
prediction using ChIP-seq (Heintzman et al., 2007). Active enhancers also contain TF binding
motifs, which can be specifically recognized and bound by TFs and their co-activators (e.g.
p300) (Figure 5A). ChIP-seq profiling of tissue-specific TFs enables the identification of
enhancers active in specific cell types or tissues. In particular, p300 ChIP-seq performed in
embryonic mouse tissues was able to predict enhancer activity in corresponding tissues with
high accuracy (Visel et al., 2009). Further studies have leveraged TF or histone mark ChIP-seq
to map tissue-specific enhancer landscapes in multiple developmental and differentiated

contexts (Figure 5B) (Ko et al., 2017; Zhang et al., 2024; P. Zhou et al., 2017).
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Conventional ChIP-seq requires large cell numbers (10°-107), limiting its application in rare
populations. CUT&RUN overcomes this by using a Protein A/G—MNase fusion to cleave DNA
at protein-binding sites in situ, eliminating the need for crosslinking and sonication. This
method achieves high signal-to-noise ratios and works with as few as 100—-1000 cells (Skene
et al., 2018). It has enabled high-resolution mapping of factors like SOX2, and Nanog in early
embryos, revealing distinct binding profiles (Hainer et al., 2019). CUT&Tag is an advanced
method for profiling DNA—protein interactions. It utilizes a Protein A/G—fused TnS5 transposase
(pA/G-Tn5) to simultaneously cleave and tag DNA at binding sites, enabling efficient library
construction without the need for end repair or adapter ligation. CUT&Tag offers improved

simplicity, higher sensitivity, and better suitability for limited material (Kaya-Okur et al., 2019).
—

A : //\

Enhancer Promoter

ChlIP-seq of histone modification

CUT & Tag of TF and coactivator ——
ATAC-seq and Dnase-seq —_—

Figure 5. Molecular features and experimental approaches for enhancer characterization. A. Schematic representation of features in active
enhancer. TFs and co-activators, such as P300, bind to enhancer regions enriched with histone modifications. B. Representative genomic
profiles used to identify enhancers. Histone modification patterns are detected by ChIP-seq (orange), TF and co-activator binding is mapped

by CUT&Tag (purple), and chromatin accessibility is assessed by ATAC-seq and DNase-seq (pink). Created with BioRender.com.

3.2 Chromatin Accessibility Assays (DNase-seq, MNase-seq, ATAC-seq)

Active enhancer regions are marked by increased chromatin accessibility, which can be
detected by DNase-seq, MNase-seq, or ATAC-seq (Buenrostro et al., 2013; Kaplan et al., 2009;
Thurman et al., 2012). DNase I is an endonuclease and can preferentially cleaves DNA at

DNase I hypersensitive sites, which correspond to open chromatin regions. Following digestion,
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the resulting DNA fragments are amplified and subjected to high-throughput sequencing
(Schones et al., 2008). MNase possesses both endonuclease and exonuclease activities and
preferentially digests linker DNA between nucleosomes, which can be used to map nucleosome
positioning (Chereji et al., 2019). However, both DNase-seq and MNase-seq require a large
number of cells as input, limiting their application in rare samples, such as early embryos.
ATAC-seq utilizes a hyperactive TnS transposase to simultaneously fragment DNA and insert
sequencing adapters, a process termed tagmentation which occurs preferentially in regions of
accessible chromatin. As a result, sequencing-ready DNA fragments are predominantly
generated from open chromatin regions, enabling the high-resolution identification of
regulatory elements, such as active promoters and enhancers. Compared to DNase-seq and
MNase-seq, ATAC-seq requires fewer cells ( 500 to 50,000 cells), and involves only two steps:
nuclei isolation followed by tagmentation. This makes ATAC-seq especially valuable for
profiling rare cell populations or clinical samples with limited availability (Buenrostro et al.,

2013).

3.3 Massively Parallel Reporter Assays (MPRAs and STARR-seq)

While chromatin signatures enable the identification of active enhancers, they do not directly
reflect the magnitude of enhancer activity. Reporter assays have been developed to directly
detect the enhancer strength of cis-regulatory elements. In such assays, candidate regulatory
elements are cloned upstream of a reporter gene (e.g., luciferase) and transiently transfected
into cells. The activity of the elements is inferred from the reporter gene expression level
(Neumayr et al., 2019). As traditional reporter assays are not suitable for high-throughput
analysis, MPRAs were developed to overcome this limitation and enable simultaneous
quantification of the activity of numerous candidate enhancers (Figure 6A) (Patwardhan et al.,
2012). MPRAs have been used to detect cis-regulatory elements in the entire genomes of
different species, as well as artificially designed sequences (Melnikov et al., 2012; Patwardhan
et al., 2012). In the second study, MPRA technology was used to analyze the function of three
liver enhancers via saturation mutagenesis. A library of over 100,000 enhancer variants was
constructed by cloning each variant upstream of a minimal promoter and luciferase reporter,
with unique 20-bp barcodes inserted into the 3" UTR. The library was delivered to mouse liver

via hydrodynamic tail vein injection, followed by RNA-seq after 24 hours to quantify enhancer
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activity based on barcode expression. It was found that, while most mutations had modest
effects, TFBSs were not always predictive of functional output, underscoring the need for

empirical validation of these sites (Patwardhan et al., 2012).
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Figure 6. Experimental workflows of MPRA and STARR-seq for high-throughput functional characterization of cis-regulatory elements. A.
Schematic representation of MPRA strategy. A cis-regulatory element library is barcoded and cloned into plasmids followed by insertion of a
reporter gene. The plasmid library is transfected into cells, followed by mRNA isolation, next-generation sequencing (NGS), and mapping of
sequencing reads to the genome to quantify enhancer activity. B. Schematic representation of STARR-seq strategy. Cis-regulatory elements
are cloned into a STARR-seq reporter plasmid downstream of a minimal promoter. After transfection, RNA transcripts derived from active

elements are isolated, sequenced, and mapped back to the genome to assess regulatory activity. Created with BioRender.com.

An alternative to traditional MPRAs is STARR-seq, which has been developed to directly
measure enhancer activity without relying on barcode sequences (Figure 6B). In STARR-seq,
genomic DNA fragments are inserted into the 3" UTR of a reporter gene, allowing active
enhancers to drive their own transcription upon vector transfection. Reporter transcripts are
then quantified by deep sequencing, enabling direct and high-throughput assessment of
enhancer function. This method allows genome-wide, quantitative screening of millions of
candidate regulatory elements, regardless of their length or origin (Arnold et al., 2013).
STARR-seq has been utilized to investigate enhancer—promoter compatibility (Zabidi et al.,

2015). The study revealed that in Drosophila, housekeeping promoters are selectively activated
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by housekeeping enhancers, whereas developmental promoters predominantly interact with

developmental enhancers, indicating a functional specificity between enhancer—promoter pairs.

Despite their power, MPRAs have limitations. They are often restricted to cell lines or model
organisms, and the artificial context of the plasmids ignores native three-dimensional
chromatin organization (Arnold et al., 2013). Consequently, a positive singal does not
necessarily prove its in vivo regulatory activity. Comparison between ChIP-seq profiles of
active histone marks or TFs and MPRA-derived functional data reveals a subset of elements
that, despite displaying canonical enhancer-associated chromatin features, are insufficient to
drive gene expression independently. This suggests that these histone modifications do
consistently correlate with enhancer activity. Instead, these elements can contribute to

regulatory activity only when acting cooperatively with other enhancers (Brosh et al., 2023).

While reporter-based assays and genome-wide approaches such as MPRAs and STARR-seq
have greatly advanced our ability to identify and functionally characterize enhancers, they fall
short in capturing a recently described class of cis-regulatory elements, such as facilitator
elements, which show little or no intrinsic activity when assayed in isolation. Moreover, while
MPRA-based assays are well suited for evaluating the activity of single enhancers or pairs,
they lack the capacity to assess interactions among multiple enhancers arranged across
extended genomic distances. How these elements cooperate with canonical enhancers to form
higher-order regulatory hubs and sustain robust gene expression remains poorly understood.
Loss-of-function studies at endogenous loci have yielded important insights, yet they remain
limited in their ability to disentangle the specific contributions of individual facilitator elements
within complex genomic architectures. In addition, such approaches are inherently labor-
intensive and time-consuming, as each perturbation requires precise genome editing and
subsequent validation. Their low experimental throughput further constrains systematic
interrogation of large numbers of elements or combinatorial configurations, thereby limiting a

comprehensive understanding of enhancer cooperation in its native genomic context.

To address these limitations, my main project focused on investigating enhancer cooperation

in a controlled setting. I developed a synthetic platform that enables the systematic integration
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of enhancers at varying distances and in diverse combinations, thereby allowing complex
regulatory architectures to be assembled in a bottom-up fashion. Using this system, I found that
enhancer activity declined with increasing enhancer—promoter distance. Furthermore,
systematic testing of enhancer pairs revealed that synergistic effects emerged when a strong
enhancer was placed distally, with a weaker enhancer situated between the strong enhancer and

the promoter.
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Contribution:

Enhancers are cis-regulatory elements in the genome that control gene expression in a spatial
and temporal manner. At some loci, enhancers form clusters to activate transcription. However,
how individual enhancers communicate and cooperate in gene regulation remains largely

unknown.

Here, I established a synthetic platform in a mouse embryonic stem cell line that enables the
integration of multiple enhancers at three defined distances, either individually or in pairs, at
distinct genomic positions. I found that increasing the distance between enhancer and promoter
reduces enhancer activity. Interestingly, the introduction of a weak enhancer between a strong
and a weak enhancer facilitated the ability of the distal strong enhancer to activate the target

gene.

As one of the lead authors, I contributed to this work in several key aspects, including project
design, experimental execution, data analysis, and manuscript writing. I integrated the loading
pads to generate the synthetic locus and selected three enhancers for subsequent validation and
investigation in our system. I also quantified enhancer activity in cell lines containing a single
enhancer positioned at different distances using FACS and analyzed the correlation between
enhancer—promoter distance and reporter expression. Furthermore, I generated cell lines

harboring different enhancer pairs and validated their activity. These experiments revealed that
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enhancer synergy occurred only when enhancer pairs were arranged at specific distances and

orientations.
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SUMMARY

Enhancers are short DNA sequences that activate their target promoter from a distance; however, increasing
the genomic distance between the enhancer and the promoter decreases expression levels. Many genes are
controlled by combinations of multiple enhancers, yet the interaction and cooperation of individual enhancer
elements are not well understood. Here, we developed a synthetic platform in mouse embryonic stem cells
that allows building complex regulatory landscapes from the bottom up. We tested the system by integrating
individual enhancers at different distances and confirmed that the strength of an enhancer contributes to how
strongly it is affected by increased genomic distance. Furthermore, synergy between two enhancer elements
depends on the distance at which the two elements are integrated: introducing a weak enhancer between a
strong enhancer and the promoter strongly increases reporter gene expression, allowing enhancers to acti-

vate from increased genomic distances.

INTRODUCTION

Transcription needs to be tightly controlled to ensure correct
expression levels. In higher eukaryotes, cis-regulatory elements
such as enhancers control when and in which cells a promoter
is active."? Enhancers are short DNA sequences that consist
of multiple transcription factor (TF) binding sites and control
the expression of their target genes from a distance.” With
increasing genomic distance, individual enhancers activate
lower levels of expression from the promoter,®® raising the
question of how enhancers can bridge the distance to their
promoter.

Enhancers are typically studied either in their native genomic
context or in reporter assays.”® Dissection of enhancer loci
has, e.g., determined the contribution of tissue-specific
TFs,"”? identified a role for 3D genome organization in
enhancer-promoter communication,”'® and described various
modes of enhancer cooperativity.''° However, the complexity
of endogenous regulatory landscapes can obstruct their anal-
ysis. A recent dissection of the a-globin locus used advances
in synthesis of entire genomic loci to remove all enhancers and
reintroduce them individually.?® This approach revealed the su-

362 Molecular Cell 85, 362-375, January 16, 2025 © 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

per-additive behavior of several enhancers, contrasting previous
conclusions of additive behavior at the same locus.'>?° This un-
derlines the importance of studying individual elements of multi-
enhancer clusters both in the presence and absence of other
cis-regulatory elements. Genetic modification of endogenous
loci remains laborious and is limited to few selected enhancer
clusters, making it challenging to derive general rules of
enhancer cooperativity.

Conversely, reporter assays eliminate regulatory complexity
and analyze the activity of individual enhancers and even combi-
nations. Besides testing tissue specificity and enhancer
strength,®?"' reporter assays can be massively parallelized
(massively parallel reporter assays, MPRAs) to measure activity
of millions of fragments in one experiment and identify enhancer
activity in the cell type of interest.?”*®* MPRAs are limited by the
size of the analyzed DNA fragment. Therefore, enhancer-pro-
moter communication over large genomic distances cannot be
investigated.?* Furthermore, most genes are controlled by mul-
tiple enhancers,”® and elements with low or undetectable
enhancer activity in reporter assays can exert critical regulatory
functions at their endogenous loci.'®?%?%2" While the first
studies combined two enhancers to study cooperativity,?*>°
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Figure 1. Generation and validation of a syn-
thetic locus to systematically test enhancer
activity

(A) Schematic representation of the different com-
ponents of the synthetic locus generated. Top:
UCSC browser track depicting the p-globin locus.
The position of the different landing pads (LPs) is
indicated. Below: different parts of the synthetic
locus including three LP at different distances to
the minimal promoter (arrow) and the mCherry re-
porter gene. All components are integrated on the
C57BL6 allele. Bottom: red stars depict single
nucleotide polymorphisms (SNPs).

(B) FACS plot showing a selected example of clone
1 no enhancer and the parental cell line v6.5.

(C) Schematic representation of the integration
strategy (see text for details).

(D) IGV browser track depicting ATAC-seq,*
CTCF,*® p300,°* H3K27ac,** and H3K4me1®*
ChlP-seq tracks for the Nanog locus.

(E) Representative FACS plots showing three indi-
vidual clones with the Nanog enhancer (eNanog)
integrated at the three LPs.

(F) FACS plots of individual examples for mCherry
expression of eNanog integrated at each distance.
(G) Quantification of mean mCherry expression of
eNanog integrated at the indicated LPs. All mean
expressions were normalized to the 1.5 kb inte-
gration. Statistically significant different signals
(p < 0.05, one-sided paired t tests) are marked by
stars.

(H) Representative FACS plots showing an indi-
vidual clonal cell line with the Fgf5 E1 enhancer
integrated at the 1.5 kb LP.

(I) Quantification of mean mCherry expression of
Fgf5 E1 integrated at the 1.5 kb LP compared with
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the genomic distance between the elements was negligible.
Therefore, new experimental systems are required to study en-
hancers in a native environment with higher throughput.

Here, we developed a versatile platform for testing enhancer
activities and their distance dependencies: a cell line that allows
for efficient integration of enhancer sequences at three different
distances to a fluorescent reporter gene. This cell line allows
building and analyzing complex regulatory landscapes from
the bottom up. We compared multiple enhancers selected
from different genomic contexts of the mouse genome at
different distances to the same promoter. We demonstrate that
all enhancers show reduced ability to activate a promoter with
increasing distance but to different degrees. Furthermore, com-
binations of weak and strong enhancers strongly increase
expression levels when the weak enhancer is placed between
the strong enhancer and the promoter. Thus, synergy between
enhancers depends on the individual enhancer activity and on
the relative genomic distance between the enhancers and the

no enhancer

o

the no-enhancer control. Statistical significance
was tested (p < 0.05, one-sided paired t tests).

r;Nanog See also Figures S1-S3.

75kb M0
enhancer

promoter. Finally, we demonstrate that the interplay of genomic
distance, enhancer cooperativity, and CTCF insulation deter-
mines gene expression levels.

RESULTS

Design of the reporter system

We aimed to generate a flexible, quantitative reporter system to
analyze individual cis-regulatory elements and their combina-
tions at different genomic distances from a reporter gene. We
introduced the system into the B-globin locus, an inert environ-
ment in mouse embryonic stem cells (MESCs)*° devoid of acti-
vating and low on repressive histone marks (Figure S1A%°2%),
We limited the reporter locus to one allele by targeting the
C57BL/6 allele of v6.5 mESCs,*® a C57BL/6 X 129/sv cross
with single nucleotide polymorphisms (SNPs) distinguishing the
parental alleles (Figure 1A). We inserted an mCherry reporter
gene under the control of a minimal TK promoter®’*® 1.5 kb
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from the Hbb-y gene along with three landing pads (LPs) 1.5, 25,
and 75 kb upstream of the reporter gene (Figure 1A). After the
initial introduction of the reporter gene, we chose two indepen-
dent clones for the integration of the additional LPs, reaching
comparable conclusions with both clones.

mCherry allows for readout of expression levels by fluores-
cence-activated cell sorting (FACS), and we can obtain informa-
tion on average expression values and the distribution of expres-
sion levels within a population of cells. The final reporter cell lines
with the integration of the reporter gene and all three LPs, but
without any enhancers, had slightly elevated levels of mCherry
fluorescence compared with wild-type (WT) cells (Figures 1B
and S1B).

For integrating enhancers at our locus, we used a variation of
the Cre/lox recombination system. Recombination between
identical lox sites within the genome and a donor plasmid leads
to the plasmid integration into the genome. The efficiency is low
due to its reversibility but can be increased by using lox66 and
lox71 variants,®**° which contain mutations that reduce recogni-
tion by Cre recombinase after recombination, thereby minimizing
excision. We integrated a lox71 site 1.5 kb 5’ of the reporter gene
and designed plasmids containing lox66 sites for enhancer inte-
gration. Upon recombination, the entire plasmid is integrated
into the genome (Figure 1C). To remove the plasmid backbone,
we included compatible FRT sites*’ (Figure 1C). Expression of
FIpO recombinase excises the entire backbone (Figure 1C), leav-
ing only the enhancer and a single FRT site. For the LPs at 25 and
75 kb, we used different lox variants (here: lox2272-71 and
loxm2-71) and designed specific targeting vectors for each LP.
These vectors included a compatible 1ox66 site, a positive selec-
tion cassette fused to AThymidine Kinase for negative selection,
and LP-specific FRT sites distinct from those used in other vec-
tors (see Table S5). We validated that all lox sites and integra-
tions occurred as expected for the two independent clones
and multiple cell lines with integrated enhancers using Cas9-
seq in combination with Nanopore sequencing.”’

The eNanog activates gene expression in a distance-
dependent manner

We amplified all selected enhancers from the Mus musculus cas-
taneus strain to distinguish the integrated from the endogenous
enhancer. First, we integrated the proximal enhancer from the
Nanog locus (Figure 1D) into the targeting plasmid for the
1.5 kb LP. After co-transfection with a plasmid expressing Cre
recombinase, roughly 25% of selected colonies had the desired
plasmid integration. mCherry expression was slightly reduced
upon plasmid integration (Figure S1C, right). We then trans-
fected a plasmid expressing FIpO recombinase and selected
for excision of the plasmid backbone with ganciclovir. Now,
mCherry expression was strongly activated, and several inde-
pendently derived cell lines showed almost indistinguishable
mCherry levels (Figure 1E).

Interestingly, some clones initially contained few mCherry-
negative cells that were quickly lost upon passaging (Fig-
ure S1D). We sorted mCherry-positive and -negative cells for
one clone and measured mCherry fluorescence by FACS over
several passages. While the mCherry-positive population re-
mained stable, the negative population quickly gained mCherry
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expression (Figure S1D). Initiation of mCherry expression after
backbone removal can be delayed but completes within a few
passages. Therefore, all FACS analyses in this study were car-
ried out after repeated passaging to ensure full activation.

Next, we integrated the Nanog enhancer (eNanog) at 25 and
75 kb. Integration efficiencies were similar to integration at
1.5 kb (see Table S5). At both distances, mCherry expression
was not increased after initial plasmid integration (Figure S1C,
middle and left). Different clones with integrations at 25 or
75 kb showed consistent behavior after backbone excision
(Figure 1E, middle and left). We did not observe a fraction of
mCherry-negative cells at 25 or 75 kb, and expression levels re-
mained stable over several passages. Next, we compared
mCherry expression across different eNanog integration dis-
tances (Figures 1F and 1G). In a previous study, reporter gene
fluorescence was linearly correlated with the number of
mRNAs.® We performed Flow-fluorescence in situ hybridization
(Flow-FISH)*? for mCherry mRNA in cell lines with eNanog inte-
grated at 1.5, 25, or 75 kb and the cell line without enhancers
(Figure S1E). Both mRNA and protein levels decreased with
increasing enhancer-promoter distance. We calculated the
mean mCherry fluorescence, subtracting the autofluorescence
of unmodified WT cells (Figure 1B), and used this as a direct
measure of transcriptional activity. We normalized fluorescence
at each LP to the 1.5 kb level to compare activity across dis-
tances (Figures 1G and S1F). mCherry expression was slightly
reduced upon integrating eNanog at 25 kb compared with
1.5 kb. However, when the enhancer is moved to 75 kb, mCherry
expression strongly decreased across the population, though it
remained higher than the control (Figures 1G and S1F). In sum-
mary, our reporter system allows for the efficient integration of
enhancer sequences at three different distances from a reporter
gene and confirms the critical role of genomic enhancer-pro-
moter distance in transcriptional regulation.®*

Next, we tested whether increased mCherry expression is due
to the integration of active enhancers. Fgf5 E1 is only activated
during the differentiation of mMESCs into so-called Epiblast-like
cells (EpiLCs), is not actively repressed in mESCs, and has low
intrinsic strength in luciferase assays.'® As expected, integration
of the Fgf5 E1 enhancer at 1.5 kb did not increase mCherry
expression beyond the no-enhancer control (Figures 1H, 1l,
and S1G).

The B-globin locus is inactive in mESCs; however, individual
promoters may be activated by integrating active enhancers.
We performed ATAC-seq on selected cell lines with different
enhancers and aligned the sequencing data against the rele-
vant custom genomes. First, we analyzed the open chromatin
landscape at the g-globin and Nanog loci, comparing cell
lines with and without enhancers to the parental cell lines
(Figures S2A and S2B). The profiles at the Nanog locus and
other naive pluripotency genes were unchanged between
v6.5 and the reporter cell lines (Figure S2B). At the §-globin lo-
cus, integration of the reporter and enhancers caused minimal
changes in chromatin accessibility: peak calling identified
open chromatin surrounding the integrated reporter and at
only one additional peak about 14 kb 3’ of the reporter gene
present in all cell lines with the synthetic locus independent of
enhancer integration (Figure S2A). Importantly, the reporter
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gene gained accessibility while the endogenous genes re-
mained unaffected. We aligned all sequencing results to
custom genomes reflecting the specific enhancer integrations
(Figures S2C, S2D, S3C, and S3D). All integrated enhancers
gained accessibility at their respective integration sites. Finally,
we analyzed the expression of Hbb-y and OIfr67 in cell lines
with a strong enhancer integrated at 1.5, 25, and 75 kb before
and after backbone removal (Figures S3A and S3B). While
OIfr67 is very lowly expressed and showed slight increase in
expression upon integration of a strong enhancer at 25 kb,
Hbb-v levels increased with integration of a strong enhancer,
correlating with activation of the reporter gene. However, the
results were not statistically significant due to low and variable
expression of Hbb-v. In summary, while we observed minor dif-
ferences after integrating the reporter and enhancers, the ma-
nipulations did not alter cell identity, and the minimal TK pro-
moter is the main promoter activated at the synthetic locus.

Taken together, we have generated a highly versatile synthetic
locus that allows for the reproducible interrogation of enhancer
activity at defined distances to a reporter gene. The locus itself
is mostly inert, and reporter gene expression is only activated
by active enhancers.

Enhancer strength determines dependency on
enhancer-promoter distance

Recently, both the Sox2 control region (SCR) from the Sox2 locus
in MESCs and the human B-globin micro-LCR in erythroleukemia

Map4k3 E2

(n=4) ——————
* ns. ns.

Iiﬁi

15kb  25kb  75kb

depend on the genomic distance to the
promoter in model loci.>* Both studies
used highly active enhancers, so it re-
mains unclear if all enhancers respond
similarly to genomic distance. The high ef-
ficiency of enhancer integration into our
reporter system enabled us to systematically compare how
different enhancers are affected by genomic distance. We
selected enhancers from multi-enhancer clusters with varying
strengths.*® We included eNanog (Figure 1*%) the E2 enhancer
element located 90 kb upstream of the Rybp locus (Figure 2A),
and two enhancers (E7 and E2) from the Map4k3 locus (60 and
75 kb upstream of the transcription start site [TSS], Figure 2B).
All enhancers activated luciferase in a plasmid-based assay (Fig-
ure S4A), albeit to different degrees: eNanog and Rybp E2 were
the strongest activators, followed by Map4k3 E2 and Map4k3 E1.
We also included the well-studied SCR, a 6 kb multi-enhancer
cluster roughly 100 kb upstream of the Sox2 gene®“° (see also
Figure S5A).

Next, we integrated each enhancer into each LP and measured
mCherry levels using FACS (Figures 2C and S4B). At 1.5 kb, all en-
hancers increased mCherry expression, with the SCR being the
strongest activator, followed by eNanog, Rybp E2, Map4k3 E1,
and Map4k3 E2 (Figures 2C, right; and S4B, right). The expression
levels of mCherry were reproducible between different clones and
replicates, though we observed more variability in lower-express-
ing cell lines with Map4k3 E1 or Map4k3 E2 integration. Despite
higher activity in luciferase assays, mCherry levels were lower
with Map4k3 E2 integration compared to Map4k3 E1 (Figure 2C).
We then assessed mCherry expression when the same enhancers
were integrated at either 25 kb (Figures 2C, middle; and S4B, mid-
dle) or 75 kb (Figures 2C, left; and S4B, left). At all distances, the
order of relative strength of the enhancers remained consistent:
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Figure 3. Weak enhancers activate transcription synergistically from a distance

(A) Quantification of Map4k3 expression after deletion of the two different individual enhancers compared with the WT expression.

(B-F) Comparison of combinations of enhancers to the individual integrations and the expected additive behavior. Left: schematic of individual and combinations
of integrations at the different LPs. The mean mCherry expression was calculated, and then the mean expression of the no-enhancer control was subtracted from
all individual and combination mean mCherry expressions. The gray dashed line indicates the expected values under an additive model. Statistically significant
signals compared with the expected additive model (p < 0.05, one-sided paired t tests) are marked by stars or n.s. (not significant). (B) Map4k3 E2 at 75 kb
combined with Map4k3 E1 at 25 kb. (C) Map4k3 E1 at 75 kb combined with Map4k3 E2 at 25 kb. (D) Map4k3 E1 at 75 kb combined with Map4k3 E2 at 1.5 kb. (E)
Map4k3 E2 at 25 kb combined with Map4k3 E1 at 1.5 kb. (F) Map4k3 E1 at 25 kb combined with Map4k3 E2 at 1.5 kb.

See also Figure S4.

SCR was the strongest, followed by eNanog, Rybp E2, Map4k3 E1,
and finally Map4k3 E2.

While the order in enhancer strength was preserved, mCherry
expression decreased with increasing distances (Figures 2C and
S4B). The strong enhancers SCR (Figures 2D and S4C), eNanog
(Figures 1G and S1D), and Rybp E2 (Figures 2E and S4D)
showed strong activation at 1.5 and 25 kb, with no (SCR) or
only slight loss (eNanog and Rybp E2) of activity at the interme-
diate distance 25 kb. In comparison, at 75 kb, mCherry expres-
sion is substantially reduced but still detectable. For the weaker
enhancers, Map4k3 E1 (Figures 2F and S4E) and Map4k3 E2
(Figures 2G and S4F), activation from 25 kb was greatly reduced
and almost undetectable at 75 kb. Of note, neither Map4k3 E1 at
75 kb (Figures 2C and 2F) nor Map4k3 E2 at 25 kb (Figures 2C
and 2G) in clone 1 reached statistical significance. However,
with increasing replicates (see Figures 3 and 4), both enhancers
reached statistical significance at these loci. Nevertheless, the
measured activity was very low, and the relative loss of activity
compared with 1.5 kb was more pronounced for the weaker en-
hancers (Figures 2C and S4B). In summary, increasing distance
to the minimal promoter decreases the ability of an enhancer to
activate that promoter. Still, stronger enhancers can activate this
promoter from larger distances.

366 Molecular Cell 85, 362-375, January 16, 2025

The cooperation of weak enhancers can activate
transcription from a distance

Map4k3 E2 could not elicit considerable mCherry expression
from 25 kb. At its endogenous locus, this element is located
about 75 kb from its potential target gene, Map4k3. We tested
whether Map4k3 E2 contributed to Map4k3 expression. We
deleted both Map4k3 enhancers individually at the endogenous
locus using CRISPR-Cas9, selected two clones each, and
analyzed Map4k3 expression using qPCR. Deletion of E7 clearly
reduced Map4k3 expression in both analyzed clones (Figure 3A).
Deletion of the E2 enhancer also reduced the expression of the
target gene (Figure 3A), albeit not as strongly as the E7 enhancer
and only reaching significance in one clone.

As the weak enhancer Map4k3 E2 affects expression levels at
its endogenous locus from a distance where it is inactive in our
synthetic locus, we hypothesized that the presence of addi-
tional enhancers might influence how a given enhancer is
affected by genomic distance. Therefore, we integrated both
Map4k3 E1 and E2 elements step-wise at different LPs into
our synthetic locus: first integrating one enhancer, selecting in-
dividual clones, and then integrating the second enhancer, fol-
lowed by backbone removal at both integration sites. We used
clone 1 for all dual enhancer experiments but validated
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Figure 4. Map4k3 E1 and E2 can cooperate with strong enhancers to activate transcription from a distance

Comparison of combinations of enhancers (third row) to the individual integrations (top two rows) and the expected additive behavior. Left: schematic of individual
and combinations of integrations at the different LPs. The mean mCherry expression was calculated, and then the mean expression of the no-enhancer control
was subtracted from all individual and combination mean mCherry expressions. The gray dashed line indicates the expected values under an additive model.
Statistically significant signals compared with the expected additive model (p < 0.05, one-sided paired t tests) are marked by stars or n.s. (not significant). (A)
Map4k3 E2 at 75 kb combined with eNanog at 25 kb. (B) eNanog at 75 kb combined with Map4k3 E2 at 25 kb. (C) eNanog at 75 kb combined with Map4k3 E2 at
1.5 kb. (D) Rybp E2 at 75 kb combined with Map4k3 E2 at 25 kb. (E) Rybp E2 at 75 kb combined with Map4k3 E2 at 1.5 kb. (F) eNanog at 75 kb combined with
Map4K3 E1 at 25 kb. (G) Map4k3 E1 at 75 kb combined with eNanog at 25 kb. (H) Rybp E2 at 75 kb combined with Map4k3 E1 at 25 kb. (I) Map4K3 E1 at 75 kb
combined with Rybp E2 at 25 kb.

See also Figure S4.

if the observed expression was significantly higher than the ex-
pected value. We subtracted the baseline mCherry expression
from the no-enhancer control to avoid counting basic promoter
activity twice when calculating the expected activity for dual
integrations.

selected combinations in clone 2. To compare dual to individual
integrations to assess enhancer cooperativity, we calculated
the expected activity for enhancer combinations based on an
additive model (gray dotted lines), summing the individual
enhancer contributions to predict expression. We then tested
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First, we tested whether Map4k3 E2 at 75 kb increased
expression levels when combined with Map4k3 E1 at 25 kb.
Both elements together led to increased mCherry expression
compared with the individual integrations (Figure 3B). Next, we
swapped their positions: placing Map4k3 E1 at 75 kb, and
Map4k3 E2 at 25 kb. While both enhancers showed minimal ac-
tivity at these distances, their combination increased mCherry
expression super-additively (Figures 3C and S4G). Hence,
weak enhancers can synergize to activate transcription from dis-
tances where they are individually hardly active. Next, we placed
Map4k3 E2 closer to the promoter. Integrating Map4k3 E2 at
1.5 kb and Map4k3 E1 at 75 kb, super-additivity was not
observed, and mCherry expression was similar to the level of
Map4k3 E2 alone at 1.5 kb (Figure 3D).

Next, we moved both elements closer to the promoter. Placing
the stronger Map4k3 E1 at 1.5 kb and the weaker Map4k3 E2 at
25 kb did not further increase mCherry expression (Figure 3E).
When we reversed the positions, with Map4k3 E2 at 1.5 kb and
Map4k3 E1 at 25 kb, their combination slightly exceeded the ex-
pected additive behavior (Figure 3F).

Cooperation between strong and weak enhancers
depends on their relative position

We next explored whether Map4k3 E2 could cooperate with en-
hancers from other loci and combined Map4k3 E2 with eNanog.
When eNanog was integrated at 25 kb, Map4k3 E2 at 75 kb did
not increase the expression of mCherry further (Figure 4A). How-
ever, placing eNanog at 75 kb and Map4k3 E2 at 25 kb resulted in
strong super-additive mCherry expression (Figures 4B and S4H).
Moving Map4k3 E2 to 1.5 kb with eNanog at 75 kb increased
mCherry expression slightly above the combined individual
enhancer levels (Figure 4C). The cooperative effect of Map4k3
E2 was not limited to eNanog: combining Map4k3 E2 at 25 kb
with Rybp E2 at 75 kb also produced super-additive mCherry
expression (Figures 4D and S4l). Furthermore, placing Map4k3
E2 at 1.5 kb and Rybp E2 at 75 kb yielded only minor increases
above additive levels (Figure 4E).

Next, we combined Map4k3 E1 at 25 kb with a stronger
enhancer and integrated either eNanog or Rybp E2 at 75 kb. In
both cases, the enhancer combinations vyielded stronger
mCherry expression than the sum of their individual effects
(Figures 4F and 4H). Similar to Map4k3 E2, the order of en-
hancers mattered: placing the weaker Map4k3 E1 at 75 kb and
the stronger enhancer at 25 kb did not yield a strong synergistic
effect (Figures 4G and 4l). In summary, weak enhancers such as
Map4k3 E2 or Map4k3 E1 can synergize with strong enhancers,
partially alleviating the distance-dependent drop in activation of
the strong enhancer. This behavior somewhat depends on the
weaker enhancer’s position: closer integrations to the promoter
produce additive-like expressions, while more distal combina-
tions yield synergistic levels.

Map4k3 E1 and E2 exemplify two weak enhancers with strong
synergistic interactions, both with each other and with other en-
hancers. However, it remains unclear if all weak enhancers can
cooperate with strong enhancers from a distance. Therefore,
we selected four additional weak enhancers: Rybp E1 (Figure 2A)
and three well-described enhancers from the Sox2 locus: Sox2
E15, Sox2 E19, and Sox2 E20 (Figure S5A). Sox2 E15 is a
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weak enhancer with a described role in transcriptional bursting
of Sox2.%® Sox2 E19 and E20 are potential facilitator elements,
lacking intrinsic enhancer strength but capable of supporting
Sox2 expression.'® First, we tested each enhancer’s activity at
1.5 kb and at 25 kb (Figure 5A). Sox2 E19 showed very low activ-
ity even at 1.5 kb. All other elements showed reduced mCherry
expression at 25 kb compared with 1.5 kb. Notably, Rybp E1
and Sox2 E20 showed interesting behavior: both enhancers
show lower mCherry expression at 1.5 kb than Map4k3 E2 (Fig-
ure 5A), but the mCherry expression at 25 kb only drops by about
25% in the case of Rybp E1 (Figure 5B), whereas for Map4k3 E2
the drop is around 75% on average (Figure 2G). Therefore, the
decrease in expression for Rybp E1 and Sox2 E20 from 25 kb
compared with 1.5 kb was much shallower than expected for
their respective enhancer strength at 1.5 kb (Figure 5B). The dis-
tance-dependent decrease in expression may be influenced not
only by intrinsic enhancer strength but also by specific charac-
teristics of each genomic element.

We next tested the cooperative behavior of these additional
weak enhancers by integrating each element at 25 kb in cell lines
with eNanog at 75 kb (Figures 5C-5F). In all these cell lines, we
observed synergistic expression levels. Finally, we examined
whether synergism is limited to weak enhancers by combining
eNanog at 75 kb with either the Rybp E2 or a second eNanog
at 25 kb (Figures S5B and S5C). eNanog at 25 kb alone produced
higher levels of mCherry expression than Rybp E2 at the same
position (compare Figures S5B, S5C, and 2C, middle). Interest-
ingly, the mCherry expression from Rybp E2 and eNanog com-
bined exceeded the expected additive levels (Figure S5D),
whereas combining two eNanog at 75 and 25 kb did not produce
a synergistic effect (Figure S5C). To test the limits of our minimal
TK promoter, we combined eNanog and Rybp E2 at 1.5 and 25
kb. The resulting gene expression was sub-additive, regardless
of the order of the enhancers (Figures S5D and S5E). Although
this combination produced stronger expression than two distal
eNanog, it was still lower than the SCR at 1.5 or 25 kb (Figure 2C).
Therefore, promoter saturation may not function as a simple
fixed threshold when combining strong enhancers (see
discussion).

In summary, all tested weak enhancers can synergize with a
distal strong enhancer, increasing expression at the target
promoter beyond the additive levels of individual enhancer
activities.

Two recent publications examined enhancer synergies using
episomal plasmids but reached different conclusions®®*: in
mESCs, enhancers worked predominantly additive,® while in
Drosophila S2 cells most developmental enhancers were su-
per-additive following a simple multiplicative model, with the
caveat that strong enhancers might saturate limited promoter
capacity.?® We compared these models of enhancer cooperativ-
ity to explain our experimental results.

Multiple independently derived clones of individual and
combinations of enhancers exhibited consistent expression
changes. To assess variability, we first compared log, fold
changes to the no-enhancer control across clones derived after
integration (step 1) and after backbone removal (step 2). Clones
with the same enhancer integration showed exceptional repro-
ducibility (Figure S5F), allowing us to pool data from all individual
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Figure 5. Weak enhancers cooperate with strong enhancers at distal positions

(A) Quantification of mCherry expression of the four indicated enhancers at the two indicated different LPs 1.5 and 25 kb. Both no enhancer and Map4k3 E2 at
1.5 kb mCherry levels are indicated with dashed gray lines.

(B) Normalized mean mCherry expression of indicated enhancers integrated at the indicated LPs. All mean expressions were normalized to the 1.5 kb integration.
(C-F) Comparison of combinations of enhancers (third row) to the individual integrations (top two rows) and the expected additive behavior. Left: schematic of
individual and combinations of integrations at the different LPs. The mean mCherry expression was calculated, and then the mean expression of the no-enhancer
control was subtracted from all individual and combination mean mCherry expressions. The gray dashed line indicates the expected values under an additive
model. Statistically significant signals compared with the expected additive model (p < 0.05, one-sided paired t tests) are marked by stars or n.s. (not significant).
(C) eNanog at 75 kb combined with Rybp E1 at 25 kb. (D) eNanog at 75 kb combined with Sox2 E15 at 25 kb. (E) eNanog at 75 kb combined with Sox2 E19 at 25 kb.
(F) eNanog at 75 kb combined with Sox2 E20 at 25 kb. (G) Additive model of enhancer activity. (H) Multiplicative model of enhancer activity. (I) Multiplicative model
with interaction term to predict enhancer activity.

See also Figure S5.

clones. We then tested if additive or multiplicative models could  when one enhancer is positioned proximal to the promoter (Fig-
explain our results. The simple additive model predicts com-  ure 5G). However, many distal enhancer combinations deviated
bined activity by summing individual enhancer activities (in linear ~ from this pattern, showing super-additive behavior (Figures 5G,
gene expression space) and accurately described combinations 3, 4, and 5C-5F). A simple multiplicative model revealed a poor
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fit: distal enhancer combinations showed higher activity than ex-
pected for multiplicative behavior, while combinations with a
proximal enhancer yielded lower than predicted activity (Fig-
ure 5H). Neither the simple additive nor the simple multiplicative
models alone accurately predicted combined activities. How-
ever, incorporating interaction terms into the multiplicative
model significantly improved accuracy (R? = 0.90, Figure 5I). In
this refined model, the individual activity of the two integrated en-
hancers is weighted with an interaction term, which considers
how the activity of one enhancer modifies or scales the activity
of the other. This model highlighted a linear relationship between
individual and combined activities, allowing predictions based
on individual activities at different integration sites. While each
integration site contributed positively to the overall activity, the
model revealed a significant negative interaction for enhancers
placed closest to the promoter (—0.126), indicating that placing
an enhancer at these proximal sites can reduce the combined ef-
fect (see Table S6).

In conclusion, how two enhancers cooperate depends
strongly on their genomic distance to the promoter and their in-
dividual activity from that location, but strong individual activity
close to the promoter is detrimental for strong synergistic
behavior, suggesting that promoter saturation may limit stronger
super-additive outcomes.?®
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CTCF sites between the most distal LP and the promoter
reduce activity of strong enhancers and enhancer
combinations

CTCEF sites between enhancer and promoter can reduce target
gene expression.>'%4" At the g-globin locus, two CTCF sites
are positioned between the Hbb-bt and the OIfr67 gene, located
near the 75 and the 25 kb LPs (Figure 6A). In mESCs, this locus is
inactive with no notable 3D genome structure surrounding the
integration sites in the WT cells (Figure 6A, compare with the
Nanog locus, Figure S6A). However, these CTCF sites might in-
fluence enhancer-driven gene expression at the locus. We
devised a two-step strategy to remove the CTCF sites from ex-
isting enhancer cell lines (Figure 6B). We used a single guide
RNA to target the CTCF motif near the 25 kb LP (peak 1). The
second CTCEF site (peak 2), located in a highly repetitive region,
required deletion of a 3 kb genomic region. First, we examined
whether removing CTCF sites would restore the activity of a
weak enhancer, Map4k3 E1, at 75 kb. Neither deletion of peak
1 alone (Figure S6B) nor removal of both peaks increased
mCherry expression through Map4k3 E1 (Figure 6C). We then
tested the strong eNanog at 75 kb, observing a slight increase
in mCherry expression upon single CTCF deletion (Figure S6C),
which increased after removing both peaks (Figure 6D). We
next examined enhancer combinations: both Map4k3 E1 or
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eNanog at 75 kb showed synergy with Map4k3 E2 at 25 kb. In
both cases, overall expression of mCherry is slightly increased
by mutation of peak 1 (Figures S6D and S6E), but much stronger
increased upon removal of both CTCF peaks (Figures 6E and
6F). Finally, we compared the synergy between eNanog and
Map4k3 E2 with intact and disrupted CTCF sites. In both cases,
the integration of the Map4k3 E2 enhancer in combination with
eNanog at 75 kb leads to increased mCherry expression. Finally,
we compared the synergy between eNanog and Map4k3 E2 with
intact and disrupted CTCEF sites. In both cases, the integration of
the Map4k3 E2 enhancer in combination with eNanog at 75 kb
leads to increased mCherry expression. Taken together, the
CTCF peak 1 has a minor negative effect on gene expression;
however, removal of both CTCF peaks leads to context-depen-
dent increases in gene expression at the promoter.

DISCUSSION

We developed a platform to study distance-dependent
enhancer-enhancer cooperativity in the mammalian genome.
Our flexible platform can accommodate different sequences at
distinct positions, testing enhancers in their native chromatinized
setting. As the locus contains no active regulatory elements be-
sides the ones introduced, it provides a controlled environment
for building and analyzing complex regulatory landscapes
de novo.

Our system uncovered key principles of enhancer coopera-
tivity and the impact of genomic distance on individual en-
hancers and their combinations. We found that increased
genomic distance does not equally affect all enhancers: stron-
ger enhancers generally retain more activation potential at
greater distances. However, intrinsic strength alone cannot
fully predict the activity drop when enhancers are integrated
distally, suggesting additional mechanisms at play. Our find-
ings also illuminate how genomic distance influences enhancer
cooperativity. Combining a strong distal enhancer with a
weaker enhancer at 25 kb consistently led to super-additive
activation, while placing the strong enhancer closer to the pro-
moter rarely produced this effect. Notably, Map4k3 E1 can act
as either a strong distal enhancer with Map4k3 E2 or as a
weaker enhancer at 25 kb with Nanog or Rybp E2, highlighting
that relative strength between enhancers might matter more
than absolute activity. Moving a weak enhancer closer to the
promoter diminishes or eliminates super-additivity. This indi-
cates that enhancer cooperation depends on both intrinsic
strength and relative activity at specific distances, which may
explain the variability in enhancer cooperativity modes at
endogenous loci reported previously. Finally, how enhancers
are affected by CTCF sites depends on the enhancer strength,
as well as on the overall enhancer landscape.

Our results align with and expand on previous studies of
distance-dependent regulation.®* While increasing the
enhancer-promoter distance generally reduces activation,
many enhancers are positioned at distances where they should
not activate a promoter individually. Interrogating multiple
weak enhancers from three different genomic loci (Map4k3,
Rybp, and Sox2) suggests that addition of weak enhancers
can partially overcome decreased enhancer activity from
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increased genomic distances. Individually, weak enhancers
cannot activate transcription strongly even from intermediate
distances. However, placed between a strong enhancer and a
promoter, they significantly boost promoter activation. This
might explain recent findings from the a-globin®® and the Sox2
loci,’® where weak enhancers help strong enhancers communi-
cate with the promoter. However, we cannot rule out that these
facilitators apply distinct mechanisms of enhancer cooperation.

Why can stronger enhancers bridge more considerable
genomic distance than weaker ones, and how do weak en-
hancers synergize with distal strong enhancers? Increased
genomic distance reduces enhancer-promoter contact fre-
quency,**°° but contacts do not directly correlate with transcrip-
tional activation,® and it remains unclear whether and how close
enhancers need to come to their promoter to activate transcrip-
tion.”'">* Regulatory elements form large “transcription hubs,”
aggregating TFs, co-factors, and RNA polymerase Il (RNA Pol
1), which may bridge enhancers to promoters.>*>° Actual 3D dis-
tance might matter less if the transcription hub still “touches” the
promoter.”® Stronger enhancers may form more substantial
hubs, allowing them to activate from larger distances and mak-
ing them less sensitive to small increases in 3D distance. This
model could explain why the SCR maintains high expression
from both 1.5 and 25 kb, unlike weaker enhancers. At large dis-
tances, strong enhancers may only intermittently contact the
promoter via their hub, reducing gene expression. Combining
strong distal enhancers with weak ones at intermediate dis-
tances could create larger hubs that increase promoter contact
frequency, leading to super-additivity. Conversely, moving the
weak enhancer closer to the promoter may allow its hub to con-
tact the promoter independently, reducing the benefit of the
strong distal enhancer and lowering super-additivity. However,
intrinsic strength alone does not fully explain distance-depen-
dent activation loss. Our comparison of weak enhancers sug-
gests that distance sensitivity is characteristic of each enhancer,
likely influenced by sequence composition and associated factor
recruitment.

An alternative explanation could be provided by how pro-
moters integrate enhancer input. Previous studies suggest
that expression levels follow a sigmoidal curve relative to
enhancer contact frequency®°’: at low contact frequency and
expression levels, even large increases in contact produce
only small increases in expression, whereas at intermediate
contact frequencies, the same increase results in large jumps
in expression levels. At high frequencies, further contact in-
creases yield minimal expression gains. This behavior has
been attributed to multiple transitions that a promoter has to
undergo while in contact with the enhancer in order to be acti-
vated.>®’ Sigmoidal integration of enhancer input into expres-
sion levels by promoters might be a general feature of tran-
scriptional regulation that can explain our findings®®: stronger
enhancers might increase the rate of promoter transitions
more than weaker enhancers. This could explain why strong
enhancers are less affected by increased genomic distance
than weaker ones. At the same time, introducing a weak
enhancer alone at intermediate distances would have no effect
since the promoter would be in the regime of the curve where
big changes are required for increasing gene expression, but
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adding a weak enhancer to a strong distal enhancer—where
the promoter is in a more responsive, intermediate regime
due to the presence of the distal enhancer—could lead to
strong activation of gene expression. Such a model describes
our results reasonably well and might explain why the strongest
cooperativity arises when combining enhancers at distances
where they have rather low individual activity. The sigmoidal
model also suggests that high expression levels require
increasing amounts of enhancer input, which might explain
reduced or sub-additive effects observed for close enhancer
combinations or for strong enhancers at 1.5 kb, similar to ob-
servations in the fly."" The response curve might vary by pro-
moter; hence, some of the enhancer combinations might
show different behavior when combined with a stronger pro-
moter. Here, the promoter might be rate limiting or “saturated,”
even though drastically increasing enhancer input (e.g., by tak-
ing the strong SCR) can still push expression levels further. To
fully assess whether a sigmoidal response curve can explain
distance-dependent enhancer interactions, further studies
with diverse enhancers, promoters, precise contact measure-
ments, and mathematical modeling will be needed.

Gene expression regulation at the target locus depends on
the interplay of promoters, enhancers, CTCF sites, and other
regulatory elements. While enhancer-promoter distance re-
mains the primary factor, multiple CTCF sites at our locus
reduce gene expression without completely blocking it. CTCF
may act as a boundary or insulator, hindering communication
with the target gene. Interestingly, these CTCF sites do not
form a detectable structure in WT lacking integrated reporters
or enhancers, suggesting minimal loop extrusion in this region
without active regulatory elements. Future studies on 3D con-
tact changes will help clarify the emergence of potential
new loops.

Previously, we demonstrated that elements lacking intrinsic
activity can still contribute to gene expression.'® Here, we
expand on this by showing that weak enhancers positioned be-
tween a strong enhancer and the promoter can significantly
enhance target gene expression. A recent MPRA study in human
cell lines categorized cis-regulatory elements as classical en-
hancers or chromatin-dependent enhancers,*® the latter marked
by strong epigenomic signatures but low intrinsic activity. Both
types often coexist within enhancer clusters, where they may
serve distinct roles. Multiple weak enhancers could provide a
buffering effect against the loss of individual elements. Addition-
ally, combining weak and strong enhancers may increase the
genomic distance range at which enhancer clusters can activate
their target genes.'®?° Moreover, we speculate that enhancer
cooperativity could improve efficiency in target promoter selec-
tion: promoters associated with an additional weak enhancer
may exhibit an increased responsiveness to a distal strong
enhancer compared with other promoters without such an
element.

Limitations

While mCherry levels were similar between independently gener-
ated cell lines, protein levels are not a direct readout of transcrip-
tion. For selected enhancers the change in mRNA levels corre-
sponded well with protein levels, however, other cis-regulatory
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elements could in principle also affect mRNA processing or
half-life, in which case protein and transcription levels will not
correlate well.

We have built the synthetic locus around the minimal TK pro-
moter that might be rate limiting: most strong enhancers and
combinations at close distances showed similar mean expres-
sion levels. In addition, strong activity from close distances
penalized against a strong synergistic behavior in our linear
model. The incorporation of different promoters in the future
will test the limitations of the system and expand our toolbox.
Similarly, we used the B-globin locus as our neutral environment
and limited the tested distance to 75 kb.

In this proof-of-concept study, we analyzed a limited set of in-
dividual enhancers that showed very similar behavior; therefore,
it is tempting to speculate that the super-additive cooperation of
different enhancer elements is a general feature in transcriptional
regulation. However, other, thus far untested elements could not
follow this same trend, might antagonize each other, or simply
not be compatible with each other.

Finally, we are currently limited to mere speculation regarding
the molecular nature of enhancer cooperativity.
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Mouse: v6.5 ES cells Rideout et al.®® N/A

Mouse: v6.5 3xlox clone 1 This paper N/A
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Map4k3 E1 (75 kb) clone 1 - clone6

Mouse: R1 mouse ESC Nagy et al.?® N/A
Mouse: R1 ARybp E2 clone 1 This paper N/A
Mouse: R1 ARybp E2 clone 2 This paper N/A
Mouse: R1 AMap4k3 E1 clone 1 This paper N/A
Mouse: R1 AMap4k3 E1 clone 2 This paper N/A
Mouse: R1 AMap4k3 E2 clone 1 This paper N/A
Mouse: R1 AMap4k3 E2 clone 2 This paper N/A
Recombinant DNA

px330-U6-Chimeric_BB-CBh-hSpCas9 Addgene Cat#42230
Fgf5-HAL-PE-pdTK-HAR Thomas et al., '® N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BamHI - B-globin HAR - Notl BioCat GmbH N/A

targeting vector (pGemT-HAL-pdTK-spacer- This Paper N/A

TK-mCherry-pA-HAR)

pGemT (circularised) Promega Cat#A362A

pGemT-FRT-lox66-FRT-blasticidin-deltaTK(7 additional This Paper N/A

versions of this plasmid with integration of Map4k3 E1,

Map4k3 E2, Rybp E2, eNanog, SCR, SCR-rev and

Fgf5-PE were also generated)

pGemT-FRT3-loxm2/66-FRT3-puromycin-deltaTK This Paper N/A

(6 additional versions of this plasmid with integration

of Map4k3 E1, Map4k3 E2, Rybp E2, eNanog, SCR

and SCR-rev were also generated)

pGemT-FRT5-lox2272/66-FRT5-hygromycin-deltaTK This Paper N/A

(6 additional versions of this plasmid with integration

of Map4k3 E1, Map4k3 E2, Rybp E2, eNanog,

SCR and SCR-rev were also generated)

FIpO-expressing plasmid Provided by the lab of N/A
Stefan Ameres

pGL3-SV40 promoter-luciferase-Map4k3 E1 This Paper N/A

pGL3-SV40 promoter-luciferase-Map4k3 E2 This Paper N/A

pGL3-SV40 promoter-luciferase-Rybp E2 This Paper N/A

pGL3-SV40 promoter-luciferase-eNanog This Paper N/A

pGL3-SV40 promoter-luciferase-SCR This Paper N/A

pGL3-SV40 promoter-luciferase-SCR-rev This Paper N/A

Software and algorithms

FlowJo (version 10.5.3) BD Life Sciences - N/A
Biosciences

nf-core atacseq pipeline (version 2.1.2) Ewels et al.® N/A

Reform tool https://github.com/ N/A
gencorefacility/reform

Genrich (v0.6.1) https://github.com/ N/A
jsh58/Genrich

Other

BD FACSAria lll Cell Sorter BD Life Sciences - N/A
Biosciences

Mus Musculus Castaneus DNA Provided by the lab of N/A
Kikue Tachibana

HEK-293 DNA Provided by the lab of N/A

Dea Slade

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

General culture conditions of mouse embryonic stem cells

For all work in this study we used the male v6.5 mouse embryonic stem cell line cultured as described in Thomas et al."'®. For main-
tenance, cells were grown on 6/12-wells coated with first poly-L-ornithine hydrobromide (6 ug/mlin PBS, 1h at 37 °C) and then lam-

inin (1.2 pg/mlin PBS, 1 hour at 37°C).

Cells were cultured in base medium DMEM/F12 without Hepes with 4 mg/mL Lipid-Rich Bovine Serum Albumin, 1x MACS
NeuroBrew-21 with Vitamin A, 1x NEAA, 50 U/mL Penicillin-Streptomycin, 1 mM Sodium Pyruvate and 1x 2-Mercaptoethanol.
The base medium was supplemented with 3.3 mM CHIR-99021, 0.8 mM PD0325901 and 10 ng/mL hLIF (provided by the VBCF Pro-
tein Technologies Facility, https://www.viennabiocenter.org/facilities/).
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For splitting, cells were treated with 1x Trypsin-EDTA solution at 37 °C until cells detached. Trypsinization was stopped with 2i+LIF
medium with 10% FSC, cells were harvested by centrifugation at 300g for 3 min, resuspended in 2i+LIF and seeded in appropriate
ratios.

Generation of reporter cell line

For Kl of the reporter gene into the B-globin locus, we first generated a gRNA-expressing plasmid and a targeting vector. Therefore, a
single gRNA was designed to target the locus roughly 1.5 kb downstream of the Hbb-y gene. As described before, the gRNA was
cloned into Addgene plasmid #42230."® Due to a SNP in the underlying sequence, this gRNA recognises the C57BL/6 but not the
129/sv allele of v6.5 mouse ESCs, allowing us to introduce the reporter gene specifically into the B-globin-locus on the C57BL/6 allele.

We used Gibson assembly to generate the targeting vector to insert the reporter gene into the 8-globin-locus unless noted other-
wise. Homology arms were designed to disrupt the gRNA recognition sequence upon successful Kl. All guide RNAs used in this study
are listed in Table S1, primer sequences used for cloning in this study are listed in the Table S2, all single strand DNA oligos are listed
in Table S4.

We first amplified a 77 bp long minimal TK promoter followed by the mCherry coding sequence by PCR and inserted the fragment
into an Ncol-HF-digested (NEB) pGemT-vector (Promega). We amplified the left homology arm (637 bp) targeting the B-globin locus
roughly 1.5 kb downstream of the Hbb-y gene from R1 ESC DNA by PCR. We inserted it upstream of the TK-promoter into the Sphl-
HF-digested (NEB) TK-mCherry plasmid, leaving the Sphl-site intact. We used this Sphl site to introduce a loxP-flanked puromycin-
deltaTK cassette and a 1.5 kb spacer from inert human DNA between the left homology arm and the TK promoter. The loxP-flanked
puromycin-deltaTK cassette was PCR-amplified from a previously generated targeting vector.'® Using a forward primer that mapped
to the loxP site upstream of the puromycin-deltaTK cassette but contained mutations, we turned the upstream loxP site into a lox71
site. The 1.5 kb spacer was amplified from HEK-293 genomic DNA, kindly provided by the lab of Dea Slade. We then inserted a 232 bp
long BGH polyA sequence downstream of the mCherry coding sequence into the Notl-HF-digested (NEB) plasmid, leaving the Notl-
site intact and introducing an additional BamHlI-site. As we did not manage to PCR-amplify the right homology arm, we ordered the
synthesised fragment (832 bp) integrated into a plasmid and flanked by a BamHI- (upstream) and a Notl-site (downstream) from
BioCat GmbH. We obtained the right homology arm fragment by BamHI-HF- and Notl-HF-digestion (both NEB) and ligated it into
the likewise BamHI-HF- and Notl-HF-digested HAL-pdTK-spacer-TK-mCherry-pA plasmid, downstream of the polyA site.

For Kl of the reporter gene, v6.5 mouse ESCs>® were cultured and transfected by lipofection with 400 ng of circular targeting vector,
400 ng of gRNA-containing plasmid and 4 uL of Lipofectamine 2000 Transfection Reagent (Invitrogen), as described before.'® In brief,
cells were transferred to a 10 cm dish the day after transfection and selection with Puromycin (2 ug/mL, InvivoGen) was started within
48 h of transfection. After a week of selection, single colonies were picked. Integration was validated by PCR with primers “Kl vali-
dation 1 forward+reverse” (mapping upstream of the left homology arm in the genome and downstream of the left homology arm in
the insert) and “Kl validation 2 forward+reverse” (mapping upstream of the right homology arm in the insert and downstream of the
right homology arm in the genome). All analysed clones were heterozygous, with the reporter gene being inserted on the C57BL/6
allele as judged by SNPs in Sanger-sequenced PCR products (Microsynth AG). Clones were expanded and subsequently trans-
fected with a plasmid expressing Cre-recombinase to remove the puromycin-deltaTK cassette and leave a single lox71 site (in
reverse orientation) behind. After one week of selection with Ganciclovir (500 ng/mL, InvivoGen), single clones were picked, and
removal of the puromycin-deltaTK cassette was confirmed with primers “KIl validation after Cre forward+reverse” (mapping up-
and downstream of the excised cassette). Overlapping PCR products (primers “reporter validation 1-4 forward+reverse”) spanning
the entire insert, the homology arms and the genome up- and downstream of the insertion were submitted for Sanger sequencing to
confirm the intactness of the B-globin-locus, the homology arms and the inserted sequence. We selected two clones with reporter
gene integration for subsequent integration of the remaining LPs.

Tointroduce 10x2272/71 and loxm2/71 sites roughly 25 and 75 kb upstream of the mCherry reporter gene, we designed gRNAs and
cloned them into Addgene plasmid #42230. We also ordered single-stranded (ss) DNA oligos from Microsynth AG, containing the
respective lox site (34 bp; in reverse orientation) and left and right homology arm. The homology arm at the 5’ end of the respective
oligo was 66 bp long, and the homology arm at the 3’ end was 50 bp (150 bp total, including the lox site). Homology arms were de-
signed to disrupt the gRNA recognition sequence upon successful K.

We used two independent clones with reporter gene integration to sequentially knock-in the two lox sites. Therefore, we trans-
fected 500 ng of gRNA-expressing plasmid, 1000 ng of ssDNA-oligo and 100 ng of plasmid expressing a fluorescent marker with
10 pl of Lipofectamine 2000 Transfection Reagent (Invitrogen). Transfected cells were processed as described before, ' i.e., single
fluorescent cells were sorted into 96-well plates. Successful insertion of the lox sites into the genome was initially confirmed by PCR
with forward primers overlapping the integrated lox sites (and thus only binding to the modified alleles) and reverse primers down-
stream of the integration site (“lox Kl 25/75 kb initial forward+reverse”). Selected clones were tested further with a more upstream
forward primer binding to both alleles (“lox Kl 25/75 kb validation forward”), and resulting PCR products were subcloned into a
pGEM-T vector (Promega, pGEM-T Vector Systems) for subsequent Sanger sequencing of both alleles. The recognition sequence
of the gRNA used for the lox site at 25 kb contains SNPs on the 129/sv allele, allowing us to integrate the l0x2272/71 site on the
C57BL/6 allele specifically. For integration at 75 kb, we did not design a gRNA overlapping a SNP. Instead, we chose heterozygous
clones with the integration of the loxm2/71 site on the C57BL/6 allele, as judged by SNPs surrounding the integration site.
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METHOD DETAILS

Design of plasmids for enhancer integration

We generated three plasmids to integrate enhancers at 1.5, 25 and 75 kb distance upstream of the reporter gene by targeting the
lox71, loxm2/71 and 1ox2272/71 sites. We first introduced a single FRT site into a pGemT-vector (Promega). Therefore, forward
and reverse DNA oligonucleotides - containing the FRT sequence as well as the overhangs required for cloning - were ordered
from Microsynth AG, annealed and cloned into a Ncol-HF- and Sphl-HF- digested pGemT plasmid, as described before.'® We gener-
ated three plasmids containing FRT, FRT3 and FRT5 sites, respectively. The original restriction sites were disrupted during this pro-
cess, but an additional Ncol-site was introduced downstream of the FRT sites as part of the inserted oligo. We then ordered addi-
tional DNA oligos and introduced lox66 sites downstream of the FRT sites of the resulting Ncol-HF- and Notl-HF-digested plasmids
(both NEB). For the plasmid containing an FRT site, we introduced a lox66 site; for the plasmid containing the FRT3 site, we intro-
duced a loxm2/66 site; and for the plasmid with the FRT5 site, a lox2272/66 site.

We digested the resulting plasmids by Notl-HF (NEB) and inserted cassettes expressing fusions of antibiotic resistance genes with
deltaTK downstream of the lox66 sites by Gibson assembly. We inserted blasticidin-deltaTK into the FRT-lox66-plasmid, puromycin-
deltaTK into the FRT3-loxm2/66-plasmid and hygromycin-deltaTK into the FRT5-lox2272/66-plasmid. The forward primer used for
amplification of the cassettes included an additional FRT site in the case of blasticidin-deltaTK, an additional FRT3 site in the case of
hygromycin-deltaTK and an additional FRT5 site for puromycin-deltaTK. The Notl site between the lox and the newly inserted FRT
site was restored and used to integrate enhancer sequences.

All in all, we generated the following three plasmids:

@® pGemT-FRT-lox66-FRT-blasticidin-deltaTK
@® pGemT-FRT3-loxm2/66-FRT3-puromycin-deltaTK and
@® pGemT-FRT5-10x2272/66-FRT5-hygromycin-deltaTK.

These plasmids were digested by Notl-HF, and enhancer sequences amplified from castaneus mouse strain DNA (kindly provided
by the lab of Kikué Tachibana) were inserted by Gibson assembly. Primers for amplifying enhancer sequences were designed to
encompass the central p300 peak (ChIP-seq from Buecker et al.>%). The resulting plasmids were transfected together with a Cre-re-
combinase expressing plasmid into the reporter cell line for insertion of enhancers at the lox71 sites of the reporter locus.

Integration of enhancer sequences

To integrate enhancer sequences, 200,000 cells of the reporter cell line were plated and transfected by lipofection on the following
day. Therefore, 250 ng of enhancer-containing plasmid, 1750 ng of Cre-recombinase expressing plasmid and 10 L of Lipofectamine
2000 Transfection Reagent (Invitrogen) were used. Cells were selected with Blasticidin (10 ng/mL, InvivoGen), Hygromycin B (400 ng/
mL, Sigma-Aldrich) or Puromycin (2 pg/mL, InvivoGen), depending on the selection cassette present in the enhancer plasmid. Single
colonies were picked after a week of selection. Plasmid integration was validated by PCR with forward primers mapping to the in-
tegrated plasmid backbone (“integration forward”) and reverse primers mapping downstream of the respective lox site (“integration
1.5/75 reverse; for 25 kb: “lox KI 25 kb initial reverse” that was used before for validating Kl of the lox site). Colonies with integration of
enhancer plasmid were expanded and transfected with plasmid expressing FIpO-recombinase (a more active, codon-optimized
version of Flp kindly provided by the lab of Stefan Ameres) to remove the plasmid backbone including the selection cassette
(200,000 cells, 2 pg of FIpO-recombinase expressing plasmid, 10 pL of Lipofectamine 2000 Transfection Reagent (Invitrogen)). Cells
were passaged, seeded at low density the day after transfection and selected with Ganciclovir (5 ng/mL, InvivoGen) for one week.
Single colonies were picked. PCR confirmed the removal of the selection cassette with an enhancer-specific forward primer com-
bined with a primer downstream of the respective lox71 site (“integration 1.5/75 reverse”; for 25 kb: “lox Kl 25 kb initial reverse”). In
addition, the PCR with primers “integration forward” and “integration 1.5/75 reverse” or “lox Kl 25 kb initial reverse” was repeated.
As the forward primer maps to the plasmid backbone, the absence of a band in that PCR confirms the complete removal of the
plasmid backbone in the entire cell population.

Allele-specific primers up and downstream of the lox sites were designed. In the case of the lox71 site at 1.5 kb, a forward primer
upstream of the lox71 site (“1.5 forward”, recognising both alleles) was combined with a reverse primer mapping to the spacer
sequence that is only integrated on the C57BL/6 allele as part of the reporter gene and has been used before for confirming plasmid
and enhancer integration (“integration 1.5 reverse”). For the other two lox sites, forward primers mapping just upstream of and
partially overlapping the lox sites (“25/75 forward”) were combined with reverse primers that had been used before for confirming
plasmid and enhancer integration and recognise both alleles (“integration 75 reverse”/“lox Kl 25 kb initial reverse”). These primer
combinations gave rise to PCR products spanning the insert and the surrounding genome. Thus, PCR products having the expected
size confirmed the intactness of the inserted sequence and the surrounding genome. Selected PCR products were submitted for
Sanger sequencing to further confirm the absence of mutations in the inserted enhancer sequences. The size of the SCR
and SCR-rev prevented the amplification of a single PCR product spanning the entire insert. Instead, we performed two PCRs
giving rise to partially overlapping PCR products that together span the entire insert and the surrounding genome (“1.5/25/75
forward+SCR-reverse” and “SCR-forward+integration 1.5/25/75 reverse” for SCR, “1.5/25/75 forward+SCR-forward” and
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“SCR-reverse+integration 1.5/25/75 reverse” for SCR-rev). We introduced an initial set of enhancers (Sox2 SCR, eNanog, Rybp E2,
Map4k3 E1, Map4k3 E2) into the two clones we derived from the initial knock-in of the reporter gene (see above). For each of the two
initial reporter cell lines, we generated a single clone with the enhancer integration, treated with FIpO and selected a single clone after
FIpO-treatment (resulting in a total of 2 clones for each enhancer integration after FIpO treatment, with each of them being derived
from a different parental reporter cell line clone). Since the results in the two clones of the reporter cell line were highly reproducible,
we integrated the remaining individual enhancers (Rybp E1, Sox2 E15, Sox2 E19 and Sox2 E20) only into clone 1 of the initial reporter
cell line. After Cre-mediated insertion of the enhancer-containing plasmid, two clones were independently expanded and transfected
with FIpO. After selection, two clones per enhancer integration were expanded and verified, resulting in a total of four clones per sin-
gle enhancer.

To integrate the dual enhancers, we selected 1-2 individual clonal cell lines before removing the plasmid backbone, i.e., before
FIpO treatment. We integrated the second enhancer by transfecting the cells with Cre-recombinase and the second enhancer
plasmid. We included both selections to ensure that both enhancers are integrated and selected single clones. We identified positive
clones via PCR with the primers described above and removed both backbones by FIpO treatment afterwards. For all cell lines,
extensive PCR validation ensured both enhancers were integrated. Multiple independently derived clones were selected for further
analysis.

Cas9-targeted sequencing

To verify correct integrations and that the whole locus is not rearranged during the construction of the synthetic locus, we performed
targeted nanopore sequencing with Cas9-guided adapter ligation for selected cell lines, both before and after enhancer integration.
We designed two small pools of gRNA libraries targeting the modified reporter gene locus. The distance between each gRNA is 5 kb.
Cas9 protein, tracRNA and crRNA were ordered from IDT. We cooperated with the Vienna BioCenter NGS core facility and followed
the protocol for Cas9-targeted sequencing using the Cas9 sequencing Kit(SQK-CS9109) from Oxford Nanopore Technologies.

FACS analysis of mCherry expression

To assess reporter gene activation upon enhancer integration, mCherry levels were measured by FACS. Therefore, 200,000 cells
were plated on a 6-well plate in 2i/LIF medium. For each experiment, the two parental reporter cell line clones without enhancer inte-
gration and an untransfected v6.5 control were included. After two days, cells were collected by adding trypsin-EDTA (Sigma-
Aldrich). Trypsinisation was stopped after incubation at 37 °C for 7 minutes by adding 2i/LIF medium containing 10% serum. Cells
were resuspended and centrifuged for 3 minutes at 300 g, the supernatant was removed, and the cell pellet was resuspended in 2i/
LIF medium. mCherry-fluorescence was measured with a BD LSRFortessa Flow Cytometer (BD Life Sciences - Biosciences).

FACS sorting of mCherry-populations

Upon integration of the Nanog enhancer at 1.5 kb, we observed some clones with a fraction of mCherry-negative cells. We sorted
mCherry-positive and -negative cells with a BD FACSAria lll Cell Sorter (BD Life Sciences - Biosciences). Sorting gates were deter-
mined by measuring mCherry fluorescence of a clone without a fraction of mCherry-negative cells: All cells with mCherry signal lower
than the lowest-expressing cells of that clone were sorted as negative, and all remaining cells were sorted as positive. Sorted cells
were kept in culture, and mCherry levels were analysed with a BD LSRFortessa Flow Cytometer (BD Life Sciences - Biosciences)
every few passages.

Luciferase assays

For luciferase assays, we used a pGL3 plasmid with the Firefly luciferase coding sequence under the control of the SV40 promoter
followed by a poly-adenylation signal (Promega). The same enhancer sequences we integrated into the reporter locus were amplified
by PCR from castaneus mouse strain DNA and inserted downstream of the poly-adenylation signal by Gibson assembly. The primer
sequences used to generate these plasmids are indicated in Table S2. Luciferase assays were slightly adapted but otherwise
performed as described previously.'® 10,000 cells from the v6.5 cell line were plated on a 96-well plate and immediately transfected
with 120 ng of enhancer-luciferase plasmid, 4 ng of Renilla control plasmid (Promega) and 0.62 pL of Lipofectamine 2000 Transfec-
tion Reagent (Invitrogen). The medium was removed 5-7 h after transfection, and fresh 2i/LIF medium was added. Firefly and Renilla
luciferase activity were measured 48 h after transfection. Background-subtracted Firefly measurements were normalised to back-
ground-subtracted Renilla values. The resulting values were normalised to the control plasmid without enhancer integration. To
detect statistically significant increases in luciferase activity compared to the no-enhancer control, we performed one-sided Welch
one-sample t-tests on the resulting normalised values to assess whether they are significantly higher than 1 (the value of the no-
enhancer control).

Enhancer KO and RT-qPCR

Enhancers at the Map4k3 locus were deleted in male R1 WT ESCs®° as described.'® RNA was extracted from confluent 6-well plates,
and resulting Map4k3 expression levels were measured by RT-qPCR as described before.'® All gPCR primers used in this study are
listed in Table S3. Expression levels of each replicate were normalised first to Rpl13a and then to WT. To assess statistically
significant decreases in expression upon enhancer deletion, we performed one-sided Welch one-sample t-tests on the resulting
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WT-normalized values to assess whether they are significantly lower than 1 (as all values are normalised to WT, a value of 1 corre-
sponds to WT expression levels).

CTCF binding sites KO

Two CTCF binding sites are found between LP 25 kb and LP 75 kb. To delete the CTCF binding site, we designed one gRNA targeting
the motif of CTCF peak 1, and two gRNAs surrounding the motif of CTCF peak 2. We first deleted the CTCF peak 1 in four cell lines
(eNanog at 75 kb, ME1 at 75 kb, eNanog at 75 kb with ME2 at 25 kb and ME1 at 75 kb with ME2 at 25 kb). We choose two clones of
CTCF peak 1 deletion from each cell line for further KO of CTCF peak 2. Several double KO clones of CTCF binding sites from each
cell line are verified by PCR and Sanger sequencing.

RNA Flow-FISH
To validate the correlation between the levels of reporter gene fluorescence and the number of mMRNAs, mCherry mRNA levels were
quantified performing RNA Flow-FISH.

For this purpose, PrimeFlow RNA Assay Kit was purchased from Thermo Fisher Scientific (88—18005-204) along with Alexa Fluor
647 mCherry target probes. The assay was performed four times following the recommended protocol. Shortly, the cells were first
fixed and then permeabilized using the PrimeFlow RNA Fixation/Permeabilization Buffers provided in the kit. Next, cells were incu-
bated with mCherry target probe for the hybridization step, followed by signal amplification via incubation with corresponding pre-
amplifiers, amplifiers and fluorescent label probes. Cells were then analyzed on a BD LSRFortessa Flow Cytometer (BD Life Sciences
- Biosciences). The subsequent gating and data analysis was done in FlowdJo software.

As negative controls, we also performed the entire protocol with samples containing cells without our synthetic locus, therefore
lacking mCherry reporter gene; and samples lacking the mCherry target probes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis of FACS data

In each FACS experiment, we always included the no enhancer control cell line to account for small changes in laser settings and
where indicated the v6.5 WT control. In addition, we only compared experimental replicates that were analyzed in the same
experiments.

The resulting FCS files were analysed with the FlowJo software (BD Life Sciences — Biosciences, version 10.5.3). We visualised cell
populations as histograms normalised to the maximum cell count for each cell line to analyse the fluorescence distribution in a cell
population. We calculated the mean of mCherry fluorescence with the FlowdJo software to compare different cell lines and replicates.
To account for background fluorescence, we subtracted the mean fluorescence of an untransfected v6.5 control from all values and
used the resulting values for the subsequent analysis described below.

We calculated the average of mean fluorescence and plotted the resulting values for each measurement in bar graphs (see Fig-
ures). To assess statistically significant increases in mCherry fluorescence upon enhancer integration, we performed one-sided
paired t-tests on cell lines with enhancer integration compared to their respective parental reporter cell line clone without enhancers.

To compare the distance dependency of different enhancers, we normalised the mean fluorescence of each enhancer construct as
well as the "no enhancer" control to the clone carrying the enhancer at 1.5 kb. We performed one-sided paired t-tests on the nor-
malised values to identify statistically significant increases compared to the respective "no enhancer" control.

To compare combinations of enhancers, we calculated the mean mCherry expression of all cell lines, either with one or the com-
bination of two enhancers, and subtracted the mean mCherry expression of the “no enhancer” control from the mean expression of
each cell line. We calculated the expected additive expression by adding the resulting (“no enhancer” control subtracted) values.
Normalized values from independently derived enhancer constructs were pooled and the mean expression was calculated for
each replicate. The expected additive expression was calculated by adding the mean over all replicates. A one-sided paired
t-test was performed to assess whether the dual enhancer cell line exceeds the expected additive expression.

Modelling of expected combined activities

The individual activity of enhancers in the 75 kb, 25 kb and 1.5 kb pads were scaled using the negative control conditions where the
three pads contain inactive control sequences (-/-/-). Therefore, they correspond to fold-changes normalized to the basal activity of
the core promoter expressed in log2. Hence, for a given combination C, log, additive and multiplicative predicted values were
computed using the following formulas:

Cadditive = 109 2(2iz5 + 2ips + 2iy5 — 2)

Crutipiicative = 75 +i25 +i15
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Where i7s, o5 and iy 5 correspond to the log, individual enhancer activities inserted 75 kb, 25 kb and 1.5 kb upstream of the core pro-
moter, respectively. Finally, we fitted a multiplicative model with interaction term using log, activity values and the Im function in R:

Cactivity = Bo + B1i75 + Baizs + Bal1.5 + B12i7si2s + B13izsi15 + Bazlasits + B1oalzsiosits + €

Where g, is the intercept, and 64, 8, and (5 coefficients represent the individual contributions of each enhancer’s log, activity to the
overall activity contribution. (45, 813 and (23 are the coefficients for the two-way interactions, and capture the combined effects when
two enhancers are active simultaneously, beyond what would be expected from their individual effects alone. 8423 is the coefficient of
the three-way interaction, indicating how the simultaneous presence of enhancer activities at 75 kb, 25 kb, and 1.5 kb influences the
core promoter activity. However, since no such combination was present in our dataset, this coefficient was automatically set to NA.
Finally, € is the error term.

The performance of each model was assessed using R-squared (R%) computed with the following formula:

Rz _ S S regression
SStotaI

Where, SSregression and SSiota correspond to the Sum of Squares due to regression and the total Sum of Squares, respectively. For
fitted models, R-squared values were adjusted (Adj. R?) to account for the number of predictors.

RT-qPCR of endogenous genes in the synthetic locus

Cell lines with the SCR enhancer integrated at 1.5 kb, 25 kb, and 75 kb before and after FIpO treatment were selected to investigate
the endogenous gene expression in the reporterlocus. We also included the v6.5 ES cell line and parental clone 1 cell line without any
enhancers integrated as negative controls. RNA of each cell line was extracted from confluent 6-well plates, and was further reverse
transcribed to cDNA. Two genes in the synthetic locus, OIfr67 and Hbb-vy, were selected to analyse their expression level by RT-
gPCR as described above. To assess statistically significant increases in expression upon enhancer integration, we performed
one-sided Welch one-sample t-tests on the resulting v6.5-normalized values to assess whether they are significantly higher than
1 (as all values are normalised to v6.5, a value of 1 corresponds to v6.5 expression levels).

ATAC-seq analysis
For the ATAC-seq analysis performed by the Next Generation Sequencing facility at the Vienna BioCenter Core Facilities (VBCF) we
seeded 100.000 cells and harvested 48h later, resuspending in Dulbecco’s Phosphate Buffered Saline (PBS, Sigma-Aldrich).

We used cell lines with the SCR enhancer at 1.5 kb and 75 kb as well as Map4k3 E2 at the same distances. V6.5 ES cell line and
parental clone 2 without enhancer cell lines were used as controls. Over 100k cells with over 85% viability were required by the facility
and the biological replicates were delivered on consecutive days. Samples were run on NovaSeq S4 PE150 XP.

We used the reform tool (https://github.com/gencorefacility/reform) to generate custom-made mm10 genome and annotation files
for the modified cell lines with integration of the reporter gene, the landing pads and in some cases the different enhancers. Fastq
files were analyzed with version 2.1.2 of the nf-core atacseq pipeline,®' aligning to the custom genomes generated above. For the
files aligned to the genome that only contains integration of the reporter gene and the landing pads, but not of the respective en-
hancers, we performed peak calling with Genrich (v0.6.1) and identified consensus peaks that overlap at least 50% between repli-
cates with the samtools intersect tool. Peaks overlapping blacklisted regions (from http://mitra.stanford.edu/kundaje/akundaje/
release/blacklists/mm10-mouse/mm10.blacklist.bed.gz) were removed with substractBed, and peaks as well as aligned reads
were displayed in IGV®? using the ‘Group Autoscale’ function.
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A: IGV browser shot depicting ATAC-seq ' and ChIP-seq against CTCF 2, H3K9me3 3,
H3K9me2 “4, H3K27me3 3, H3K4me3 *, H3K4me1 ° and Polymerase Il (Pol Il) * across the

b-globin locus and neighboring genes
B: FACS plot showing a selected example of clone 2 no enhancer and the parental cell line v6.5

C: Top: schematic of the synthetic locus organisation before removal of the backbone plasmid,
Bottom: representative FACS plots of different eNanog integrated clones at the indicated LPs

before removal of the plasmid backbone

D: Quantification of mean mCherry expression of eNanog integrated at the indicated LPs in
clone 2. All mean expressions were normalised to the 1.5 kb integration. Statistically significant

different signals (p < 0.05, one-sided paired t-tests) are marked by stars.

E: Quantification of mean mCherry mRNA levels of eNanog integrated at the indicated LPs in
clone 1 using FlowFISH. All mean expressions were normalised to the 1.5 kb integration.

Statistically significant different signals (p < 0.05, one-sided paired t-tests) are marked by stars.

F: FACS plots of mCherry expression in selected clones after backbone plasmid removal;
mCherry negative (top) and positive (bottom) cells were sorted and analysed after 1 (left) or 6

(right) additional passages

G: Representative FACS plots showing an individual clonal cell line with the Fgf5 E1 enhancer
integrated at the 1.5 kb LP in clone 2.
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i S2: ATAC F cell | ith 4 hetic | lated to Fi

A: IGV browser track showing ATAC seq signal at the B-globin locus of the parental cell lines
v6.5, the no enhancer control and different enhancers integrated at different LPs. Sequencing
reads were aligned against a custom genome containing the synthetic locus. Bottom: Significant
ATAC peaks are indicated.

B: IGV browser track showing ATAC seq signal at the Nanog locus of the parental cell lines

v6.5, the no enhancer control and different enhancers integrated at different LPs.

C: IGV browser track showing ATAC seq signal at the B-globin locus of the parental cell lines
v6.5, the no enhancer control and different enhancers integrated at different LPs. Sequencing
reads were aligned against a custom genome containing the synthetic locus and the Map4k3 E2

enhancer at 1.5 kb. Bottom: zoom into the integrated enhancer and the mCherry reporter.

D: IGV browser track showing ATAC seq signal at the 3-globin locus of the parental cell lines
v6.5, the no enhancer control and different enhancers integrated at different LPs. Sequencing
reads were aligned against a custom genome containing the synthetic locus and the Map4k3 E2

enhancer at 75 kb. Bottom: zoom into the integrated enhancer (left) and the mCherry reporter
(right).
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Figure S3
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A: Quantification of Hbb-y expression using qPCR in cell lines with the strong Sox2 SCR

enhancer at the indicated LPs before (top) or after backbone removal (bottom).

B: Quantification of OIfr67 expression using qPCR in cell lines with the strong Sox2 SCR

enhancer at the indicated LPs before (top) or after backbone removal (bottom).

C: IGV browser track showing ATAC seq signal at the B-globin locus of the parental cell lines
v6.5, the no enhancer control and different enhancers integrated at different LPs. Sequencing
reads were aligned against a custom genome containing the synthetic locus and the Sox2 SCR

enhancer at 1.5 kb. Bottom: zoom into the integrated enhancer (left) and the mCherry reporter
(right).

D: IGV browser track showing ATAC seq signal at the 3-globin locus of the parental cell lines
v6.5, the no enhancer control and different enhancers integrated at different LPs. Sequencing
reads were aligned against a custom genome containing the synthetic locus and the Sox2 SCR

enhancer at 75 kb. Bottom: zoom into the integrated enhancer (left) and the mCherry reporter
(right).
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Figure S4

integration in clone 2:
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Eigure S4: Validation of enhancer integration in clone 2, related to Figures 2, 3 and 4

A: Luciferase Assay of selected short enhancers. Top: schematic depicting the integration of the
enhancers. Statistical significance was tested by one-sided Welch one-sample t-tests on the
resulting normalised values to assess whether they were significantly higher than 1 (the value of

the no-enhancer control).

B: Quantification of mCherry expression of the five indicated enhancers compared to the no
enhancer control at three different LPs in the clone 2 cell line. Left: integration at 75 kb, middle:
integration at 25 kb, Right: integration at 1.5 kb. Statistically significant signals are marked by
stars compared to the no enhancer control (p < 0.05, one-sided paired t-tests). n.s.: not

significant, p>0.05.

C-F: Quantifying mean mCherry expression of indicated enhancers integrated at the indicated
LPs in the clone 2 cell line. All mean expressions were normalised to the 1.5 kb integration.

Statistically significant different signals (p < 0.05, one-sided paired t-tests) are marked by stars.

G-I: Comparison of combinations of enhancers (third row) to the individual integrations (top two
rows) and the expected additive behaviour in the independently derived clone 2 cell line. Left:
schematic of individual and combinations of integrations at the different LPs. The mean
mCherry expression was calculated, and then the mean expression of the no-enhancer control
was subtracted from all individual and combination mean mCherry expressions. The grey
dashed line indicates the expected values under an additive model. Statistically significant
signals compared to the expected additive modell (p < 0.05, one-sided paired t-tests) are

marked by stars or n.s. (not significant).
G: Map4k3 E1 at 75 kb combined with Map4k3 E2 at 25 kb
H: eNanog at 75 kb combined with Map4k3 E2 at 25 kb

I: Rybp E2 at 75 kb combined with Map4k3 E2 at 25 kb
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Figure S5
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A: IGV browser track depicting ATAC-seq ', CTCF 2, p300 5, H3K27ac 5, and H3K4me1 °

ChlIP-seq tracks for the Sox2 locus, the selected enhancers are indicated by a yellow box.

B-E: Comparison of combinations of enhancers (third row) to the individual integrations (top two
rows) and the expected additive behaviour. Left: schematic of individual and combinations of
integrations at the different LPs. The mean mCherry expression was calculated, and then the
mean expression of the no-enhancer control was subtracted from all individual and combination
mean mCherry expressions. The grey dashed line indicates the expected values under an
additive model. Statistically significant signals compared to the expected additive modell (p <

0.05, one-sided paired t-tests) are marked by stars or n.s. (not significant).
B: eNanog at 25 kb combined with Rybp E2 at 1.5 kb

C: Rybp E2 at 25 kb combined with eNanog at 1.5 kb

B: eNanog at 75 kb combined with Rybp E2 at 25 kb

B: eNanog at 75 kb combined with eNanog at 25 kb

F: log2 fold change of indicated individual clones were compared for the indicated combinations
of enhancers. Indicated clones were obtained at two different steps of the cell line generation
(after the integration of the indicated enhancer and then again after backbone removal), the

clonal cell lines without a star were derived by picking clones after backbone removal.
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Figure S6
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A: Top: Positions of the Nanog enhancer; Middle: ChIP-seq against CTCF 2 and direction of

CTCF motifs; Bottom: MicroC data © across the Nanog locus

B-E: Comparison of mCherry expression before and after deletion of the peak 1 CTCF site. Left:
schematic of individual or combinations of integrations at the different LPs and the deletion of
the CTCF sites. The mean mCherry expression was calculated, and then the mean expression
of the no-enhancer control was subtracted from all individual and combination mean mCherry
expressions. Statistically significant signals (p < 0.05, one-sided paired t-tests) are marked by

stars or n.s. (not significant).
B: Map4k3 E1 integrated at 75 kb with and without peak 1 CTCF site
C: eNanog integrated at 75 kb with and without peak 1 CTCF site

D: Map4k3 E1 integrated at 75 kb and Map4k3 EZ2 integrated at 25 kb with and without peak 1
CTCEF site

E: eNanog integrated at 75 kb and Map4k3 EZ2 integrated at 25 kb with and without peak 1
CTCF site

76


https://www.zotero.org/google-docs/?XcJOZC
https://www.zotero.org/google-docs/?r7js44

Table S1: gRNA sequences used in this study, related to STAR Methods

integration of mCherry

forward

reporter

gene

CACCGGGCCCTCCTCGACCCCATT

integration of mCherry

reverse

reporter

gene

AAACAATGGGGTCGAGGAGGGCCC

lox Kl 25 kb forward

CACCGTGTGTACCTAACAAGATATG

lox Kl 25 kb reverse

AAACCATATCTTGTTAGGTACACAC

lox KI 75 kb forward

CACCGTTCACTATGAGCAGGGCATC

lox KI 75 kb reverse

AAACGATGCCCTGCTCATAGTGAAC

Map4k3 E1 gRNA forward 1

CACCGCAAGGGACAGTATTGCTGCG

Map4k3 E1 gRNA reverse 1

AAACCGCAGCAATACTGTCCCTTGC

Map4k3 E1 gRNA forward 2

CACCGACACAGTAGAGCTTGAATGC

Map4k3 E1 gRNA reverse 2

AAACGCATTCAAGCTCTACTGTGTC
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Map4k3 E2 gRNA forward 1

CACCGACTCCTGCCTAAAACCGCGT

Map4k3 E2 gRNA reverse 1

AAACACGCGGTTTTAGGCAGGAGTC

Map4k3 E2 gRNA forward 2

CACCGAAGTCTAAACACCGTGAGG

Map4k3 E2 gRNA reverse 2

AAACCCTCACGGTGTTTAGACTTC

Rybp E2 gRNA forward 1

CACCGTACCCCTTAATGAGATGGGT

Rybp E2 gRNA reverse 1

AAACACCCATCTCATTAAGGGGTAC

Rybp E2 gRNA forward 2

CACCGTAGAGCTAAATAAAAGGTGC

Rybp E2 gRNA reverse 2

AAACGCACCTTTTATTTAGCTCTAC

CTCF-peak1-KO gRNA forward

CACCGTGTTCTCAGTCAACCTCAAG

CTCF-peak1-KO gRNA reverse

AAACCTTGAGGTTGACTGAGAACAC

CTCF-peak2-KO gRNA forward1

CACCGCTCTTGGGCTAAACGTCTA

CTCF-peak2-KO gRNA reverse1

AAACTAGACGTTTAGCCCAAGAGC
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CTCF-peak2-KO gRNA forward1

CACCGCTAGGTCCGAGGGTAGGTC

CTCF-peak2-KO gRNA reverse1

AAACGACCTACCCTCGGACCTAGC

Table S3: RT-gPCR primers used in this study, related to STAR Methods

Rybp forward AGACCAGCGAAACAAACCAC
Rybp reverse GGAGGAGGAGCGAGTCTTTT
Map4k3 forward GGTGTGGTCATATTACAA
Map4k3 reverse CAGGATTTATGTCCATATTAC

Hbb g for TCA TCA ATG GCC TGT GGA GT
Hbb g rev GGG TCC ATG GGT ACA CAA CA
Olfr67 FOR CAA AAC AGT TCC TCG CCACA
OIfr67 rev GAT GGG GTT AAG CAT TGG GG
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ssDNA Kl 25 kb

GGGCTTGTAAACAAAAAAGCTAAACTACAC
TGTTAAGTCCCTTCCTGTTTGTGTACCTAA
CAAGATTACCGTTCGTATAGGATACTTTATA
CGAAGTTATATGTGGTACACTTATCAATAGA
GTATTGAGATGAATATAATTGAATGCTA

ssDNA Kl 75 kb

AAAATGAAGTCTGAAAGCAAAATGGAGTTT
GTAATGTTAAACTGGGCTCTTCACTATGAG
CAGGGCATAACTTCGTATAAGAAACCATATA
CGAACGGTAATCTGGATCTGTTTTCACATT
GTTCCTTTCTCTTTGCCTACAATTTCAGG

FRT forward

CATGAGAAGTTCCTATTCTCTAGAAAGTATA
GGAACTTCCCATGG

FRT reverse

CTAGCCATGGGAAGTTCCTATACTTTCTAG
AGAATAGGAACTTCT

FRT3 forward

CATGAGAAGTTCCTATTCTTCAAATAGTATA
GGAACTTCCCATGG

FRT3 reverse

CTAGCCATGGGAAGTTCCTATACTATTTGA
AGAATAGGAACTTCT

FRT5 forward

CATGAGAAGTTCCTATTCTTCAAAAGGTATA
GGAACTTCCCATGG
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FRT5 reverse

CTAGCCATGGGAAGTTCCTATACCTTTTGA
AGAATAGGAACTTCT

lox66 forward

CATGATAACTTCGTATAGCATACATTATACG
AACGGTAGC

lox66 reverse

GGCCGCTACCGTTCGTATAATGTATGCTATA
CGAAGTTAT

lox2272/66 forward

CATGATAACTTCGTATAGGATACTTTATACG
AACGGTAGC

lox2272/66 reverse

GGCCGCTACCGTTCGTATAAAGTATCCTAT
ACGAAGTTAT

loxm2/66 forward

CATGATAACTTCGTATATGGTTTCTTATACG
AACGGTAGC

loxm2/66 reverse

GGCCGCTACCGTTCGTATAAGAAACCATAT
ACGAAGTTAT

11
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lox71/ FRT Selection Cassette percentage of
lox66 positive clones
Landing Pad 1.5 kb | loxP FRT Blasticidine-deltaTK 25%
Landing Pad 25 kb | Lox2272 FRTS Hygromycin-delta TK 19%
Landing Pad 75 kb | loxm2 FRT3 Puromycin-delta TK 24.30%

Explanations on the lox sites: The lox66 and lox71 sites are listed together since the landing
pad carries the lox71 mutation, but the targeting vector carries the lox66 mutation, both are build
on the same incompatible lox sites mentioned in the table. Once the lox66 cites recombines
with the lox71 site, two new lox sites are formed, one WT site and one with both mutations
(lox72).

Table S6: Detailed Results from the Modelling. related to Figure 5

Residuals:
Min 1Q Median 3Q Max

-0.23323 -0.09984 -0.02701 0.12613 0.37757

Coefficients: (1 not defined because of singularities)
Estimate Std. Error t value Pr(>|t|)

(Intercept) 0.90099 0.22990 3.919 0.00122 **

indA 0.55119 0.23300 2.366 0.03096 *
indB 0.64666 0.10600 6.100 1.53e-05 ***
indC 0.61416 0.11471 5.354 6.46e-05 ***

indA:indB  -0.04428 0.11639 -0.380 0.70861

indA:indC  -0.09821 0.14464 -0.679 0.50683

indB:indC  -0.12623 0.05119 -2.466 0.02535 *
indA:indB:indC NA NA NA NA

Signif. codes: 0 “**** 0.001 ** 0.01 ** 0.05°.” 0.1 “" 1

12
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Residual standard error: 0.1967 on 16 degrees of freedom
Multiple R-squared: 0.9276, Adjusted R-squared: 0.9004

F-statistic: 34.16 on 6 and 16 DF, p-value: 2.977e-08
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Chapter II: Transient upregulation of IRF1 during the exit

from naive pluripotency confers viral protection
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Elling, Gjis A Versteeg, Christa Buecker

Status: Published

Contribution:

Pluripotent stem cells intrinsically express a subset of interferon-stimulated genes (ISGs),
independent of external stimuli such as viral infection. However, the mechanism underlying
the regulation of ISGs is largely unknown. Here, we found that formative pluripotency gene
regulatory network regulates the expression of a key ISG named /rfI, which is transiently
upregulated during the transition from naive to formative pluripotency. We further identify /rf1
as a regulator of an enhancer controlling Oct6, a marker of formative pluripotency. Loss of Irf1
compromises the expression of a specific subset of ISGs and renders cells exiting naive
pluripotency more vulnerable to viral infection. I contributed to quantifying the function of an
EpiLC-specific enhancer regulating /rf1. To assess its loss-of-function effect, I first generated
several independent cell lines in which this enhancer was knocked out. The knockout cell lines
were verified by PCR genotyping followed by Sanger sequencing. The KO cell lines showed
reduced mRNA and protein expression of IRF1 validated by qPCR and Western Blot. The
results indicate that IRF1 expression is regulated by an enhancer that is controlled by the

formative pluripotency gene regulatory network.
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Abstract

Stem cells intrinsically express a subset of genes which are
normally associated with interferon stimulation and the
innate immune response. However, the expression of these
interferon-stimulated genes (ISG) in stem cells is independent
from external stimuli such as viral infection. Here, we show
that the interferon regulatory factor 1, Irfl, is directly con-
trolled by the murine formative pluripotency gene regulatory
network and transiently upregulated during the transition
from naive to formative pluripotency. IRF1 binds to regulatory
regions of a conserved set of ISGs and is required for their
faithful expression upon exit from naive pluripotency. We
show that in the absence of IRF1, cells exiting the naive
pluripotent stem cell state are more susceptible to viral infec-
tion. Irfl1 therefore acts as a link between the formative
pluripotency network, regulation of innate immunity genes,
and defense against viral infections during formative pluripo-
tency.

Keywords pluripotency; viral infection; cell fate transition; ISG; gene regula-
tory networks
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Introduction

Mouse embryonic stem cells (ESCs) are self-renewing in a naive
pluripotent cell state in vitro. The essential gene regulatory net-
work required to maintain naive pluripotency has been the sub-
ject of numerous studies and is very well-defined (Betschinger
et al, 2013; Dunn et al, 2014; Leeb et al, 2014). Development
although is characterized by tightly regulated cell fate transitions,
which are required to establish the remarkable complexity of
multicellular organisms. After exiting naive pluripotency, cells

enter a transient state termed formative pluripotency
(Smith, 2017). This transition is characterized by global reorgani-
zation of the enhancer landscape and upregulation of the forma-
tive gene regulatory network (Buecker et al, 2014a). However,
factors involved in this formative pluripotency gene regulatory
network are less well-understood: Genetic screens interrogating
this transition have mostly focused on maintenance of (Li
et al, 2018; Seruggia et al, 2019) or exit from naive pluripotency
(Betschinger et al, 2013; Leeb et al, 2014; Li et al, 2018; Lackner
et al, 2021). Formative pluripotency was only considered in the
context of a multistep differentiation into primordial germ cell
fate (Hackett et al, 2018).

Pluripotent and multipotent stem cells intrinsically express
subsets of genes which are referred to as interferon-stimulated
genes (ISGs; Wu et al, 2018). The subsets of expressed ISGs
are distinct between different stem cell types and change in
differentiation (Wu et al, 2018). How these ISGs are regulated
is unknown, as mouse ESCs for example do not respond to
interferon  (IFN) stimulation (Burke et al, 1978; Harada
et al, 1990; Wang et al, 2013; Chen et al, 2020). Strikingly,
pluripotent stem cells are more resistant against viral infection
compared with their differentiated descendants (Swartzendruber
& Lehman, 1975; Wolf & Goff, 2009), and this is at least in
part due to ISG expression (Wu et al, 2018). However, whether
ISGs and pluripotency gene expression are functionally con-
nected has remained unknown.

Here, we identify the ISG IrfI in a CRISPR-KO screen as a regula-
tor of an enhancer that controls the expression of Oct6, a formative
marker gene. IRF1 has a conserved role as regulator of other ISGs.
Interestingly, many ISGs are differentially expressed between naive
and formative pluripotency, and we show that IRF1 is directly
responsible for the expression of a subset of these genes. Further-
more, IRF1 confers viral protection to cells during the exit from
naive pluripotency. Finally, transient Irfl expression in formative
pluripotent cells is directly regulated by the formative pluripotency
gene regulatory network through a stem cell-specific enhancer.
Pluripotency and interferon responsive gene regulatory networks
are therefore connected through Irfl during the transition from
naive to formative pluripotency.
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Results

Monitoring exit from naive and entry into formative pluripotency
with a dual fluorescent reporter

We designed a fluorescent reporter system which simultaneously
monitors exit from naive and entry into formative pluripotency.
Murine ESCs are cultured under defined 2i + LIF conditions, which
preserve the naive state of pluripotency. Upon withdrawal of
2i + LIF and stimulation with FGF2, the cells differentiate within
48 h irreversibly from the ESC state into epiblast-like cells (EpiLC;
Hayashi et al, 2011; Buecker et al, 2014a), often referred to as the
formative state of pluripotency (Smith, 2017). Two differentially
active enhancer elements (Appendix Fig SIA) were cloned into
reporter constructs to activate different fluorescent markers.
Thereby, we could follow the exit from naive pluripotency and the
entry into formative pluripotency simultaneously: a naive-specific
enhancer close to Tbx3 (eTbx3) controls GFP expression and a
formative-specific enhancer close to Oct6 (also known as Pou3fl,
eOct6) drives mCherry expression (Buecker et al, 2014a). Both con-
structs and Cas9 cDNA were introduced into ESC, and two indepen-
dent clonal cell lines were selected which showed clear separation
of ESC and EpiLC populations after 48 h of differentiation by FACS
analysis (Appendix Fig S1B-D). We tested the screening set-up
through deletion of Tcf7l1 (also known as Tcf3): Loss of the tran-
scription factor Tcf7l1 causes a strong delay in the exit from naive
pluripotency (Wray et al, 2011). As expected, Tcf7l1 knockout (KO)
caused a shift in dual fluorescent marker expression in the EpiLC
population (Appendix Fig S1E), with mCherry showing lower
expression than the WT cells and GFP showing higher expression in
the Tcf7l1 KO cells 48 h after initiation of differentiation. In sum-
mary, the dual fluorescent reporter enables faithful monitoring of
the transition from naive into formative pluripotency.

Screening for factors regulating entry into
formative pluripotency

Next, we performed a pooled CRISPR KO screen with the dual
reporter cell line to identify factors regulating the entry into forma-
tive pluripotency. We transduced the reporter cell lines (100 million
cells) with a lentiviral library for the expression of 22,781 unique
sgRNAs targeting 2,524 nuclear localized genes, including 159 genes
considered ISGs (Figs 1A and EVI1A, Dataset EV1, Dataset EV3,
Dataset EV4). We expected a candidate regulator of formative
pluripotency to modify transcription and such a small, selected

Merrit Romeike et al

library increases statistical robustness. We also infected wild-type
ESC (R1 cells) lacking CAS9 expression to control for sgRNA abun-
dance in the lentiviral library. We selected infected cells with
Neomycin for 48 h. After recovery from selection for an additional
48 h, we harvested 60 million cells to identify ESC essential factors:
We compared the abundance of sgRNA coding sequences in genomic
DNA from CAS9 expressing or non-expressing cells. As expected, we
observed enrichment of Trp53 sgRNA, as cells lacking p53 proliferate
faster and enrich in populations of mixed clones (Sabapathy, 1997;
Fig 1B). Conversely, ESCs lacking core pluripotency factors includ-
ing OCT4 (also known as POU5F1) and NANOG depleted from this
population, as these factors are required for naive pluripotency
(Fig 1B). Moreover, larger sets of known essential factors showed
depletion (Figs 1B and EV1B; Hart et al, 2017; Li et al, 2018). We
conclude that the overall screening set-up could identify known
essential regulators of the naive pluripotent stem cell state.

Next, we applied our screening platform to identify potential acti-
vators of the formative pluripotency network. We differentiated
ESCs for 48 h into EpiLC and binary scored EpiLCs as differentiation
“impaired” or “unimpaired”: Cells with reporter activity overlapping
the behavior of no sgRNA controls were FACS-sorted as unimpaired.
Conversely, cells with higher eTbx3 controlled GFP and/or lower
eOct6 controlled mCherry were sorted as impaired (see Figs 1A, and
EVIC and D for gating strategy). In addition, we also collected
unsorted EpiLCs as baseline. This strategy allowed several compar-
isons of sgRNA abundance: KO of a candidate driving the formative
state should increase the probability of impaired differentiation;
therefore, the sgRNAs should be enriched in the impaired popula-
tions. This was the case for a total of 72 factors (Fig 1C). Con-
versely, a candidate KO should be incompatible with unimpaired
differentiation, and therefore, sgRNAs drop out from the unimpaired
population. Two hundred and eighty-five factors showed such a
behavior (Fig 1D). We identified an overlapping set of 17 hits,
which were found in both comparisons and are therefore the most
stringent candidates involved in this cell fate transition (Figs 1E,
and EVIE and F). Among these candidates were members of path-
ways with known involvement in stem cell differentiation: The FGF
receptor Fgfrl, Teadl which plays a role in the Hippo pathway
(Molotkov et al, 2017) and Zic3, a known regulator of the exit from
naive pluripotency and entry into primed pluripotency (Yang
et al, 2019).

In addition, we identified several members of the SWI/SNF chro-
matin remodeling family, also called BAF complexes (Aridla,
Smarcel, and Smarcadl). Specific subunits of BAF complexes are
connected to diverse phenotypes in ESCs (reviewed in Ye et al,

Figure 1. Screening for factors required for activation of formative pluripotency.

A Outline of CRISPR-KO screening strategy. Reporter ESCs were transduced with a pooled CRISPR-KO library. Cells selected for library integration with and without
CAS9 were compared, assaying genes essential for the ESC state. Reporter cell lines were differentiated and scored by flow cytometry sorting as differentiation
impaired (blue box) or unimpaired (red box). See also Fig EV1C and D for gating strategy.

B-D Volcano plots of indicated comparisons in CRISPR-KO screen analysis. The x-axis represents fold change of sgRNA presence between indicated conditions, the y-
axis shows the binomial P-value. Non-targeting control sgRNA are indicated in black. All analyses are based on two replicates in two independent cell lines. (B)
SgRNA representation in ESCs with CAS9 vs. ESCs without CAS9. Indicated are known ESC essential genes (Hart et al, 2017) and selected factors. See also Fig EV1B.
(C) sgRNA representation in EpiLC sorted as impaired vs. non-sorted EpiLC. Indicated in blue are factors enriched with FDR < 0.1. See also Fig EV1E. (D) sgRNA rep-
resentation in EpiLC sorted as unimpaired vs. non-sorted ESCs. Indicated in red are factors depleted with FDR < 0.1. See also Fig EV1F.

E Overlap of all factors enriched in impaired and/or depleted from unimpaired populations, candidate factors found under both conditions are indicated.

F MA plot of gene expression changes in EpiLC vs. ESC. The candidate factors which were identified as shared between both screening conditions (Fig 1E) are
indicated in red. P-value for Irfl calculated with DESeq2. n = 2 biological replicates.
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2021). SMACRCE1/BAF57 is a canonical BAF subunit, and ARID1A/
BAF250A is a component of the ESC-specific esBAF, with Aridla-
deficient mice showing an arrest in early embryonic development
(Gao et al, 2008). SMARCAD1 has been shown to silence
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endogenous retrovirus in ESCs (Sachs et al, 2019). In sum, we were
able to identify known regulators of the exit from naive pluripo-
tency, demonstrating that our screening approach can identify fac-
tors involved in the exit from naive pluripotency.
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One of the top screening hits was the interferon regulatory factor
1, Irfl, a transcription factor and a member of ISGs. Irfl was
depleted from the unimpaired cell population and enriched in the
impaired population for every single analyzed condition. We vali-
dated gene expression levels for all hits in ESC and EpiLC cells
(Fig 1F). All hits are expressed, but only Irfl shows significant
upregulation in differentiation. Therefore, we focused on Irfl and
explored its function during the exit from naive pluripotency.

Irfl is activated by the formative pluripotency gene
regulatory network

As Irfl is upregulated during exit from naive pluripotency, we ana-
lyzed the chromatin environment surrounding the Irfl gene to iden-
tify potential regulatory regions that might control IrfI expression in
EpiLCs. We identified a putative enhancer region 10 kb upstream of
Irfl. In ESCs, this element is not strongly marked by active enhancer
marks. However, in EpiLCs, this element is marked by OCT4, P300,
the formative transcription factor OTX2 and the active histone modi-
fications H3K27ac and H3K4mel (Fig 2A). KO of Otx2 has limited
effect on the exit from naive pluripotency, but Otx2 KO EpiLCs have
significantly lower expression of Irfl, suggesting that the pluripo-
tency network controls the expression of IrfI (Buecker et al, 2014a).
Importantly, this putative enhancer is specific for the ESC to EpiLC
transition as it was not marked by H3K27ac in unstimulated and
IFN-y exposed bone marrow-derived macrophages (BMDMs). In
contrast, a region 6 kb upstream of Irfl is marked by increasing
H3K27ac in BMDMs after IFN-y stimulation. This suggests a cell
type-specific regulation mechanism for Irfl during the exit from
naive pluripotency.

We deleted the identified putative enhancer region to analyze
whether the element indeed controls the expression of Irfl. We gen-
erated four independent enhancer KO cell lines and validated the
absence of the enhancer region by genotyping PCRs and sequencing
of the PCR products (Fig EV2A and B). We then tested whether IrfI
expression is perturbed during differentiation into EpiLCs upon
enhancer loss. Indeed, enhancer KO lines showed significantly
reduced Irf1 mRNA levels (Fig 2B). We also confirmed reductions in
IRF1 protein levels by Western blot (Fig EV2C). The formative
marker OTX2 is not influenced by the enhancer KO, and lack of
IRF1 expression is therefore not caused by lack of transition to the
EpiLC state. We conclude that Irfl expression in EpiLCs is directly
connected to the formative network by enhancer regulation.

In the IFN response, JAK/STAT signaling is a known regulator of
Irfl expression and JAK/STAT is also active in naive and formative
pluripotency. We therefore tested whether JAK/STAT signaling acti-
vates Irfl expression in formative pluripotency. We treated cells
with the JAK inhibitor ruxolitinib at the onset of differentiation.
Treatment drastically reduced phosphorylation levels of STAT3
(Fig EV2D) but did not interfere with differentiation, as Tbhx3 and
Otx2 as naive and formative markers, respectively, were not misreg-
ulated (Fig EV2E and F). Irfl mRNA levels were not significantly
reduced by ruxolitinib treatment in WT cells (Fig 2C), and ruxoli-
tinib did not decrease Irfl expression further in enhancer KOs
(Fig 2C). Together, these results demonstrate that direct action of
the formative pluripotency network, and not IFN signaling, is the
main driver of Irfl expression during the exit from naive pluripo-
tency.
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Transient IRF1 expression in the epiblast is conserved

We wondered whether upregulation of Irf] during the exit from naive
pluripotency is limited to the in vitro 2D cell culture differentiation
system. Therefore, we analyzed publicly available RNA-seq data col-
lected from peri- and early postimplantation murine embryos at days
E5.0, ES.5, and E6.5 (Fig 2D; Kinoshita et al, 2021a; Data ref:
Kinoshita et al, 2021b). Irfl expression is transiently increased dur-
ing implantation at ES.0, but rapidly decreases again within 1 day of
development. Irfl is specific to the epiblast, as E4.5 primitive endo-
derm cells are not showing IrfI expression (Fig EV2G; Boroviak et al,
2015a; Data ref: Boroviak et al, 2015b). Accordingly, Irf1 expression
in a single cell dataset spanning mouse gastrulation is highest in epi-
blast and primitive streak metacells and downregulated in later states
(Mittnenzweig et al, 2021). We conclude that the expression of IrfI is
transiently upregulated in implantation stage embryos; therefore, the
expression of Irfl in EpiLCs reflects the in vivo expression patterns
observed in murine peri-implantation epiblasts.

We further asked whether Irfl expression is conserved in
humans. Due to the limited availability of human embryonic data,
we used a published dataset which integrates preimplantation
single-cell expression data with data collected from blastocysts
derived at 5 d.p.f. and cultured until 9 and 11 d.p.f., representing
the pre- and postimplantation epiblast (Mole et al, 2021a; Data ref:
Mole et al, 2021b). Cells showed an increase in Irfl expression in
peri- and early postimplantation epiblasts (Fig 2E). The transient
expression of Irfl is a conserved feature of implantation between
murine and human embryogenesis.

IRF1 is a regulator of interferon-stimulated genes
during pluripotency

Next, we wanted to understand the function of IRF1 in the exit from
naive pluripotency and generated IrfI KO cell lines. We simultane-
ously transfected two CRISPR sgRNAs to delete an exon-intron
boundary around intron 3 of Irfl into our dual reporter cell lines
and R1 WT cells using lipofection. We identified individual clones
through genotyping PCR and validated the absence of full-length
protein by Western blot (Figs 3A and EV3A). Control ESCs showed
very low IRF1 levels, but in IrfI KO cells, the protein is absent. IRF1
is localized to the nucleus, with homogenous faint expression in
ESCs and robust homogenous signals in EpiLCs (Fig 3B). This signal
in EpiLCs is lost upon deletion of Irf1 (Fig 3B).

Next, we asked whether IRF1 affects gene expression in differen-
tiation from ESC to EpiLCs. We performed RNA-seq using the
Quantseq protocol for WT and two independent IrfI KO cell lines
under ESC and EpiLC conditions (Dataset EVS). Principal compo-
nent analysis captured differentiation along PC1 and genotype-
specific effects along PC2 (Fig 3C). These results indicate that Irf1
KO cells do not show drastically changed cell states in differentia-
tion. To corroborate these findings, we focused on well-established
pluripotency markers, expressed either in ESCs (such as Kif4, Esrrb,
and Nanog), or in EpiLCs (for example, Fgf5 and Otx2) and found
little change in expression. With the exception of Oct6, which was
reduced (Fig 3D; all shown factors P-value control vs. Irfl
KO > 0.05, besides Tbx3 (P-value = 0.031)). Previously, a list of 496
genes which are either positively or negatively associated with the
core pluripotency markers was described (naive-associated genes,
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Figure 2. Formative pluripotency drives transient Irf1 expression.
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A Chromatin context of Irf1 in ESCs, EpiLC and BMDMs with and without IFNy stimulation. Shown are ChIP-seq tracks of histone mark H3K27ac, transcription factors
0OCT4, OTX2, and p300 and ATAC seq profiles (data were generated by Data ref: Buecker et al, 2014b; BMDM Data ref: Langlais et al, 2016b). The putative enhancer

that was knocked out is indicated.

B RT-gPCR analysis of Irf1 mRNA in Irfl*/+ and Irf1 enhancer KO in differentiation. Fold change is normalized against Rp/13a housekeeping mRNA expression and is cal-
culated against ESC for each indicated cell line. This is shown as baseline with the dashed line at fold change = 1. Statistical tests were performed as homoscedastic
one-sided t-tests. Shown are three biological replicates, datapoints from the same replicate are indicated with the same symbol. Black horizontal lines show the mean

of the data.

C RT-gPCR analysis of Irf1 mRNA in /rf1*/* and Irf1 enhancer KO in differentiation, treated with ruxolitinib. Fold change is normalized against Rpl13a housekeeping
mRNA expression and is calculated against ESC for each indicated cell line. This is shown as baseline with the dashed line at fold change = 1. Statistical test was per-
formed as homoscedastic one-sided t-tests. Shown are three biological replicates, datapoints from the same replicate are indicated with the same symbol. Note that

+/+

each replicate contains two Irfl

samples. Black horizontal lines show the mean of the data.

D Irfl expression in murine blastocysts and ESCs (Data ref: Kinoshita et al, 2021b). For E5.0, E5.5 and E6.0, entire single blastocysts were sequenced (n = 3 biological
replicates), for ESCs n = 4 biological replicates.
E Irfl expression in human blastocysts. Integrated single-cell RNA-seq data from blastocysts collected at or cultured to indicated time points. Data are derived from a

total of 16 embryos which passed quality control metrics (Data ref: Molé et al, 2021b).
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NAGS (Lackner et al, 2021)). NAGs are also correlated with pre- to
postimplantation expression changes in mice and macaque in vivo.
As expected, NAGs show strong ESC- and EpiLC-specific expres-
sions, but no drastic change upon Irf1 deletion (Fig EV3B).
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We tested whether Irfl KO cells displayed a general exit from
naive pluripotency defect using alkaline phosphatase staining
(Fig EV3C). We differentiated cells for 72 h to irreversibly exit naive
pluripotency and plated them back under naive 2i + LIF conditions.
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Figure 3. IRF1 regulates ISG expression in EpiLCs.

EMBO reports

A Western blot analysis of /rfl’/’ in ESC and EpiLC, probed with antibodies against IRF1 and VINCULIN as loading control. Shown are two independent clonal cell lines.

See Fig EV3A for long exposure and size marker of the same blot.

B Immunofluorescence with IRF1 antibody in Ir7‘1+/+ and Irfl’/’ ESC and EpiLC. Nuclei are stained with DAPI. Scale bars are 10 um.

Dimension reduction (principal component analysis, PCA) of Irfl"’

and Irf1~/~ ESC and EpiLC, based on QuantSeq RNA data. PCA captures global transcriptional

states of samples and similarity of these states is reflected in closeness of samples in the plot. n = 2 biological replicates.
D Expression changes in selected pluripotency markers in lrfl”+ and Irfl’/’ ESC and EpiLC Quantseq RNA data. Data are shown as gene normalized z-score. n = 2 bio-

logical replicates.

E Expression changes of ISGs in Irfl”* and Irfl’/’ ESC and EpiLC Quantseq RNA data. Shown are ISGs differentially expressed (P-value < 0.05) between Irfl”+ and
Irf1~/~ EpiLCs. Data are shown as gene normalized z-score. See also Fig EV3E. Selected gene examples are indicated. n = 2 biological replicates.
F Expression changes in the same genes as in Fig 3E in dox-inducible SunTag-based IRF1 overexpression. Data are shown gene normalized as z-score. Selected gene

examples are indicated. n = 2 biological replicates.

Genotypes with exit from naive pluripotency defect show an
increased fraction of cells still able to proliferate under 2i + LIF con-
ditions (Leeb et al, 2014). Irfl KO cells did not show increased
colony formation and therefore are not impaired in the exit from
naive pluripotency. We conclude that IRF1 does not regulate exit
from naive or entry into formative pluripotency.

Irfl is a member of a group of genes previously classified as ISGs.
A subset of ISGs are intrinsically expressed in stem cells of several
species, even in the absence of viral stimulation (Wu et al, 2018).
In differentiation to somatic cell types, this intrinsic ISG expression
and thereby viral protection is lost (Wu et al, 2018).

Given the role of IRF1 as a transcription factor and as a core com-
ponent of the type I and II IFN responses, we asked whether ISG
expression is influenced by IRF1 during the exit from naive pluripo-
tency. We first confirmed high expression levels of ISGs (as defined
in Wu et al, 2018) in our ESC and EpiL.C RNA-seq data (Fig EV3D).
As expected, a subset of ISGs was expressed in both ESCs and
EpiLCs; however, we also observed changes in the cell state-specific
expression of ISGs (Fig EV3D). Notably, Irf7, which was shown to
be incompatible with maintenance of pluripotency, was absent in
either cell state (Eggenberger et al, 2019). Next, we analyzed which
ISGs are differentially expressed in Irfl KO vs. WT in EpiLCs
(Fig EV3E). Out of the subset of differentially expressed ISGs, Irfl
KO most strikingly affects genes which under normal differentiation
conditions are upregulated (Fig 3E). Examples for ISGs which are
not upregulated in Irfl KO include Ddx58, Ddx60, Rsad2, and
Trim56 (see also below).

We asked whether changes in gene expression are directly con-
trolled by IRF1 and established an IRF1 overexpression system in
ESCs using an inducible CRISPR-ON system (Heurtier et al, 2019).
CRISPR sgRNAs are constitutively expressed. Upon doxycycline
(dox) addition, dCAS9 coupled to 10x GCN4 is induced, which in
turn recruits several molecules of scFv-linked VP64, a potent tran-
scriptional activator. We used an sgRNA targeting the IrfI promoter
and validated the expression of full-length IRF1 protein 48 h after
dox induction in ESC (Fig EV3F). We performed QuantSeq to detect
RNA expression changes after IRF1 overexpression (Dataset EV7).
As a control, we included dox induction of dCAS9 in the absence of
sgRNA expression. Activity of untargeted dCAS9 had a strong effect
on gene expression, potentially because of DNA damage induction
and off-target effects (Fig EV3G; Tycko et al, 2019). As expected,
IRF1 expression was upregulated when sgRNA directed to the pro-
moter of Irfl was used under dox induction conditions (Fig EV3H).
The expression of NAGs was not influenced by IRF1 overexpression,
but rather by non-targeted dCas9 presence (Fig EV3I, left panel). In

© 2022 The Authors

contrast, ISG and specifically those ISG that were also misregulated
in Irf1 KO, showed upregulation in IRF1 overexpression (Fig EV3I,
right panel, Fig 3F).

Pluripotency is associated with lack of epigenetic repression and
transcriptional activation of transposable elements (TEs; Peaston
et al, 2004). Transposable elements include endogenous retro-
viruses, and IRF1 is involved in repression of endogenous retro-
viruses (Stoltz et al, 2019). We analyzed expression levels of TE
families in WT differentiation and in the absence of IRF1 in EpiLCs
(Dataset EV6). ESCs and EpiLCs have distinct transcriptional profiles
for TE families (Fig EV3J). In contrast, deletion of IrfI only has a
minor effect on TE families (Fig EV3K). Therefore, we conclude that
IRF1 is not a major regulator of TE expression in naive and forma-
tive pluripotency. However, Irfl is involved in the activation of a
subset of ISGs.

The Oct6 enhancer is directly regulated by IRF1

Next, we asked which chromatin sites are bound by endogenous
IRF1 in ESCs and EpiLCs. First, we validated IRF1 ChIP efficiency by
gPCR. IRF1 ChIP recovers the promoter of Gbp2 (Fig EV4A), a
known IRF1 bound site in macrophages (Ramsauer et al, 2007;
Langlais et al, 2016a). In addition, we also assayed two primer pairs
at the eOct6 enhancer locus, both showed enrichment in IRF1 Chip-
gqPCR (Fig EV4A).

To test genome-wide binding of IRF1, we sequenced libraries
derived from IRF1 ChIP in WT and IRF1 KO for ESCs and EpiLC in
replicates (Dataset EV8). Lack of peak calling by MACS2 for IRF1 KO
samples confirmed specificity of the used antibody (Fig EV4B).
Peaks in ESCs (which have low IRF1 levels) still differed from KO
conditions (Fig EV4B). Qualitatively, binding sites of IRF1 did not
drastically change in differentiation (71 sites with FDR < 0.05).
Quantitatively, IRF1 bound sites are weakly marked already in ESCs,
and binding signal increases upon differentiation in EpiLCs (Fig 4A).

We compared IRF1 binding sites to those of OCT4 as a hallmark
of pluripotency-related sites (Buecker et al, 2014a; Data ref: Buecker
et al, 2014b). 942/1770 of IRF1 sites overlapped with OCT4 found
under either ESC, EpiLC or both conditions (Fig EV4C). The major-
ity of the sites bound by both OCT4 and IRF1 are not changing their
OCT4 binding in differentiation. More EpiLC-specific OCT4 sites
overlap with IRF1 sites (261) than ESC-specific ones (19; Fig 4B).
One example of such a EpiLC-specific site is the eOct6 enhancer
used as reporter in CRISPR-KO screen (Appendix Fig S2B).

IrfI KO EpiLCs express lower levels of Oct6 than control, and IrfI
scored as a screenhit in the set-up which included Oct6 enhancer

91

EMBO reports 23:e553752022 7 of 20

"1598:G286:0962 0T 7220:864T 6017 T00Z d | W01} G202 ‘62 1SNBnYy Uo Bio'ssaidoguuemmm//:sdiy wouy papeoiumoq



EMBO reports

activity as a readout. Irfl KO EpiLCs are shifted along the eOct6
enhancer controlled mCherry expression axis and showed lower flu-
orescent values in FACS analysis (Appendix Fig S2A, C, and E).
This effect was already present in ESCs, here also, the basal eOct6
enhancer activity was reduced. GFP levels controlled by the eTbx3
enhancer were not affected (Appendix Fig S2A, C, and E).

We tested whether eOct6 enhancer activity can be rescued in Irfl
KO background by IRF1 expression. We expressed doxycycline-
inducible Irfl from cDNA in the dual reporter cell lines. Induction
with doxycycline under ESCs conditions induced higher IRF1
expression than endogenous expression levels in EpiLCs
(Appendix Fig S2D). The eOct6 reporter was also more active in
ESCs compared with WT and Irfl KO (Appendix Fig S2C). OCT6
protein levels were not increased in doxycycline-treated ESCs, indi-
cating that even high enhancer activity cannot drive gene expression
in a non-permissible chromatin environment (Appendix Fig S2D).
Doxycycline treatment of reporter cells during differentiation also
increased IRF1 levels and eOct6 activity to higher levels compared
with control differentiation. eTbx3 always reported the differentia-
tion status of the cells, independent of doxycycline treatment or Irfl
background.

Doxycycline induced very strong expression of IRF1 and did not
recapitulate normal expression levels. Therefore, we additionally
used the eOct6 enhancer to control IRF1 expression to enable
differentiation-induced IRF1 expression during the exit from naive
pluripotency. In cells transfected with this construct, IRF1 was
already increased in ESCs at the protein level (Appendix Fig S2F),
most likely due to low enhancer activity in ESCs. This weak expres-
sion corresponded to an already increased eOct6 enhancer con-
trolled mCherry signal in ESCs (Appendix Fig S2E). In EpiLCs, IRF1
expression levels were fully restored or slightly increased in compar-
ison with endogenous levels (Appendix Fig S2F). This correlated
with increased eOct6 enhancer activity driving mCherry. Through-
out all rescue conditions, eTbx3 controlled GFP levels were not
influenced and changed according to differentiation status
(Appendix Fig S2C and E).

We identified a canonical IRF1 binding motif (SAAAgtGAAA) in
the eOct6 enhancer itself. To test whether this motif is necessary for
enhancer activity, we mutated 11 nucleotides within the IRF1 motif
(from here referred to as eOct6-Alrfl). We generated cell lines in WT
and Irfl KO background which contain eOct6-Alrfl controlling
mCherry expression. In addition, we included the wild-type eOct6
enhancer controlling GFP expression as an internal control
(Appendix Fig S2G). As expected, the unmodified eOct6 enhancer
was activated in WT cells and to a lesser extent than in Irf1 KO cells.
However, with the IRF1 binding motif mutated, the eOct6 enhancer
is activated independent of the presence or absence of IRF1, as Irfl
KO shows similar activation levels compared with WT cells. The
IRF1 binding motif mutated eOct6-Alrfl enhancer is still increasing

Figure 4. IRF1 binds to genes involved in the innate immune response.

Merrit Romeike et al

activity in differentiation into EpiLCs, stressing that IRF1 is not the
sole regulator of eOct6 activity, but that a combination of factors is
involved in the activation of the enhancer. In conclusion, IRF1
directly regulates eOct6 enhancer activity dependent on the IRF1
binding motif, but IRF1 is not the sole regulator of this enhancer.

IRF1 binding sites are involved in viral defense

As IRF1 binding showed little overlap with cell state-specific OCT4
binding, we asked whether the IRF1 targets in EpiLCs are also acti-
vated in the innate immune response. Therefore, we compared ESC
and EpiLC IRF1 binding sites to those in BMDMs, before and after
IFNy stimulation (Data ref: Langlais et al, 2016b; Fig 4C). 64% of
ESC/EpiLC IRF1 binding sites are also bound by IRF1 in BMDMs,
either stimulated or unstimulated with IFNy. We compared genomic
annotations between the sites shared between BMDMs and EpiL.Cs.
Shared sites are located more often at promoter regions, while stem
cell-specific sites are located in intergenic regions, including
enhancer sites (Fig EV4D).

GO term enrichment across all stem cell IRF1 binding sites con-
firmed integration into biological processes such as defense
response to other organisms and innate immunity processes
(Fig 4D).

Excitingly, in EpiLCs, IRF1 directly binds to promoters of genes
that code for core components of the interferon response: For
example, Ddx58/Rig-I and its ligand-specific sentinel Ddx60 (Oshi-
umi et al, 2015) showed increased IRF1 binding at the promoter in
differentiation (Fig 4E). Furthermore, both genes are upregulated
during the transition from ESC to EpiLCs (Fig 3E), and overexpres-
sion of IRF1 in ESCS leads to induction of these genes (Fig 3F),
establishing both genes as direct targets of IRF1 in the exit from
naive pluripotency. DDX58/RIG-I is known as a sensor of viral
RNA, including for vesicular stomatitis virus (Kato et al, 2005;
Yoneyama et al, 2005; Kell & Gale, 2015). Other examples include
Trim56 and Rsad2/Viperin, which are also bound and regulated by
IRF1 and well-established components of innate immune response
(Fig 4E).

Taken together, IRF1 directly regulates a subset of ISGs. Many of
these targets are conserved between early embryonic and somatic
cell types.

Intrinsic expression of IRF1 defends formative pluripotent cells
against viral infections

ISGs play a major role in defense against viral infection, and IRF1 is
a direct regulator of a subset of ISGs. Therefore, we investigated
whether IRF1-mediated ISG expression in EpiLCs influences suscep-
tibility to viral infection. We first differentiated WT and KO ESCs for
32 h to allow robust induction of IRF1 expression under WT

A IRF1 ChIP-seq in ESC and EpilC. Binding profiles and heatmaps of the consensus of all binding sites are shown.
B Venn diagram of overlap between chromatin IRF1 binding sites and OCT4 binding sites specific in ESCs (left) or EpiLCs (right). (Data ref: Buecker et al, 2014b).
C Venn diagram of overlap between chromatin IRF1 binding sites identified in bone marrow-derived macrophages (BMDM) —IFNy/+IFNy (Data ref: Langlais

et al, 2016b) and ESC/EpiLC.

D GREAT-analysis of GO term enrichment for IRF1 chromatin binding sites in ESC/EpiLC. Binomial P-values of top 10 GO biological processes are shown.
E Chromatin loci with IRF1 binding profiles for genes selected in Fig 3F. Called IRF1 peaks at the promoter are highlighted by red boxes.
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conditions (Fig 5A). We then treated the differentiated cells for 16 h
with vesicular stomatitis virus expressing GFP (VSV-GFP). VSV has
broad tissue tropism, suggesting that viral entry is dependent on
ubiquitous mechanisms (Finkelshtein et al, 2013). GFP expression
allows direct readout of infection rates by FACS analysis of GFP-
positive cells (Figs 5B, C and E, and EVSA, C and D). Cells were
infected with a low multiple of infection (MOI) to establish a multi-
cycle infection in IrfI WT cells. Strikingly, the percentage of infected
cells significantly increased in Irf1 KO (Fig 5B and C). Furthermore,
deletion of the EpiLC-specific enhancer controlling Irfl expression
also increased viral infection compared with WT cells (Fig 5B
and C).

Next, we quantified the viral replication ability by determining
the viral titers in the supernatant of infected cells (Fig SA). Full KO
of Irfl, but also reduced levels of IRF1 by enhancer KO, increased
viral titers (Fig 5D). We tested whether reexpression of IRF1 from a
doxycycline-inducible construct could reduce the infection levels
(Fig EV5B and C). Indeed, IRF1 overexpression in differentiated Irf1
KO significantly lowered infection rates (Fig SE) and viral titers
(Fig 5F). In addition, we challenged IrfI KO cells with and without
IRF1 rescue with higher viral concentrations (Fig EV5D and E).
Here, doxycycline treatment alone had an effect, but the reduction
in the percentage of infected cells and viral titers was more pro-
nounced in IRF1 overexpression conditions, arguing for a specific
effect of exogenous IRF1 expression. The same effect has been
described in somatic cells (Pine, 1992). We conclude that intrinsic
upregulation of IRF1 is one of the defense mechanisms of EpiLCs
against viral infections.

Discussion

In this study, we provide evidence that the pluripotency network
ensures constitutive expression of the transcription factor IRF1. This
expression in turn is required for intrinsic expression of a subset of
ISGs, and the expression of these ISGs defends formative cells
against viral infection.

We performed a pooled CRISPR KO screen to identify factors
whose deletion impairs the activation of the formative pluripotency
gene regulatory network. For this, we used the expression dynamics
of a dual reporter system to identify cells which are showing
expected behavior—are unimpaired in differentiation—or those
who are impaired in differentiation. In contrast to other CRISPR
screens that for example depend on proliferation of cells over pro-
longed time frames, our screening set-up is more sensitive to

Figure 5. IRF1 protects EpiLCs from viral infection.

Merrit Romeike et al

fluctuation due to noise. We counteracted these issues by focusing
on a smaller library selected for nuclear factors, which could miss
important factors such as metabolic regulators involved in differen-
tiation (Moussaieff et al, 2015). Nevertheless, we identified several
factors such as Fgfrl and Zic3 which have already been studied in
the context of the exit from naive pluripotency, stressing the validity
of this approach (Molotkov et al, 2017; Yang et al, 2019).

We infected cells with a low MOI to ensure single knockout of
one gene per cell. However, recent studies have shown the mark-
able redundancy ensuring differentiation from naive to formative
pluripotency: knockout of single factors delays, but not completely
abolishes differentiation (Lackner et al, 2021). Differentiation is
only abolished by simultaneous genetic deletion of three comple-
mentary drivers (Kalkan et al, 2019). Furthermore, the naive
pluripotency network is supported by functionally overlapping fac-
tors of the same orphan nuclear receptor family (Festuccia
et al, 2021). We therefore hypothesize that cooperativity and redun-
dancy between two or even more factors are ensuring proper execu-
tion of this cell state transition, and that screening approaches
should be adapted to this in the future.

We identified Irfl in our CRISPR KO screen as influencing the
reporter activity of an enhancer region of Oct6, which we used as a
proxy for the establishment of formative pluripotency. However,
IRF1 deletion does not drastically change gene expression of other
formative markers such as Otx2, Fgf5, and Dnmt3a/b, indicating
that observed change in reporter activity is not strictly a readout of
cell state. IRF1 is directly interacting with the chosen enhancer
region through a canonical IRF1 chromatin binding motif. Oct6 gene
expression is reduced in the absence of IRF1. Oct6 belongs to the
family of POU TFs that share a highly similar DNA recognition
motif. In fact, it was shown that OCT6 can replace OCT4 during
reprogramming into human iPS cells due to the similarity in DNA
motif binding (Kim et al, 2020). OCT6 and OCT4 occupy many of
the same sites in epiblast stem cells (EpiSCs), and it is therefore not
surprising that lower levels of OCT6 have only minor effects in the
exit from naive pluripotency (Matsuda et al, 2017). Furthermore,
deletion of Oct6 in the mouse does not severely impact embryogene-
sis, again probably due to functional redundancy among different
members of the POU transcription factor family (Bermingham
et al, 1996; Kim et al, 2021).

Redundancy seems to be present not just in naive pluripotency,
but also among many formative pluripotency regulators: The tran-
scription factor OTX2 is sufficient to drive gene changes associated
with formative pluripotency, but its deletion only has limited effect
on the expression of formative genes (Yang et al, 2014; Buecker

A Experimental strategy to analyze viral infection in ESC to EpiLC transition. Cells were differentiated for 32 h and then infected with GFP-VSV. GFP" cells were scored

by FACS and titers were determined by plaque formation assays.

B Representative FACS profiles of GFP-VSV infected Irf1*", Irf1 enhancer KO and Irf1~/~ cells. See Fig 5C for quantification.
C Quantification of GFP" cells after GFP-VSV infection. P-values were calculated per Wilcoxon test. n = 6 biological replicates. The central band shows the median, the

box 25" and 75™" percentiles, whiskers show 1.5*IGR (interquartile range).

D Viral titer as determined by plaque formation assays. P-values were calculated per Wilcoxon test. n = 6 biological replicates. The central band shows the median, the

box 25" and 75™ percentiles, whiskers show 1.5*IGR (interquartile range).

E Quantification of GFP* cells after GFP-VSV infection, IRF1 doxycycline-inducible overexpression in Irf1"/* and Irf1~/~ cells, without and with doxycycline induction. P-
values were calculated per Wilcoxon test. n = 3 biological replicates, black horizontal lines show the mean of the data.

F Viral titer as determined by plaque formation assays, IRF1 doxycycline-inducible overexpression in Irfl’/’ cells, without and with doxycycline induction. P-values were
calculated per Wilcoxon test. n = 3 biological replicates, black horizontal lines show the mean of the data.
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Figure 5.

et al, 2014a). Misregulation of OCT6 could therefore also be com-
pensated by other members of the formative gene regulatory net-
work. While OCT6 has been studied mostly in the context of
development and neurogenesis, it might have additional roles upon
interferon stimulation. OCT®6 itself is upregulated by interferons in
macrophages and other cell types; however, its role in interferon
signaling is unclear (Hofmann et al, 2010).

© 2022 The Authors
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Importantly, Irfl itself is directly regulated by the formative pluripo-
tency network through an enhancer, which is marked by activating
chromatin marks as well as OCT4 and OTX2 in formative EpiLCs. This
enhancer is stem cell specific as it does not get activated in stimulated
BMDMs (Lara-Astiaso et al, 2014). A subset of ISGs is differentially
expressed in the exit from naive pluripotency. IRF1 activates EpiLC-
specific ISGs, but so far, it is unclear what drives ESC-specific ISG
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Figure 6. The formative pluripotency network regulates IRF1, which is required for defense against viral infections.

The formative pluripotency network directly activates Irfl expression during the exit from naive pluripotency through an EpiLC-specific enhancers. IRF1 in turn activates
a subset of 1SGs. This proactively sets the machinery for defense against viral infections in place. In the presence of IRF1, cells therefore are stronger protected against

viral infections.

expression. ISG expression in early embryonic tissues, iPS or also
somatic stem cells is conserved in mouse, pig, chimpanzee, and
human (Wu et al, 2018; Shi et al, 2020). This expression is indepen-
dent from viral stimulation and was previously only described as
intrinsic (Wu et al, 2018) or as a consequence of endogenous retroviral
expression observed in hypomethylated stem cells (Grow et al, 2015).
Wu et al (2018) showed that ISG expression in human stem cells
can protect these cells from viral infection. Here, we show that simi-
lar mechanisms are at play in mouse stem cells, as IRF1 is a key fac-
tor required for the activation of several ISGs. Of note, the
expression of ISGs is a physiological and constitutive property of dif-
ferentiating cells, as we observed these relationships in the absence
of viral infection. It has also been shown in hepatocytes that consti-
tutive IRF1 expression maintains ISG expression and confers imme-
diate defense against virus (Yamane et al, 2019). The strong
protection against viral infection suggests that combined action of

Materials and Methods
Reagents and Tools table

Reagent/Resource Reference or Source

the ISGs regulated by IRF1 is required for viral defense. The
naive/formative culture system recapitulates changes occuring at
the time of implantation of the embryo into the uterus. We therefore
speculate that prophylactic priming of the defense system could be
crucial at a vulnerable moment in development, as implantation
could be a risk for viral exposure. Interestingly, the upregulation of
IRF1 in the embryo is transient and Irfl expression is already
reduced right after implantation. We therefore speculate that Irf1
expression might only be needed at this very short time period when
the epiblast first encounters the mother’s uterus.

We show here that the formative pluripotency network itself con-
trols the expression of a subset of ISGs through upregulation of
IRF1, and thereby protects this stage from viral infection (Fig 6).
Robustness against viral infection appears to be an important prop-
erty of proliferating stem cells and is controlled by the specific gene
regulatory network that safeguards the stem cell state itself.

Identifier or Catalog Number

Experimental Models

mESC R1 Buecker et al (2014a) N/A
mESC E14Tg2a Acampora et al (2013 N/A
Recombinant DNA

pB-eOct6-mCherry-Puro This study N/A
pB-e/Oct6--GFP--Neo Thomas et al (2021) N/A
pB-eOct6AIrflmotif-mCherry-Puro This study N/A
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Reagents and Tools table (continued)
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Reagent/Resource Reference or Source Identifier or Catalog Number
pB-eOct6Alrflmotif_extended-mCherry-Puro This study N/A
pB-eTbx3-dGDP-Hygro This study N/A
pX330-U6-Chimeric_BB_CBh_hSpCas9 Addgene Plasmid #42230
pX330-U6-Chimeric_noCas9 This study N/A
pB-transposase System Biosciences Cat #PB210PA-1
PB-gRNA-Puro Addgene #121121
PB-TetON-dual-SunTag-Hygro Addgene #121119
PB-CA-rtTA Adv Addgene #20910
pB-Oct6-Irf1-Neo This study N/A
PB-tetO-Irf1-Neo This study N/A
PB-tetO-Irf1-Blasti This study N/A
Antibodies

GAPDH (WB 1:10,000) Santa Cruz 5C-365062
IRF1 (IF 1:200, WB 1:1,000) CST #8478

OTX2 (WB 1:1,000) R&D Systems AF1979
VINCULIN (WB 1:5,000) Santa Cruz sc-73614
OCT6/Pou3F1 (WB 1:1,000) Sigma/Aldrich MABN738
Phospho-STAT3 (Tyr705) (3E2) (WB 1:1,000) csT #9138

Oligonucleotides and sequence-based reagents

CRISPR KO library This study Dataset EV1
PCR primers This study Dataset EV2
pPCR primers This study Dataset EV2
CRISPR guides (validations) This study Dataset EV2
Chemicals, enzymes and other reagents

poly-L-ornithine hydrobromide Sigma-Aldrich P4638
laminin Sigma-Aldrich L2020
human Plasma Fibronectin Purified Protein Sigma-Aldrich FC010-10MG
AlbuMAX™ 11 Lipid-Rich Bovine Serum Fisher Scientific 11021-029
Albumin

MACS NeuroBrew-21 with Vitamin A (Miltenyi Miltenyi Biotec 130-093-566
Biotec)

MEM NEAA Thermo Fisher Scientific 12084947
Penicillin-Streptomycin Thermo Fisher Scientific 15070063
Sodium Pyruvate Thermo Fisher Scientific 15070063
2-Mercaptoethanol Fisher Scientific 11508916
CHIR-99021 Selleck Chemicals S1036
PD0325901 Selleck Chemicals $1263

hLIF Provided by the VBCF Protein Technologies Facility https://www.viennabiocenter.org/

facilities/

Recombinant Human FGF-basic

peprotech-eubio

100-18B-100puG

KnockOutTM Serum Replacement

Fisher Scientific

Gibco™ 10828028

Trypsin-EDTA solution Sigma-Aldrich T3924-100ML
FSC Sigma-Aldrich F7524-500ML
ruxolitinib Invivogen INCB018424
Lipofectamine® 2000 Invitrogen 10696153
G415 Disulfate solution Sigma-Aldrich (G8168-10ML
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Reagents and Tools table (continued)
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Reagent/Resource Reference or Source Identifier or Catalog Number

doxycyclin Sigma-Aldrich D9891-1G

hygromycin B Sigma-Aldrich 10843555001

puromycin Invivogen ant-pr-1

HEPES-buffered saline, pH 7.0 (2x for VWR 162623.AK

transfection)

SpeedBeads™ Sigma-Aldrich GE45152105050250

pepGOLD TriFastTM reagent VWR 130-2010

cOmpleteTM Protease Inhibitor Cocktail Sigma-Aldrich 11836145001

DAPI Sigma-Aldrich D9542

RIPA lysis buffer Merck 20-188

DMEM high glucose Sigma-Aldrich D6429

Avicel-RC591 FMC BioPolymer N/A

Software

bbmap https://jgi.doe.gov/data-and-tools/software-tools/bbtools/ N/A

ChIPpeakAnno (3.24.2) http://www.bioconductor.org/packages/release/bioc/htmi/ N/A
ChiIPpeakAnno.html

deeptools 3.5.1 https://deeptools.readthedocs.io/en/develop/ N/A

htseq/0.11.2-foss-2018b-python-3.6.6 https://htseq.readthedocs.io/en/master/ N/A

MAGeCK 0.5.9. https://sourceforge.net/p/mageck/wiki/Home/ N/A

Nextflow/21.04.1 nf-core https://nf-co.re N/A

nf-core/chipseq v1.2.2 https://nf-co.re/chipseq/1.2.2/usage N/A

star/2.7.1a-foss-2018b https://github.com/alexdobin/STAR N/A

tophat/2.1.2-foss-2018b http://ccb.jhu.edu/software/tophat/index.shtml N/A

R4.0.4 https://cran.r-project.org N/A

ggplot2 (3.3.5) https://cran.r-project.org/web/packages/ggplot2/index.html N/A

DESeq2 (1.30.1) https://bioconductor.org/packages/release/bioc/html/DESeq2.html N/A

pheatmap (1.0.12) https://cran.r-project.org/web/packages/pheatmap/index.html N/A

GREAT (4.0.4) http://great.stanford.edu/public/ntmi/ N/A

Image| https://imagej.net N/A

Other

BD FACSMelody Cell Sorter BD Biosciences N/A

BD FACSAria BD Biosciences N/A

BD FACSFortessa BD Biosciences N/A

Zeiss Axio Oberserver Z1 Zeiss N/A

[lumina HiSeqVv4 SR50 Illumina N/A

Illumina NextSeq550 PE75 lllumina N/A

Chemidoc Touch Bio-Rad N/A

Bioanalyser Agilent N/A

p-Slide 8 Well Chambered Coverslip ibidi #80827

AMPure XP beads Beckman Coulter A63830

PVDF Transfer Membranes Thermo Scientific #88518

NucleoSpin PCR and Gel Purification Kit Macherey-Nagel #15559212

NEBNext Library Quant Kit for lllumina NEB E7630S

SensiFast™ cDNA Synthesis kit Bioline 67.B10-65054

SensiFASTTM SYBR® No-ROX kit Bioline 67.B10-98020

3’ mRNA Seq Library Prep Kit Lexogen No. 081.96
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Reagent/Resource Reference or Source Identifier or Catalog Number
sparQ DNA Library Prep Kit Quanta Bio #95191-096

Alkaline Phosphatase Detection Kit Sigma-Aldrich SCR0O04

Bio-Rad Protein Assay BioRad #5000006

Methods and Protocols

ESC maintenance and differentiation conditions

Murine embryonic stem cells (E14Tg2a for screening, R1 for all other
cell lines) were cultured and differentiated as described in Thomas
et al (2021). For maintenance, cells were grown on CELLSTAR® 6/
12 wells coated with first poly-L-ornithine hydrobromide (6 pg/ml in
PBS, 1 h at 37°C, sigma P4638) and then laminin (1.2 pg/ml in PBS,
1 h at 37°C, Sigma L2020). Cultures were tested regularly for myco-
plasma contamination. For differentiation and viral infection, plates
were coated with fibronectin (Human Plasma Fibronectin Purified
Protein, Sima-Aldrich, 5 pg/ml in PBS, 1 h at RT).

Cells were cultured in base medium HyClone DMEM/F12 with-
out Hepes (Cytiva) with 4 mg/ml AlbuMAX™ 1I Lipid-Rich Bovine
Serum Albumin (GIBCO™), 1x MACS NeuroBrew-21 with Vitamin A
(Miltenyi Biotec), 1x MEM NEAA (GIBCO™), 50 U/ml Penicillin—
Streptomycin (GIBCO™), 1 mM Sodium Pyruvate (GIBCO™), and
1x 2-Mercaptoethanol (GIBCO™). For 2i + LIF culturing conditions,
base medium was supplemented with with 3.3 mM CHIR-99021
(Selleckchem), 0.8 mM PD0325901 (Selleckchem), and 10 ng/ml
hLIF (provided by the VBCF Protein Technologies Facility, https://
www.viennabiocenter.org/facilities/). For differentiation, base
medium was supplemented with 12 mg/ml Recombinant Human
FGF-basic (PEPROTECH) and KnockOutTM Serum Replacement
(1:100, GIBCO™).

For splitting, cells were treated with 1x Trypsin—-EDTA solution
(sigma T3924) at 37°C until cells detached. Trypsinization was
stopped with 2i + LIF medium with 10% FSC (Sigma F7524), cells
were harvested by centrifugation at 300 g for 3 min, resuspended in
2i + LIF and seeded in appropriate ratios.

For differentiation, cells were seeded a day prior on fibronectin-
coated plates in 2i + LIF medium (100 k per 12 well, 200 k per 6
well). The next day, differentiation was started by removing the
medium, two washes of the attached cells with PBS, and the addi-
tion of differentiation medium. Cells were collected as EpiLCs after
48 h.

For JAK inhibition experiments, cells were treated as indicated
on the onset of differentiation with 1.5 uM ruxolitinib (Invivogen).

Generation of reporter and screening cell lines

Cells used for the dual fluorescent reporter system and CRISPR
screening were based on an otx219%/=; R26CER/* ESC cell line
(Acampora et al, 2013). Otx2 heterozygous expression does not
impair ESC to EpiLC differentiation (Acampora et al, 2013). pB-
transposase, pB-eOct6-mCherry-Puro and pB-eTbx3-dGFP-Hygro
were lipofectamine transfected. After selection, two clonal cell lines
with clear distinction of ESC/EpiLC states in FACS analysis were
selected. Lentivirus containing Cas9-Blasticidin was used for consti-
tutive CAS9 expression. Neomycin resistance derived from the origi-
nal present LacZ allele was removed by CRISPR KO.

© 2022 The Authors

For pB-eOct6AIrfl-mCherry-Puro, the mutated Irfl binding sites
were placed on overlapping primers, and the Oct6 enhancer was
PCR amplified and the plasmid constructed with three fragment Gib-
son Assembly. pB-transposase, pB-eOct6Alrfl-mCherry-Puro and
pB-eOct6-mCherry-Neo were co-transfected into ESCs with lipofec-
tamine.

Generation of KO and rescue cell lines

Knockouts of coding sequences or enhancer regions were per-
formed with dual CRISPR sgRNA KO. For this, CRISPR sgRNAs
were inserted into pX330-U6-Chimeric_noCas9 (for cell lines
already expressing Cas9) or pX330-U6-Chimeric_BB_CBh_hSpCas9
using BbsI (NEB) directed cloning. sgRNA plasmid combinations
and substoichiometric amounts of dsRed plasmid were cotrans-
fected by Lipofectamine® 2000 (Invitrogen) transfection (375 ng
each sgRNA plasmid, 50 ng dsRed, 5 pl lipofectamine in total
100 pl DMEM/F12) into cells seeded on 12-well plates 1 day prior.
Two to three days after transfection, dsRed" cells as proxy for
sgRNA transfection were FACS-sorted (BD FACSMelody Cell Sorter)
as single cells on 96-well plates coated with fibronectin. Successful
genome editing was confirmed by genotyping PCRs and Western
blotting where applicable.

For doxycycline-inducible reexpression of Irfl in Irfl KO cell
lines, we cloned Irfl cDNA under tetO control with either Neomycin
or Blasticidin selection cassettes. Transfected and selected cells were
analyzed as pools without clonal selection. Dox treatment (1 pg/ml)
was performed for 48 h, in ESC or EpiLC medium as indicated.

For differentiation-induced rescue of Irfl expression, we cloned
pB expression constructs containing Irfl ¢cDNA under control of
the Oct6 enhancer. This resulted in low Irfl expression levels in
ESCs and upregulation of Irfl upon differentiation. Transfection of
pB-Oct6enh-Irfl-Neo was performed with lipofectamine transfec-
tion as described for reporter constructs, albeit with lower DNA
amounts (250 ng pB plasmid). After neomycin selection (400 pg/
ml, G415 Disulfate solution, sigma G8168-10ML), pools of trans-
fected cells were differentiated and analyzed by FACS and Western
blotting.

IRF1 overexpression with SunTag system

Overexpression of Irfl from the endogenous locus was based on a
SunTag overexpression system published in Heurtier et al, 2019.
Following plasmids were ordered from Addgene: 121121 PB-gRNA-
Puro, 121119 PB-TetON-dual-SunTag-Hygro, 20910 PB-CA-rtTA
Adv. Ten microgram PB Transposase, 500 ng PB-TetON-dual-
SunTag-Hygro and 500 ng PB-CA-rtTA were transfected into R1
ESCs by electroporation (500 uF, 240 V, 4 mm). Cells were treated
with doxycycline (1 pg/ml) and hygromycin (400 pg/ml). After
5 days, BFP"/GFP" double positive cells were selected by FACS.
Cells were grown in the absence of doxycycline and hygromycin
and BFP™/GFP™ double negative cells were selected by FACS. Single
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clones were selected and tested by FACS and Western blotting
against Cas9 to select for response to doxycycline treatment.

sgRNAs targeting the Irfl promoter were designed in benchling,
which is based on (Hsu et al, 2013) and cloned into PB-gRNA-Puro
by BbsI directed cloning. The sgRNA plasmid and PB transposase
were lipofectamin transfected into parental SunTag cell lines and
selected by puromycin (2 pg/ml, Invivogen) treatment. Irfl upregu-
lation after dox treatment was confirmed by qPCR and Western
blotting.

CRISPR screening

CRISPR screening was based on (Michlits et al, 2017), but without
using clonal dilution steps. DNA pools of indicated subpools were
combined according to sgRNA number and CaCl Hepes transfected
into PlatE cells, including helper plasmid. Twenty-four hours after
transfection, medium was exchanged to 2i + LIF. Virus containing
2i + LIF was harvested in two batches over the next 36 h. Both
batches were pooled and frozen. MOI was determined by determin-
ing infection efficiency without selection.

Execution of CRISPR screen

The screen was performed with two independent replicates with dif-
ferent screening cell lines. To reach sufficient coverage of the
library, we infected 100 million cells at a MOI of 0.3 by seeding 7.5
million cells per 15 cm dish coated with fibronectin (Dataset EV1).
Starting library representation was accessed by infecting cells with-
out Cas9 (R1) in parallel. In addition, no selection, kill and no
sgRNA library control plates were prepared. Usage of fibronectin
coated plates allows to omit polybrene addition during infection. As
soon as cells were attached (2 h), virus was added to the cells with-
out additives or medium exchanges (dayl). The next day, selection
with neomycin was started and continued for 2 days. This short but
stringent selection (400 pg/ml, G415 Disulfate solution, sigma
G8168-10ML) resulted in complete elimination of nonresistant cells.
From now on, each day cells were either splitted or medium was
exchanged. On day 4, the kill control was dead and 30 mio library
infected cells were seeded on 15 cm PLOL plates with 7.5 mio per
plate without selection. Empty library controls were carried
throughout the screen. On day 6 and 8, again 30 mio cells were
seeded without selection, allowing time for depletion of essential
genes. On day 10, 60 mio cells were harvested and analyzed later as
samples representing genes essential for ESC maintenance. For dif-
ferentiation, 30 mio cells were seeded on fibronectin-coated dishes
(7.5 mio per 15 cm dish) In addition, extra dishes as 2i + LIF con-
trol and no sgRNA library controls were seeded. On day 11, differen-
tiation was induced by 2 + iLIF medium removal, 2 washed in PBS
and addition of differentiation medium. Starting time points for dif-
ferent plates were staggered to allow FACS analysis after 48 of dif-
ferentiation for each plate.

On day 13, cells were harvested and sorted by BD FACSAria
(BD Biosciences). For this, gates were set up using no sgRNA
library control cells, which were processed in parallel. At least 60
mio cells were sorted in the unimpaired gate and all possible
cells in the impaired gate (N1 = 64.7-10.3 mio, N2 =71.5-5.6
mio cells). In addition, 60 mio cells for essential ESC and 60 mio
for unsorted EpiLCs were harvested for each condition. The
screen was performed as replicate using two independently gener-
ated cell lines.
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gDNA isolation, PCR amplification, and NGS

CRISPR KO libraries were generated from collected cells as
described by (Michlits et al, 2017), scaled according to the cell num-
bers used.

In brief, cell pellets were resuspended in SDS-lysis buffer and
incubated at 55°C overnight to lyse cells, followed by RNaseA treat-
ment. Protein was precipitated by NaCl precipitation, the super-
natant was then purified with phenol/chloroform. DNA was
precipitated with isopropanol and dissolved in TE buffer. DNA was
Pacl digested for a total of 48 h and size selected with SpeedBeads™
(Millipore Sigma) in two rounds to enrich fragments < 2 kb.

CRISPR-UMI cassettes were PCR amplified and multiplexed with
25 cycles of 1:1 KlenTag/Phusion PCR (Jena Bioscience and in
house generated) using primers specified in Michlits et al (2017).
Reactions were purified using the NucleoSpin PCR and Gel Purifica-
tion Kit (Macherey-Nagel). Samples were pooled after qPCR quan-
tification, purified from 1.5% agarose, and quantified with NEBNext
Library Quant Kit for [llumina (NEB). Sequencing was performed on
[llumina HiSeqV4 SR50 (Dataset EV3, Dataset EV4).

RT-qPCR analysis

ESC and EpiLC were directly lysed on the plate using pepGOLD
TriFastTM reagent (Peqlab) according to the manufacturer’s instruc-
tions. Five hundred nanogram of RNA were reversed transcribed to
cDNA with the SensiFast™ cDNA Synthesis kit (Bioline) according
to the manufacturer’s instructions.

For gqPCR, cDNA was 1:5 diluted and 0.5 pl were used per 10 ul
gPCR reaction with SensiFASTTM SYBR® No-ROX kit (Bioline) and
125 nM forward and reverse primer. Irfl-specific primers were
based on (Platanitis et al, 2019).

qPCRs were analyzed by AACr and normalized to ESCs samples
of the corresponding cell lines. Statistical tests were performed as
homoscedastic one-sided t-tests.

FACS analysis

ESC and EpiLC were harvested by trypsin treatment, which was
stopped by 1:1 addition of 10% FSC. Samples were strained through
S5-ml polystyrene round-bottom tubes with cell-strainer caps (Fal-
con). For analytical purposes, the BD Fortessa was used, for cell
sorting in high-throughput BD FACSAria or in low-throughput BD
FACSMelody. Single cells were gated according to FFW and SSW
scattering.

Quantseq

RNA QuantSeq was prepared according to the manufacturer’s
instructions (Lexogen 3” mRNA Seq Library Prep Kit). Five hundred
nanogram RNA was used as starting material. JPCRs were used to
multiplex samples and final libraries were quantified by NEBNext
Library Quant Kit for [lumina (#E7630S).

Chromatin immunoprecipitation
ChIP with IRF1 was performed as described in Thomas et al (2021).
In brief, 3 mio cells were seeded on 15 cm fibronectin-coated dishes,
medium exchanged to 2i + LIF or differentiation the next day and
cells harvested after 48 h.

For harvesting, cells were cross-linked in 1% formaldehyde in
PBS for 10 min. Cross-linking was quenched in 0.125 M glycine.
From now on, samples were kept at 4°C. Fixed cells were washed
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on the plate twice with PBS and scraped off in 0.01% Triton in
PBS. Cells were harvested by 500 g 5 min centrifugation and flash-
frozen in liquid nitrogen. Cell pellets were resuspended in 5 ml
LB1 (50 mM Hepes pH 7.5, 140 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% NP-40, 0.25% TX-100, 1 mM PMSF, 1x cOmple-
teTM Protease Inhibitor Cocktail (Roche) by rotating vertically for
10 min at 4°C and harvested (5 min, 1,350 g, 4°C)). The pellet
was resuspended in 5 ml LB2 (10 mM Tris pH 8. 200 mM NaCl,
1 mM EDTA, 0.5 mM EGTAl, mM PMSF, 1x cOmpleteTM
Protease Inhibitor Cocktail (Roche)), 10 min vertical rotation,
room temperature. Centrifugation was repeated and pellets were
suspended in 1.5 ml LB3 (10 mM Tris—HCl pH 8, 100 mM NacCl,
1 mM EDTA 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5% N-
lauroylsarcosine, 1 mM PMSF, 1x cOmpleteTM Protease Inhibitor
Cocktail (Roche)) and 200 pl sonification beads (diagenode) in
Bioruptor® Pico Tubes (diagenode). Sonification was performed
for 13 cycles 30 s on/45 s off. Supernatant, but not the beads,
were transferred to fresh tubes and cellular debris was pelleted at
16,000 g at 4°C. 1.1 ml were transferred to fresh tubes and 110 pl
10% triton to final 1% were added. Fifty microliter was saved as
input and 1 ml was used for ChIP.

Antibody precipitation was performed with 5 pl IRF1 antibody
overnight at 4°C with vertical rotation. Next day, Dynabeads protein
G for Immunoprecipitation (Thermo Fisher Scientific) were used.
One hundred microliter beads were washed in block solution (0.5%
BSA in PBS) and incubated with chromatin/antibody solutions for
at least 2 h. Bound beads were washed five times in cold RIPA wash
buffer (50 mM Hepes pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-
40, 0.7% Na-Deoxycholate), followed by three washes in
TE + 50 mM NaCl. Bound fractions were eluted in 210 ul elution
buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) for 15 min at
65°C. Supernatant was removed from the beads. Input samples were
diluted with three volumes of elution buffer. Input and ChIP sam-
ples were decrosslinked at 65°C overnight.

One volume of TE was added to all samples as well as RNase A
(0.2 mg/ml final) and incubated at 37°C for 2 h. Salt concentration
was adjusted to final 5.25 CaCl, with 300 mM CaCl, in 10 mM Tris
pH 8.0 and Proteinase K added to final 0.2 mg/ml. Digestion was
performed at 55°C for 30 min. DNA was phenol-chloroform
extracted in Phase Lock GelTM tubes (Quantabio), ethanol precipi-
tated and dissolved in H20.

ChIP was checked by performing qPCRs and calculating recovery
of input (%).

Sequencing libraries were generated with sparQ DNA Library
Prep Kit (Quanta Bio #95191-096) according to the manufacturer’s
instruction and using AMPure XP beads. Adapter contamination
was cleaned up with an additional round of AMPure XP bead purifi-
cation. Quality of the libraries were checked by Bioanalyser (Agi-
lent) and final concentrations were determined with the NEB library
Quant Kit.

Alkaline phosphatase staining

For AP staining, cells were seeded in different densities on gelatine-
coated plates. The next day, differentiation was performed for 72 h,
controls were kept in 2i + LIF medium. All cells were placed back in
2i + LIF medium. After 2-4 day, colonies were stained with the
Alkaline Phosphatase Detection Kit (Sigma-Aldrich) according to the
manufacturer’s instructions.

© 2022 The Authors
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Immunofluorescence

Ten k cells were seeded per chamber of a p-Slide 8 Well Chambered
Coverslip (ibidi). Cells were differentiated for 48 h, washed in PBS and
fixed with 4% PFA for 15 min at RT. Cells were washed 3x in PBST
(0.1% Tween in PBS). Permeabilization was performed in 0.1%
Triton-X in PBS for 10 min at RT. Cells were washed 3x in PBST and
blocked in 5% BSA in PBST for 30 min at 4°C. Primary antibody was
diluted in blocking buffer and incubated overnight at 4°C. Cells were
washed 5x in PBST and incubated with secondary antibody in blocking
buffer for 1 h at RT. Cells were washed 3x in PBST, followed by 2x PBS
washes. Nuclei were stained with 20 ng/ml DAPI (Sigma, D9542) for
10 min. Cells were washed 3x in PBS and stored in PBS at 4°C until
imaging. Imaging was performed on a Zeiss Axio Oberserver Z1 micro-
scope with 63x oil objective. Images were processed using ImageJ.

Western blot analysis

For Western blot analysis, cells were harvested by trypsin treatment.
The cell pellet was washed once in PBS, after supernatant removal dry
pellets were frozen. Cells were lysed in 1x RIPA lysis buffer (Merck,
20-188), including 1x cOmpleteTM Protease Inhibitor Cocktail
(Roche) and phosphatase inhibitors (1 mM NaF, 20 mM
B-glycerophosphate, 1 mM Na3VO,) for 1 h on ice. Cellular debris
was removed by centrifugation (16,000 g, 10 min, 4°C). Protein was
quantified using Bio-Rad Protein Assay (5000006). Twenty-five
microgram protein per sample were separated on 10% Tris-gylcine
SDS polyacrylamid electrophoresis. Wet-blotting was performed onto
PVDF Transfer Membranes (Thermo Scientific #88518). Membranes
were blocked in 5% milk in PBST. Primary antibodies were incubated
overnight at 4°C, secondary for 2 h at RT. HRP coupled secondary
antibodies were used for detecting with GE Healthcare LS ECL Select
WB detection reagent. Images were acquired on a Chemidoc Touch
(Bio-Rad).

Note that alRF1 primary detected two bands, both which were
specific to IRF1. The ratio of these bands is dependent on the pres-
ence or absence of phosphatase inhibitor (Roche PhosSTOP) in lysis
conditions.

Viral infection

2.5 x 10* cells were seeded a day before the start of differentiation
on 24-well plates in 2i + LIF medium. Differentiation was induced
as described before, as indicated cells were doxycycline treated at
the same time. After 32 h, virus was added to the cells. For this, a
VSV-GFP stock with a titer of 1 x 108 PFU/ml (determined on A549
cells) was diluted 1:20,000 or 1:5,000 in differentiation medium.
Two hundred microliter of virus dilutions were added to the existing
500 pl of medium on the cells, resulting in estimated MOIs of 0.02
and 0.08 PFU/ml, respectively. Cells were incubated for an addi-
tional 16 h.Subsequently, supernatants were collected, cleaned from
any cells by centrifugation and stored at —80°C until titration by
plaque assays. EpiLCs were collected by trypsinization and the cell
pellets were fixed in 4% PFA (Electron Microscope Sciences #1570)
in PBS for 15 min. One milliliter of PBS was added to dilute the
PFA, cells were collected by centrifugation and resuspended in 10%
FCS in DMEM/F12 for FACS analysis.

Plaque assay
Vero cells were cultured in DMEM high glucose (Sigma-Aldrich
D6429) with Penicillin-Streptomycin (Thermo-Fischer 15070063)
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and 10% FCS (Sigma-Aldrich, F7524). They were seeded at 50%
confluency on day 1 in 6-well plates, so that they were > 90% con-
fluent on day 2. On day 2, sequential dilutions of viral supernatants
were made in DMEM without additives, ranging from 107> to 107°.
Vero cells were incubated with 400 pl of viral dilutions for 1 h at
room temperature in technical replicates. Afterward, viral dilutions
were removed and cells were overlaid with 2 ml of 0.4%, in DMEM
high glucose with 4.2% FCS to stop cell growth (Matrosovich
et al, 2006). Cells were incubated at 37°C, 5% CO, for 24-30 h.
Then, cells were fixed in 2% formaldehyde (Sigma-Aldrich F8775)
in PBS for > 30 min. Plates were washed in tap water and stained
with Crystal Violet Staining Solution (0.005% Crystal Violet, 1%
Formaldehyde, 1X PBS, 1% methanol). Plaques in suitable dilutions
were manually counted, blinded toward sample identity. Titers were
averaged from the technical replicates.

Data analysis

For CRISPR KO screening, reads were aligned to the library using
custom scripts as published in Michlits et al (2017). Starting from
count tables, analysis was performed with MAGeCK 0.5.9.2 and R
4.0.4. Plots were generated with ggplot2 (3.3.5).

QuantSeq RNA-seq data was processed following Lexogen’s stan-
dard pipeline on bluebee. Adapter contamination was removed with
bbmap, mapped using STAR and counted with HTScount. Down-
stream analysis was performed in R using DESeq2 (1.30.1) and
pheatmap (1.0.12).

QuantSeq RNA data were used to also analyze repeat elements
as in Percharde et al (2017). For this, Tophat2 with the setting g-1
was used to retain multimappers mapped to one random location,
repeat elements were counted using a custom gtf file. Downstream
analysis was performed in R using DESeq2 (1.30.1) and pheatmap
(1.0.12).

For ChIP-Seq analysis, the Nextflow/21.04.1 nf-core/chipseq
v1.2.2 pipeline was used with mm10 as reference genome. Profiles
and heatmaps were generated with deeptools 3.5.1. ChIP data were
analyzed with ChIPpeakAnno (3.24.2) and GO term were deter-
mined with GREAT (4.0.4) analysis (McLean et al, 2010).

ISGs were defined based on (Wu et al, 2018).

Data availability

The NGS datasets produced in this study are available in the Euro-
pean Nucleotide Archive, https://www.ebi.ac.uk/ena/browser/
home and assigned the identifier PRJEB53216 (https://www.ebi.ac.
uk/ena/browser/view/PRJEB532162show =reads).

Processed data have been included as extended view Datasets in
this manuscript.

Expanded View for this article is available online.
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Appendix Figure S1 related to Figure 1

Appendix Figure S1 related to Figure 1

A Chromatin context of Tbx3 and Octé6 loci in ESC and EpiLC. Enhancer regions used as
reporters are indicated by red boxes. ChIP data was generated by Buecker et al. 2014.

B Example gating strategy for FACS analysis of screening cell lines.
C Compensation matrix for the used fluorescent reporter constructs, eTbx3-GFP measured
in FITC-A, eOtc6-mCherry measured in PE-Texas-Red channels.

D Representative flow cytometry profiles of reporter cell lines in ESC and differentiated to
EpiLC conditions.

E Representative flow cytometry profiles of reporter cell lines in EpiLC condition, Tcf7/1-- and

Tef711-.
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Appendix Figure S2 related to Figure 4

Appendix Figure S2 related to Figure 4

A Representative flow cytometry profiles of reporter cell lines in ESC and EpiLC conditions,
Irf1- and Irf1~. Shown are two independent cell lines.

B Chromatin context of eOct6 locus, with a called IRF1 peak highlighted. IRF1 ChIP-seq
tracks and OCT4 ChIP-seq tracks for ESC and EpiLCs are shown. The eOct6 region used
as reporter is marked with the lower red box. OCT4 ChlIP-Seq data from Buecker et al.,
2014.

C Representative flow cytometry profiles of reporter cell lines in ESC and EpiLC condition,
Irf1-~ and Irf1+ and doxycycline-induced IRF1 expression.

D Western Blot analysis of doxycycline-induced IRF1 expression in Irf1-+ and Irf1-
background, in ESC and EpiLC cells, probed with antibodies against IRF1, OCT6 and
GAPDH as loading control.
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E Representative flow cytometry profiles of reporter cell lines in ESC and EpiLC condition,
Irf1-+ and Irf1- and ectopic IRF1 expression driven by the eOct6 enhancer.

F Western Blot analysis of ectopic IRF1 expression in Irf1-- and Irf1+ background, in ESC
and EpiLC cells, probed with antibodies against IRF1 and GAPDH as loading control.

G Representative flow cytometry profiles of ESC and EpiLC cells, Irf1-- and Irf1+ with
eOct6AIrf and eOct6 controlling mCherry and GFP, respectively.

--- end of appendix --
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A Information about sgRNA library used in CRISPR-KO screen. Shown are number of targeted genes and unique guides used for each class of genes.
B Asin Fig 1B, sgRNA representation in ESCs with CAS9 vs. ESCs without CAS9. Indicated are known ESC maintenance genes (Li et al, 2018).
C Example screening FACS gating strategy for CRISPR-KO screen for selection of single cells. Live cells were sorted according to FSC-A/SSC-A gates, followed by gating

for FSC-A/FSC-W and SSC-A/SSC-H for individual cells.

D Example for gating strategy to sort impaired and unimpaired populations. Differentiation was scored by FITC-A/PE-TexasRed-A gating.

m

As Fig 1C, sgRNA representation in EpiLC sorted as impaired vs. non-sorted EpiLC. Indicated in blue are factors identified as shared candidates (see Fig 1E).

F As Fig 1D, sgRNA representation in EpiLC sorted as unimpaired vs. non-sorted ESCs. Indicated in red are factors identified as shared candidates (see Fig 1E).
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Figure EV2. IRF1 expression in formative pluripotency is controlled by an EpiLC-specific enhancer.

A

E,F

EV2

Genotyping PCR of enhancer KO. Primers bind outside the edited site, producing smaller PCR products than on the control locus. Enhancer KO A and C were
generated with one set of sgRNA, enhancer KO B and D with a second, different set.

Examples for Sanger sequencing of PCR products, shown are enhancer KO B and D. Gapped alignment is indicated by dashed lines.

Western blot analysis of Irf1*", Irfl’/’ and Irf1 enhancer KO ESC and EpiLC, probed with antibodies against IRF1, formative marker OTX2 and VINCULIN as loading
control.

Western blot analysis of Irf1** and Irf1 enhancer KO ESC and EpiLC with ruxolitinib treatment, probed with antibodies against phosphorylated STAT3, IRF1 and
VINCULIN as loading control.

RT-gPCR analysis of Tbx3 (E, naive marker) and Otx2 (F, formative marker) mRNA in Irf1*/* and Irf1 enhancer KO in differentiation, treated with ruxolitinib. Fold
change is normalized against Rpl13a housekeeping mMRNA expression and is calculated against ESC for each indicated cell line. This is shown as baseline with the
dashed line at fold change = 1. Shown are three biological replicates, datapoints from the same replicate are indicated with the same symbol. Note that each repli-
cate contains two Irf1*/* samples. Black horizontal lines show the mean of the data.

Irf1 expression [FPKM] in murine embryos (Data ref: Boroviak et al, 2015b); n = 3 biological replicates.
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Figure EV3. IRF1 is not a major regulator of pluripotency gene or repeat element expression.

A Same Western blot as Fig 3A, long exposure and size marker of IRF1, VINCULIN is used as loading control. Overexposure is indicated with red signal.

B Expression changes in naive-associated genes (NAGs, Lackner et al, 2021) in Ir7‘1+/+ and Irf1 /= ESC and EpiLC based on QuantSeq RNA data. Data are shown as z-
score. n = 2 biological replicates.

C Alkaline phosphatase staining of Irf1* and Irf1~/~ in different cell seeding densities. Left panel: Cells were kept in 2i + LIF medium to control for seeding density,
right panel: Cells were differentiated for 72 h before being placed back in 2i + LIF medium.

D MAplot of gene expression changes in EpiLC vs. ESC, ISGs are indicated. n = 2 biological replicates.

E MAplot of gene expression changes in EpiLC Irfl’/’ VS, Irfl”*, ISGs are indicated. Differentially expressed (P-value < 0.05) Differentially expressed ISGs are plotted in
Fig 3E. n = 2 biological replicates.

F  Western blot analysis of dox-inducible SunTag-based IRF1 overexpression in ESCs, probed with antibodies against IRF1 and VINCULIN as loading control. Two
different sgRNAs were tested, the sgRNA marked with an asterix (Irf1*) was used for RNA-sequencing.

G Dimension reduction (principal component analysis, PCA) plot of dox-inducible SunTag-based IRF1 overexpression in ESCs, based on QuantSeq RNA data. n = 2
biological replicates.

H Normalized counts for /rfI mRNA in dox-inducible SunTag-based IRF1 overexpression in ESCs, based on QuantSeq RNA data. P-value calculated by DESeq2. n = 2
biological replicates.

| Expression changes in dox-inducible SunTag-based IRF1 overexpression, left panel NAGS, right panel full set of ISGs. Data are shown as gene normalized z-score.
Samples are color-coded as in Fig EV3G. n = 2 biological replicates.

] MAplot of TE family expression changes in EpiLC vs. ESC, adjusted P-values < 0.1 are indicated. n = 2 biological replicates.

K MAplot of TE family expression changes in EpiLC lrfl’/’ VS, /rfl”*, adjusted P-values < 0.1 are indicated. n = 2 biological replicates.
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Figure EV4. Chromatin binding of IRF1.

A ChIP-gPCR analysis for the Gbp2 promoter as known IRF1 binding site and two primer sets for the eOct6 enhancer. Values are calculated as input recovery [%]. n = 2
biological replicates.

B Signal strength around all identified IRF1 binding sites for indicated conditions. Top panel: Irf1** ESC and EpilCs, bottom panel: two independent Irf1 '~ cell lines in
ESC and EpilLC conditions. n = 2 biological replicates.

C Overlap of IRF1 binding sites and all OCT4 binding sites in ESCs and EpiLCs. (Data ref: Buecker et al, 2014b).

D Assigned chromatin regions of IRF1 binding sites shared between BMDMs and ESC/EpiLC (left) and IRF1 binding sites only detected in ESC/EpiLC (right).
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Figure EV5. IRF1 in EpilCs is required for protection against viral infection.

A
B

EV8

Representative FACS profiles of cells infected with GFP-VSV. Cells were scored according to FITC-A signal.

Western blot analysis of IRF1 rescue with doxycycline-inducible Irf1 construct. VINCULIN is used as loading control. All rescue samples were analyzed in two biological
replicates.

Representative FACS profiles of IRF1 doxycycline-inducible overexpression in cells infected with GFP-VSV, without and with doxycycline treatment. Cells were scored
according to FITC-A signal.

Quantification of GFP* cells after GFP-VSV infection (higher virus concentration, see Methods), Irf1~/~ and doxycycline-inducible overexpression in Irf1~/~ cells, with-
out and with doxycycline induction. P-values were calculated per Wilcoxon test. n = 6 biological replicates. The central band shows the median, the box 25" and 75"
percentiles, whiskers show 1.5*IGR (interquartile range).

Viral titer as determined by plaque formation assays, Irf1~/~ and IRF1 doxycycline-inducible overexpression in Irf1~/~ cells, without and with doxycycline induction,
as in panel (D). P-values were calculated per Wilcoxon test. n = 3 biological replicates for rescue, n = 6 for non-rescue conditions. Black horizontal lines show the
mean of the data.

/-

/-
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Discussion

In this thesis, I established a bottom-up, synthetic genomics platform to dissect how multiple
enhancers cooperate across distance to regulate a shared promoter. This platform allows for the
precise integration of single enhancers or enhancer pairs at defined distances and in specified
orders upstream of a reporter gene, providing a controlled framework to study regulatory
element function. Three core principles were discovered. First, as the distance between an
enhancer and its target promoter increases, transcriptional output declines in a non-linear
manner. Notably, strong and weak enhancers respond differently to increasing distance: strong
enhancers tend to maintain a higher level of activity over longer distances, whereas weak
enhancers exhibit a more pronounced loss of function as the distance increases. Second, super-
additive activation is observed only when a strong enhancer is placed at a distal position, and
a weak enhancer resides in the intervening region. The intrinsic strength of the enhancers plays
a decisive role, since swapping the order of the strong and weak enhancers eliminates the super-
additive activity. Moreover, the relative position of the weak enhancer further influences
enhancer cooperation, as relocating it from 25 kb to 1.5 kb upstream of the promoter abolishes
the synergistic effect. Third, CTCEF sites positioned between the 75 kb and 25 kb loading panels
attenuate the activity of a single strong enhancer at 75 kb as well as that of synergistic enhancer
pairs, while leaving the synergistic interaction itself unaffected. Taken together, these results
argue that long-range gene regulation is not a simple linear sum of independent inputs; instead,

it is shaped by the joint effects of distance, order, and enhancer strength.

I also quantified the function of an EpiLC-specific enhancer regulating Irf1. My data indicate
that this enhancer is regulated by the formative pluripotency gene regulatory network. As
observed in EpiLCs, it is bound by OCT4, P300, and the formative transcription factor OTX2.

In addition, it carries the active histone modifications H3K27ac and H3K4mel.

My synthetic reconstructions confirmed that enhancer activity declines with increasing
distance, extending prior observations (Rinzema et al., 2022; Zuin et al., 2022). This

observation is consistent with contact-facilitated models in which the effective rate of
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productive E-P encounters decreases with genomic separation. Indeed, recently quantitative
analyses from live-cell imaging have shown that the genomic distance between an enhancer
and its target promoter primarily influences burst frequency, while having minimal impact on
burst duration or burst size (Tlinnermann et al., 2025). Consistently, single-molecule RNA
FISH at the B-globin locus demonstrated that forced chromatin looping between LCR and the
B-globin promoter selectively enhances burst frequency without altering burst size (Bartman et

al., 2016).

However, alternative mechanisms may also contribute to the distance dependence of enhancer
activity that I observed. The TAG model offers a complementary perspective on distance-
dependent enhancer function and underscores the capacity of enhancer strength to buffer
against the loss of regulatory activity imposed by genomic distance (Karr et al., 2022). In this
framework, enhancer—promoter communication is mediated not by physical contacts but by the
diffusion of active transcription factor complexes emanating from enhancers. As genomic
distance increases, the effective concentration of ac-TFs at the promoter is predicted to decline,
leading to reduced regulatory influence. Importantly, this attenuation can be partially
compensated by enhancer strength: highly active enhancers generate larger pools of ac-TFs,
which can sustain promoter activation even over extended genomic distances. This
compensatory effect aligns with experimental observations that strong enhancers are less

constrained by distance.

Perhaps the most intriguing finding is that enhancer synergy emerged only when a strong
enhancer was distal and a weaker one was inserted proximally. Reversing the order or moving
the weak element immediately proximal to the promoter largely eliminates synergy. Notably,
Map4k3 EI can function as a relatively strong enhancer at 75 kb when paired with Map4k3 E2
positioned at 25 kb, or as a weak enhancer at 25 kb in combination with stronger enhancers
such as Nanog or Rybp E2 at 75 kb. This suggests that the relative strength and positioning of
cooperating enhancers, rather than their absolute activity or distance alone, may be key

determinants of regulatory output.
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Enhancers and promoters can assemble into hubs enriched with Mediator, BRD4, sequence-
specific TFs, and RNA Polymerase II (Uyehara & Apostolou, 2023). While the precise
mechanism of enhancer hubs remains debated, which may arise either through phase separation
or multivalent scaffolding, a growing number of studies have described facilitator or tethering
elements that lack autonomous enhancer activity yet boost the action of distal regulatory
elements (Blayney et al., 2023; Bower et al., 2025; Brosh et al., 2023; X. Li & Levine, 2024).
In such hubs, the strong enhancer may act as a nucleation site, recruiting initiator TFs and
providing high-valency interactions that stabilize the overall structure. A weak enhancer may
contribute in more subtle ways, such as promoting docking interactions or prolonging the
residence time of transcriptional machinery at the promoter. In such configurations, a proximal
weak element may not activate transcription independently but can nonetheless facilitate or
stabilize the enhancer—promoter contacts. This offers a plausible explanation for how weak

elements can amplify the output of more potent, distal enhancers.

Consistent with this model, one study proposed that enhancer compatibility and coordination
rely on the formation of multiple cooperative environments. Importantly, the capacity for such
coordination appears to reside primarily with the weaker, dependent enhancer element
(Kribelbauer-Swietek et al., 2024). Another study at the Sox2 locus showed that local genomic
elements such as weak enhancers are required for condensates to enhance transcriptional
bursting (Du et al., 2024). Removal of these elements eliminates the condensate-associated
increases in burst size or frequency, indicating that nearby regulatory sequences are
indispensable for translating condensate proximity into transcriptional output. This
requirement is conceptually consistent with the roles of facilitator or tethering elements, which,
despite lacking strong autonomous activity, enable distal enhancers to achieve their full
regulatory potential. My data further identify enhancer order as a determinant of cooperation.
Specifically, I show that enhancer pairs exhibiting additive behavior can be functionally shifted
toward cooperation when the proximal, weaker element enhances the effective engagement of
a distal, stronger partner. These observations support the idea that such elements represent a
functionally analogous class of regulatory components that act by enabling or stabilizing long-

range enhancer—promoter communication.
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I also examined the role of CTCF-binding sites in modulating enhancer activity within the
system. The presence of two CTCEF sites reduced transcriptional output but did not fully disrupt
enhancer—promoter communication, and the extent of attenuation appeared to depend on both
enhancer strength and local chromatin architecture. In the wild-type background lacking
integrated reporters or enhancers, these CTCF sites did not exhibit any detectable structural
configuration. These findings suggest that CTCF does not act as an absolute insulator capable
of blocking enhancer—promoter communication under these conditions. Further studies are
needed to determine how deletion of CTCF-binding sites alters local three-dimensional

chromatin architecture.

Limitations

While our synthetic platform illuminates rules of enhancer cooperation, it has limitations. First,
our primary readout is reporter protein, and I did not directly image nascent transcription.
Although analysis by Flow-FISH confirmed that mCherry transcript abundance was
consistently aligned with reporter protein output, I did not characterize how synergistic effects
influence burst frequency, transcriptional output per burst, and transcriptional activity windows.
Our reporter platform contains 24xPP7 in the intron of mCherry and PCP-GFP, enabling live-
cell imaging of nascent RNA. Applying PP7/PCP-based live imaging will allow us to quantify
how enhancer—promoter distance and order influence burst kinetics. Such analyses will help
determine whether synergistic effects arise through increased encounter frequency, enhanced
burst size, prolonged burst duration, or a combination of these mechanisms. Second, our
synthetic locus uses a minimal TK promoter. At close distances, many strong enhancers reach
similar expression levels, indicating potential promoter saturation. Future work could explore
how different classes of core promoters, such as housekeeping and developmental promoters,
interact with diverse enhancer pairs. Examining these combinations may clarify how enhancer—
enhancer—promoter configurations shape cooperative behavior, influence distance-dependent
effects, and define enhancer—promoter compatibility. Third, our analysis was limited to a small
number of enhancer pairs tested across defined distances. Higher-throughput approaches, such
as improved integration strategies or PiggyBac-based looping systems, could allow the
systematic interrogation of a broader spectrum of cis-regulatory elements. In addition, our

synthetic constructs were integrated only at the B-globin locus. Although this site is considered
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relatively neutral, it does not fully recapitulate locus-specific chromatin features such as
subnuclear positioning or the presence of pre-existing regulatory hubs. Lastly, I did not perturb
cohesin, CTCF, Mediator, or BRD4. Our inferences about the 3D structure of enhancer hubs
and condensates remain indirect. Future experiments that acutely perturb architectural proteins
and coactivators, for example by degron-based depletion or by genetic disruption of these
factors, will be required to clarify whether enhancer synergy is driven mainly by extrusion-

mediated looping or by condensates.

In conclusion, my thesis identifies principles underlying long-range enhancer cooperation.
These rules explain how many enhancer pairs act additively while a subset displays synergy,
and how elements with low intrinsic activity can become essential in favorable spatial
arrangements. The findings highlight that information on enhancer positioning is as critical as

intrinsic enhancer strength for the interpretation of cis-regulatory systems.
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