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Abstract

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 is not well understood. Here, we developed a novel
synthetic platform that allows building complex regulatory landscapes from the bottom up. We
tested the system by integrating individual enhancers at different distances and revealed that the
strength of an enhancer determines 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 activate from

increased genomic distances.
Introduction

The transcription of mMRNA molecules from the promoter of a gene is the first step in gene
expression that 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 (Kim and Wysocka 2023; Long, Prescott, and Wysocka 2016). Enhancers are
short DNA sequences that consist of multiple transcription factor binding sites and control the
expression of their target genes from a distance (Long, Prescott, and Wysocka 2016). However,
with increasing genomic distance, the activation potential of an individual enhancer on the
promoter decreases (Zuin et al. 2022; Rinzema et al. 2022), raising the question of how

enhancers can bridge the distance to their promoter.

Enhancers are typically identified and studied either in their native genomic context or in reporter
assays (Long, Prescott, and Wysocka 2016; Catarino and Stark 2018). Both approaches have
contributed remarkably to our understanding of how enhancers activate target gene expression.
Detailed dissection of enhancer loci has e. g. demonstrated the importance of tissue-specific TFs
(Kim and Wysocka 2023; Buecker et al. 2014), identified a role for 3D genome organisation in
facilitating enhancer-promoter communication (Long, Prescott, and Wysocka 2016; Pachano,
Haro, and Rada-Iglesias 2022) and described various modes of enhancer cooperativity (Bothma
et al. 2015; Hay et al. 2016; Carleton, Berrett, and Gertz 2017; Huang et al. 2016; Shin et al.
2016; Hnisz et al. 2015; Moorthy et al. 2017; Thomas et al. 2021; Brosh et al. 2023). However,
the complexity of endogenous regulatory landscapes can obstruct their analysis. A recent

dissection of the a-globin locus used advances in synthesis, manipulation, and integration of
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entire genomic loci to remove all enhancers at the locus and re-introduce them one by one
(Blayney et al. 2022). Importantly, this approach revealed the super-additive behaviour of several
enhancer elements, contrasting previous conclusions of additive behaviour at the same locus
based on deleting individual enhancer elements (Hay et al. 2016; Blayney et al. 2022). This
outcome underlines the importance of studying individual elements of multi-enhancer clusters
both in the presence and absence of other cis-regulatory elements to understand their function
and their cooperative behaviour fully. Genetic modification of endogenous enhancer landscapes
remains laborious, and using such an approach is limited to a few selected enhancer clusters and
the constituent of those clusters, making it challenging to derive general rules about how different

enhancers can cooperate.

Conversely, reporter assays can eliminate regulatory complexity and quickly analyse the activity
of individual enhancers and even combinations. Besides testing in which tissue a given enhancer
is active and how strongly it activates transcription (Catarino and Stark 2018; Gasperini, Tome,
and Shendure 2020), reporter assays can be massively parallelised (massively parallel reporter
assays, MPRASs) to measure the enhancer activity of millions of fragments in one experiment and
identify genomic fragments with enhancer activity in the cell type of interest at ease (Arnold et al.
2013; Smith et al. 2013). Different classes of enhancers with distinct promoter compatibility or co-
factor dependency have been identified by combining enhancers with different promoters or using
MPRAs with perturbation of regulatory factors (Neumayr et al. 2022; Zabidi et al. 2015). However,
one maijor limitation of MPRAs is the size of the analysed DNA fragment. Therefore, enhancers
are typically placed very close to the promoter, so enhancer-promoter communication over large
genomic distances cannot be investigated (Muerdter et al. 2018). Furthermore, most genes are
controlled by multiple enhancers that activate the promoter together (Gschwind et al. 2023). While
first studies combined two enhancers to study cooperativity in their activation of a single target
gene (Loubiere et al. 2023; Martinez-Ara, Comoglio, and Steensel 2023), the genomic distance
between the elements was negligible compared to the distances enhancers have to overcome in
mammalian genomes. Finally, elements with low or undetectable enhancer activity in reporter
assays have been shown to exert critical regulatory functions in combination with other enhancers
at their respective endogenous loci (Blayney et al. 2022; Batut et al. 2022; Thomas et al. 2021;
L.-F. Chen et al. 2023). Therefore, reporter assays cannot fully recapitulate all aspects of
endogenous gene regulation, and new experimental systems are required to enable the study of
enhancers in their native environment with higher throughput as compared to previous dissections

of enhancer clusters at their endogenous loci.
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Here, we developed a novel 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. Due to the three integration sites and the fact
that this system has been placed in an empty TAD without additional regulatory elements, we can
build and analyse complex regulatory landscapes from the bottom up. The relative ease with
which enhancers can be integrated into the three integration sites allowed us to compare five
enhancers selected from different genomic contexts of the mouse genome at different distances
to the same promoter. We demonstrate that all enhancers lose the ability to activate the minimal
promoter with increasing distance. However, strong enhancers are less affected by genomic
distance. Finally, we show that combinations of weak and strong enhancers strongly increase
expression levels when the weak enhancer is placed between the strong enhancer and the
promoter, but not when the weak enhancer is placed upstream of the strong enhancer. Thus,
synergy between enhancers depends not only on the individual enhancer activity but also on the

genomic distance between the enhancers and the promoter.
Results

Design of the reporter system

We aimed to generate a flexible and quantitative reporter system that allows analysis of individual
cis-regulatory elements and combinations thereof at different genomic distances to a reporter
gene. To reduce the complexity of the regulatory landscape, we decided to introduce the system
into an empty TAD containing no active cis-regulatory elements in mESCs. This allows us to focus
on the effect of the introduced enhancers on reporter gene expression without the need to account
for existing endogenous cis-regulatory elements. We chose the B-globin locus that has been
described before as an inert environment in mESCs (Lienert et al. 2011) and is devoid of
activating or repressive regulatory elements based on the absence of H3K4me1/3, H3K27ac,
H3K27me3 or H3K9me2 histone marks in ESCs (Lienert et al. 2011; Yang et al. 2019). To
facilitate enhancer integration and eliminate the need to screen for homozygous integration
events, we introduced the reporter locus on only one of the two B-globin alleles. Thus, we used
v6.5 mouse ESCs (Rideout et al. 2000) that were derived from a C57BL/6 X 129/sv cross and
contained single nucleotide polymorphisms (SNPs) distinguishing the two parental alleles to
manipulate only the C57BL/6 allele (Figure 1A). We introduced an mCherry reporter gene under
the control of a minimal TK-promoter (Greenshpan et al. 2022; Arcot, Flemington, and Deininger
1989) into the B-globin locus 1.5kb upstream of the Hbb-y promoter. In addition, we integrated
three landing pads (LPs) 1.5 kb, 25 kb and 75 kb upstream of the reporter gene (Fig. 1A). After
the introduction of the first reporter, we chose two independent clones that we used for the
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integration of the additional LPs. All initial enhancer manipulations (Figures 1 and 2) were carried

out in both cell lines, reaching the same conclusions.

The fluorescent reporter gene allows for a quick read-out of overall expression levels by FACS.
Since mCherry levels are measured in each individual cell, we can obtain information on average
expression values and the distribution of expression levels within a population of cells containing
the desired enhancer landscape. 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 to WT v6.5 cells (Figure 1B clone 1, Figure S1A clone 2).

For integrating enhancers at the reporter locus, we used a variation of the Cre/lox recombination
system. Lox sites consist of a spacer sequence that needs to be identical for two lox sites to
recombine and two Cre-recognition sites 5’ and 3’ of the spacer. Recombination between one lox
site within the genome and one lox site within a donor plasmid leads to the integration of the
plasmid into the genome, albeit highly inefficiently since this process is reversible, resulting in the
excision of the integrated plasmid. However, the efficiency of plasmid integration can be increased
by the use of lox66 and lox71 variants that contain mutations in the left and right Cre-recognition
site, respectively (Araki, Araki, and Yamamura 1997; Branda and Dymecki 2004). Their
recombination results in one lox site without any mutations and one lox72 site that is no longer
recognised by the Cre-recombinase efficiently, as both left and right recognition sequences are
mutated; thus, plasmid excision is greatly diminished. We integrated lox71 sites 1.5 kb 5’ of the
reporter gene and designed plasmids containing lox66 sites for enhancer integration. Upon
recombination between a lox71 site in the genome and a lox66 site in the plasmid, the entire
plasmid is integrated into the genome (Fig. 1C). To remove the plasmid backbone after
integration, we included two additional compatible FRT recombination sites (Branda and Dymecki
2004) that are orthogonal to the Cre/Lox-system and are flanking the backbone upon plasmid
integration (Fig. 1C). Expression of FIpO recombinase leads to recombination between the two
FRT sites and excision of the entire plasmid backbone (Fig. 1C), leaving only the enhancer and
a single FRT site behind. For the LPs at 25 kb and 75 kb, we chose a similar strategy but used
lox variants with different spacer regions that do not recombine with lox71 sites or with each other
(here: 10x2272-71 and loxm2-71). We designed specific targeting vectors for every landing pad,
each with a compatible lox66 site, a particular selection cassette for positive selection fused to
ATK for negative selection, and an LP-specific set of FRT sites compatible with each other, but
not with the FRT sites used for any of the different targeting vectors (see Supplemental Table 6).

We validated that all lox sites and integrations occurred as expected for the two independent
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reporter cell line clones and multiple cell lines with integrated enhancers using Cas9 seq at the

B-globin locus in combination with Nanopore sequencing ((Gilpatrick et al. 2020), data not shown).

The Nanog enhancer activates reporter gene expression in a distance-dependent manner

To distinguish the enhancer fragments integrated at the reporter locus from the endogenous
enhancers, we amplified all selected enhancers in this study from the Mus musculus castaneus
strain. As a first proof of concept for enhancer integration, we inserted the proximal enhancer from
the Nanog locus (Fig. 1D) into a targeting plasmid for the 1.5kb landing pad. After transfection of
the enhancer-plasmid along with a plasmid expressing Cre-recombinase and one week of positive
selection, roughly 25% of colonies had the desired plasmid integration (data not shown). mCherry
expression was slightly decreased upon plasmid integration compared to the reporter cell line
without integration (Fig. S1B, right). We then transfected a plasmid expressing FIpO-recombinase
and selected for excision of the plasmid backbone with Ganciclovir. In the selected individual
clones, mCherry expression was strongly activated, and several independently derived cell lines
showed almost indistinguishable mCherry levels (Fig. 1E), demonstrating that our reporter system

can measure enhancer activity in a reproducible manner.

Interestingly, some clones initially had a small fraction of mCherry-negative cells that were quickly
lost upon passaging (Fig. S1D). To ensure that the mCherry-negative fraction was due to delayed
activation of mCherry-expression rather than silencing in mCherry-expressing cells (Cabrera et
al. 2022), we sorted mCherry-positive and -negative cells for one of these clones and measured
mCherry-fluorescence by FACS every few passages. While the mCherry-positive population
stayed positive, the negative population quickly gained mCherry expression (Fig. S1D). This data
suggests that initiation of mCherry-expression after the removal of the plasmid backbone can be
delayed among individual cells but will be completed within a few passages in the entire

population.

Next, we tested the same enhancer at different distances and inserted the Nanog enhancer into
the targeting plasmids for the LP 25kb and the LP 75kb. Integration efficiencies were similar to
integration at 1.5 kb (see Supplemental Table 6 for a summary of integration efficiencies). At both
loci, mCherry expression was not affected by plasmid integration (Fig. S1B, middle and left). Upon
excision of the backbone, we selected several independent clones with the Nanog enhancer
integrated at 25 kb or 75 kb. The different clones with integration at 25 or 75 kb behaved very
similarly (Fig. 1E, middle and left). We did not detect a fraction of mCherry-negative cells with the
enhancer at either 25 or 75 kb, and expression levels were stable over several passages (data

not shown). Next, we compared mCherry expression across different Nanog integration distances
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(Fig. 1F, 1G). We calculated the mean fluorescence and subtracted the mean background
autofluorescence of the unmodified WT v6.5 control (Fig. 1B) to compare the activation of
mCherry across replicates. In a previous study, the levels of reporter gene fluorescence were
linearly correlated with the number of MRNAs as determined by single-molecule RNA FISH (Zuin
et al. 2022). Therefore, we used the background-subtracted mean fluorescence as a direct read-
out of the transcriptional activity of the reporter gene. We normalised the background-subtracted
mean fluorescence at each LP to the background-subtracted mean fluorescence at 1.5 kb to
compare reduced activity at larger genomic distances to the initial intrinsic strength of the
enhancer at 1.5 kb (Figure 1G and S1C). The expression of mCherry is slightly decreased upon
integrating the Nanog enhancer at 25 kb compared to 1.5 kb. However, when the enhancer is
moved to the 75 kb landing pad, mCherry expression is strongly decreased across the population
but is still higher than the no enhancer control. In summary, our reporter system allows for the
efficient integration of enhancer sequences at three different distances from a reporter gene and
confirms the recently reported importance of genomic enhancer-promoter distance (Zuin et al.
2022; Rinzema et al. 2022).

CTCEF sites can interfere with enhancer-promoter communication (Zuin et al. 2022; de Wit et al.
2015; Pachano, Haro, and Rada-Iglesias 2022) and could be responsible for the loss of activity
of the Nanog enhancer at 75 kb. We analysed multiple publicly available CTCF cut&run datasets
(Patty and Hainer 2021; Olbrich et al. 2021) and identified one CTCF peaks between the Hbb-bt
and the OIfr67 gene, i.e., between the 25 kb and the 75 kb LPs (Figure 1H). This peak was
accessible in ATAC-seq experiments performed on the parental reporter cell line (Figure S1E),
suggesting that CTCF might indeed bind it. Therefore, we asked whether the CTCF binding site
affects the communication of enhancers integrated at 75 kb with the mCherry promoter. We
deleted the CTCF site with guides flanking the CTCF motifs in cell lines where the Nanog
enhancer was incorporated at the 75 kb landing pad. Next, we compared mCherry expression
between the cell lines with and without the CTCF motif: mCherry expression was slightly
increased in those cells where the CTCF motif was deleted (Figure 11). However, this increase is
relatively minor compared to the Nanog enhancer at 25 kb. We conclude that CTCF binding
between the 25 and 75 kb LP slightly reduces mCherry expression and is partially responsible for
the drop in mCherry expression when integrating an enhancer at 75 rather than at 25 kb.

However, the increased distance is primarily responsible for the reduction in mCherry expression.

Next, we wanted to test whether increased mCherry expression is due to the integration of active
enhancers or whether the reporter gene can be activated by integrating any DNA sequence.

Therefore, we integrated the Fgf5 E1 enhancer in the 1.5 kb LP. Fgf5 E1 is only activated during
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the differentiation of mouse ESCs into so-called EpilLCs, is not actively repressed in mouse ES
cells and has very low intrinsic strength in luciferase assays even when active (Thomas et al.
2021). As expected, integration of the Fgf5 E1 enhancer at 1.5 kb did not increase mCherry

expression beyond the no enhancer control (Figure 1J, 1K and S1F).

The B-globin locus is inactive in mouse ESCs; however, individual promoters might be activated
by integrating the different enhancers. We performed ATAC-seq in selected cell lines with different
integrated enhancers. We analysed the open chromatin landscape at the B-globin locus and the
Nanog locus with and without the enhancers and in the parental cell lines (Figure S2). No
differences were observed between the cell lines, suggesting that the manipulations did not
dramatically change the cell identity and that the minimal TK promoter is the only promoter

activated at the synthetic locus.

In summary, we have generated a highly versatile synthetic locus that allows for the reproducible
interrogation of enhancer activity at defined distances to a promoter controlling the expression of
a reporter gene. The locus itself is inert, expression of the reporter gene is not silenced over time

and reporter gene expression is only activated by active enhancers

Enhancer strength determines dependency on enhancer-promoter distance.

Recently, both the SCR from the Sox2 locus in ESCs and the human B-globin micro-LCR in
erythroleukemia K562 cells have been demonstrated to depend on the genomic distance to the
promoter of a reporter gene in a model locus (Rinzema et al. 2022; Zuin et al. 2022). In the case
of the SCR, measuring expression levels systematically at many different genomic distances
revealed that target gene expression decays non-linearly with increased distance (Zuin et al.
2022). However, both studies relied on a highly active enhancer, so whether all enhancers
respond to genomic distance in the same way is currently unknown. The high efficiency of
enhancer integration into our reporter locus enabled us to systematically compare how different
enhancers are affected by genomic distance. We chose enhancer elements that were part of
multi-enhancer clusters and showed different strengths in a previously published STARR-seq
data set (Peng et al. 2020). We included the proximal Nanog enhancer (see Figure 1 (Agrawal et
al. 2021)), the E2 enhancer element located about 90 kb upstream of the Rybp locus (Fig. 2A)
and two enhancers (E1 and E2) from the Map4k3 locus (60 and 75 kb upstream of the
transcription start site (TSS), Fig. 2B). We first tested the ability of these four enhancers to activate
expression in a plasmid-based luciferase assay. All enhancers significantly activated luciferase
activity (Fig. S3A), albeit to different degrees: The Nanog and Rybp E2 enhancers were the most
potent activators, followed by Map4k3 E2 and finally Map4k3 E1. In addition, we included the
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well-studied Sox2 control region (SCR), a 6 kb multi-enhancer cluster roughly 100 kb upstream
of the Sox2 gene (Zuin et al. 2022; Taylor et al. 2022).

Next, we integrated every enhancer into each landing pad of the reporter locus individually and
determined the resulting mCherry levels by FACS (clone 1: Figure 2C, clone 2: Figure S3B).
Integration of any selected enhancer at 1.5 kb increased mCherry expression levels (Fig. 2C,
right, S3C right), showing that all tested elements act as enhancers and can activate transcription.
The Sox2 SCR was the strongest activator, followed by the Nanog and Rybp E2 enhancers,
Map4k3 E1 and Map4k3 E2. The expression levels of mCherry were reproducible between
different clones and replicates, but variability is increased for the lower expressing cell lines with
Map4k3 E1 or Map4k3 E2 integration. Of note, despite higher activity in luciferase assays,
mCherry levels upon integration of Map4k3 E2 were lower compared to integration of Map4k3 E1
(Fig. 2C). Next, we analysed the expression of mCherry when the same enhancers were
integrated at either 25kb (Figure 2C middle, S3B middle) or 75 kb (Figure 2C left, S3B left). At all
distances, the order of enhancer strength was preserved: Sox2 SCR activated the highest levels
of mCherry expression at all distances, followed by eNanog, Rybp E2, Map4k3 E1 and finally
Map4k3 E2.

While the order in enhancer strength was preserved, the activation of mCherry expression
dropped with increasing distances (clone 1: Figure 2C, clone 2: S3B). The strong enhancers Sox2
SCR (Figure 2D, S3C), eNanog (Figure 1G, S1C) and Rybp E2 (Figure 2E, S3D) showed strong
activation at 1.5 kb and 25kb, with no (SCR) or only slight loss (eNanog and Rybp E2) of activity
at the intermediate distance 25 kb. When these strong enhancers are integrated at 75kb, mCherry
expression is substantially decreased but still detectable and much stronger than the no enhancer
control. For the two weaker enhancers, Map4k3 E1 (Figure 2F, S3E) and Map4k3 E2 (Figure 2G,
S4F), the activation from 25 kb is strongly reduced and almost undetectable at 75 kb. Of note, in
the first set of experiments shown in Figure 2, neither Map4k3 E1 at 75kb (Figure 2C, 2F) nor
Map4k3 E2 at 25kb (Figure 2C, 2G) in clone 1 reached statistical significance. However, with
increasing replicates (see Figures 3B-E and 4A-D), both enhancers reached statistical
significance at these loci. Nevertheless, the measured activity is very low, and the relative loss of
activity compared to 1.5 kb is much more pronounced than for the stronger enhancers at the
same distance (Figure 2C, S3B). Together, these experiments show that increasing distance to
the minimal promoter decreases the ability of a selected enhancer to activate that promoter. Still,
stronger enhancers are much less affected by a similar increase in genomic distance and can

activate this promoter from larger distances than weaker enhancers.


https://doi.org/10.1101/2023.12.06.570399
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.06.570399; this version posted December 7, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

The cooperation of weak enhancers can activate transcription from a distance.

Both enhancers from the Map4k3 cluster were the weakest elements tested above; specifically,
could not elicit considerable mCherry expression from 25 kb. At the endogenous locus, this
element is located about 75 kb from the potential target gene and, therefore has to overcome a
substantially longer distance to the promoter. Consequently, we tested whether Map4k3 E2
contributed to the expression of the putative target gene Map4k3. We deleted both Map4k3
enhancers individually at the endogenous locus using CRISPR-Cas9. We selected two clones
each and analysed the expression of the target gene Map4k3 using gPCR. Deletion of Map4k3
E1 clearly reduced Map4k3 expression in both analysed clones (Figure 3 A). Deletion of the
Map4k3 E2 enhancer also reduced the expression of the target gene (Figure 3A), albeit not as

strongly as the Map4k3 E1 enhancer and only in one of the two tested clones.

As the weak enhancer element Map4k3 E2 affects expression levels at the endogenous locus
from a distance at which it is not active in our synthetic locus, we hypothesised that the presence
of additional enhancers influences how a given enhancer is affected by genomic distance.
Therefore, we integrated both Map4k3 E1 and E2 elements at different distances into our
synthetic locus. As the simultaneous integration of two enhancers was very inefficient, we
performed the dual integrations step-wise: we integrated one enhancer first, selected individual
clones, and then integrated the second enhancer. Both backbones were removed after the
second enhancer was integrated. As the two parental cell line clones behaved very similarly upon
integrating individual enhancers (Fig. 1 and 2), we used only clone 1 for all dual enhancer
experiments described below. In the previous experiments described in Figure 2, we compared
the integrated enhancers to the no-enhancer control. In the following experiments, we compare
dual integrations to individual integrations, and we calculate values of expected activity for
enhancer combinations based on an additive model of their individual activities (gray dotted lines
in Fig. 3B-E and 4A-D). To avoid accounting for basic expression levels from the promoter twice
when adding up the auto-fluorescence corrected expression values of two individual enhancer
integrations, we subtracted the background mCherry levels of the no enhancer control from the

measured mean mCherry expression.

First, we tested whether Map4k3 E2 at 75 kb can increase expression levels in the presence of

the Map4k3 E1 enhancer at 25kb. Interestingly, the combination of the two elements lead to an

increased expression of mCherry compared to the individual integrations (Figure 3B), even

though Map4k3 E2 cannot activate the reporter gene from 75 kb by itself. Next, we swapped

Map4k3 E1 and Map4k3 E2 positions: now Map4k3 E1 was integrated at 75 kb, and Map4k3 E2

was integrated at 25 kb. Both enhancers show very low individual activation of mCherry
10
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fluorescence at these positions; however, in combination, they strongly increase mCherry
expression (Figure 3C) and activate transcription super-additively. We conclude that weak
enhancers can work synergistically, allowing combinations of two enhancers to activate

transcription from distances where the individual enhancers are not active.

In the experiments above, we integrated the enhancers at the two distal locations. Next, we
moved the two elements closer to the promoter and integrated Map4k3 E1 and E2 at the 1.5 and
25 kb positions. First, we tested the stronger enhancer (Map4k3 E1) at 1.5 kb and found that
integration of the weaker enhancer (Map4k3 E2) at 25 kb did not further increase the expression
of mCherry (Figure 3D). When we switched those positions and integrated the weaker element
Map4k3 E2 at 1.5 kb and Map4k3 E1 at 25 kb (Figure 3E), the combined integration increased
the expression of mCherry. However, it increased only slightly beyond the expected additive
behaviour. In both cases, the minimal promoter itself may be a limiting factor in the combined
action of the two elements and saturation of the promoter might not allow for an additional

increase in activation (see discussion)

Cooperation between strong and weak enhancers depends on their relative position

Map4k3 E2 and Map4k3 E1 belong to the same enhancer cluster and can cooperate. We next
asked whether the ability to cooperate with a second enhancer is limited to elements from the
same locus or whether the weak Map4k3 E2 enhancer can also work together with other
enhancers. We first combined Map4k3 E2 with the Nanog enhancer in our synthetic locus. When
the Nanog enhancer was integrated at 25kb, adding Map4k3 E2 at 75 kb did not increase the
expression of mCherry further (Figure 4A). However, when we changed the order and integrated
the Nanog enhancer at 75 kb and Map4k3 E2 at 25kb, we observed a strong super-additive
induction of mCherry expression compared to the individual integrations (Figure 4B). This
synergistic effect was not limited to the Nanog enhancer: when we instead integrated Rybp E2 at
75 kb together with Map4k3 E2 at 25kb, the expression of mCherry also strongly exceeded the

expected additive values (Figure 4C).

Thus far, we have shown that Map4k3 E2 can support the distal enhancers when integrated at
the intermediate LP at 25kb. Next, we asked whether this synergistic effect is strengthened when
integrated closer to the promoter. Therefore, we moved Map4k3 E2 to the 1.5 kb position in a cell
line where the Nanog enhancer was integrated at 75 kb. Combined enhancers in these cell lines
lead to increased mCherry expression compared to single enhancers (Figure 4D). However, the
overall expression levels were only slightly above the added single enhancer levels. We

compared the mCherry expression levels between cell lines where the Nanog enhancer is
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integrated at 75 kb and Map4K3 E2 is either located at 25 kb or 1.5 kb (Figure 4E). While the
expression of mCherry is higher in cell lines with Map4k3 E2 at 1.5kb, this is only a minor increase
compared to Map4k3 E2 at 25kb. In summary, we conclude that a weak enhancer such as
Map4k3 E2 can synergise with strong enhancers when integrated between the promoter and the
strong enhancer, thereby partially alleviating the distance-dependent drop in activation of the
strong enhancer. This behaviour does not strongly depend on the exact position where the weak
Map4k3 E2 enhancer is integrated. We conclude that for expression levels of the target gene, the

position of the weaker enhancer in relation to the stronger enhancer is flexible.

Two recent publications have analysed enhancer synergies using an episomal plasmid approach
but reached different conclusions (Loubiere et al. 2023; Martinez-Ara, Comoglio, and Steensel
2023): In mouse ES cells, the enhancers worked predominantly additive (Martinez-Ara, Comoglio,
and Steensel 2023), whereas the work conducted in Drosophila S2 cells showed that most
developmental enhancers are synergistic and follow a simple multiplicative model, with the caveat
that strong enhancers might saturate limited promoter capacity (Loubiere et al. 2023). We
examined whether either model could explain our observations: The simple additive model
assumes that summing the individual activities of two enhancers at their respective distance can
predict their combined activity (see Methods). For combinations where one of the enhancers is
integrated proximal to the promoter, we found that this model describes our data very well (Figure
4F). However, the distal combinations, except for eNanog at 25kb and Map4k3 E2 at 75 kb, do
not follow this trend and show super-additive behaviour (Figure 4F). Next, we tested a
multiplicative model, but this model described none of our combinations well (Figure 4G). While
the activity of distal enhancer combinations was higher than expected for multiplicative behaviour,
the combinations with a proximal enhancer had lower than expected activity (Figure 4G). Because
neither the additive nor the multiplicative model takes the position of the enhancers relative to the
promoter into consideration, we instead fitted a linear regression model that factors in the distance
at which the two cooperating enhancers are integrated to predict their combined activity from their
individual contributions. The linear model improved the prediction accuracy strongly (R?= 0.98,
Fig. 4H), suggesting that including information about the distance at which the cooperating
enhancers are integrated is required and sufficient to predict the activity of enhancer combinations
accurately. One key asset of linear models is to deliver a set of interpretable and informative
coefficients. The individual activities at the different positions are most predictive of the combined
activity. In addition, the model penalises combinations where an enhancer is localised at 1.5 kb.
Furthermore, it predicts that combinations of enhancers at 25 and 75 kb have a strong synergistic

effect (see supplementary table 7 for the full report).
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In conclusion, how two enhancers cooperate depends strongly on their genomic distance to the
promoter: While enhancers integrated at 25 and 75 kb synergise strongly, a simple additive model
is sufficient to describe the data, when one enhancer is integrated close to the promoter.
Furthermore, similar to previous studies (Loubiere et al. 2023), saturation of the promoter might

be limiting more substantial synergistic effects.
Discussion

Here, we developed a platform for studying distance-dependent enhancer-enhancer cooperativity
in the mammalian genome. The platform includes a reporter cell line for integrating enhancer
sequences at three different distances upstream of a reporter gene to ask how individual
enhancers and their combinations activate transcription from different genomic distances in a
standardised genomic environment. Our system has several advantages over existing
approaches. It is very flexible, as we can integrate any sequence and combinations at currently
three different positions of the reporter locus. As the locus contains no active regulatory elements
besides the ones we are introducing, it provides a controlled environment for building and
analysing complex regulatory landscapes de novo. Furthermore, enhancers are tested in their
native chromatinized environment, while the efficiency of our system allows us to generate
multiple cell lines at once and test more combinations of regulatory elements than would be

possible by modifying endogenous loci.

To demonstrate the power of the platform and reporter cell line, we integrated five different
enhancers at 1.5, 25 and 75 kb upstream of a mCherry reporter gene and measured the resulting
fluorescence. mCherry levels were very similar between independently generated clonal cell
lines. Interestingly, plasmid integration at 1.5 kb but not at 25 or 75 kb reduced mCherry
expression before FlpO treatment. Even after FlpO-expression, a small fraction of mCherry-
negative cells remained in some clones with eNanog integration at 1.5 but were lost after a few
passages. We did not observe a similar behaviour at 25 or 75 kb. We speculate that upon plasmid
integration, read-through transcription of the selection cassette reaches the minimal TK-promoter
of the mCherry reporter gene and leads to deposition of H3K36me/me2/me3, which in turn recruits
the DNA methylation machinery (Weinberg et al. 2019). Silencing by DNA methylation could
explain reduced mCherry expression upon plasmid integration. After excision of the selection
cassette, the enhancer would then activate the reporter gene and DNA methylation is removed.
The persistence of DNA methylation for some time could explain the small fraction of mCherry-

negative cells that is lost upon passaging cells.
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We have built the synthetic locus around the weak minimal TK promoter that shows very low
basal activity. This ensures that the integrated enhancers indeed cause all measured activity at
the locus. However, this promoter might also be rate limiting in our analysis: Most strong
enhancers and combinations at close distances showed similar mean expression levels,
suggesting saturation in expression. However, the 6 kb multi-enhancer from the Sox2 SCR
showed much stronger expression than the other enhancers, even from the 25 kb distance,
suggesting that stronger expression is possible. Here, combinations of very strong enhancers and

the incorporation of different promoters in the future will test the limitations of the system.

All enhancers tested in this study depend on the genomic distance to their target promoter, albeit
to different degrees according to their intrinsic enhancer strength. Our results agree with and
expand on previous findings regarding the distance dependency of two highly active regulatory
regions in mouse ESCs and erythroleukemia K562 cells (Zuin et al. 2022; Rinzema et al. 2022).
While all enhancers lost activation potential with increasing distance, introducing a second, weak
enhancer can partially rescue the drop in activation. We focused on one such weak enhancer,
the E2 enhancer from the Map4k3 locus. In isolation, this element cannot activate transcription
even from intermediate distances. However, when combined with other enhancers and placed
between the strong enhancer and the promoter, this element strongly increased the activation at

the promoter.

While increasing the distance between enhancer and promoter decreases the activation at the
promoter, many enhancers are located at distances where the individual enhancers should not
be able to activate a promoter anymore. Our work here suggests that integrating additional, weak
enhancers can partially overcome loss of enhancer activity due to increased genomic distance.
Interestingly, the individual intrinsic strength of the additional enhancer and its exact position
might be secondary as long as it is located between the strong enhancer and the promoter. Our
findings might explain recent findings from the a-globin (Blayney et al. 2022) and the Sox2 loci
(Brosh et al. 2023), where elements with weak intrinsic enhancer activity can facilitate the
communication of strong enhancers with the promoter, even though we cannot rule out that some

of these elements apply distinct mechanisms of enhancer cooperation.

Why can stronger enhancers bridge more considerable genomic distance than weaker ones and

how do weak enhancers synergize with distal strong enhancers? Increased genomic distance

reduces contact frequency (Dixon et al. 2012; Rao et al. 2014). However, enhancer-promoter

contacts do not linearly correlate with transcriptional activation of the target gene (Zuin et al.

2022), and it remains unclear whether and how close an enhancer needs to come to its promoter

to activate transcription (H. Chen et al. 2018; Benabdallah et al. 2019; Alexander et al. 2019).
14
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Regulatory elements recruit tens of TFs, co-factors and RNA Pol Il molecules (Li et al. 2019;
2020). These so-called transcription hubs of regulatory factors can be several 100 nm in size and
might be able to bridge enhancers to their target promoters (Heist, Fukaya, and Levine 2019). In
that case, the actual 3D distance between an enhancer and a promoter would not matter as much
as long as the transcription hub still “touches” the promoter. We speculate that stronger enhancers
have more prominent transcription hubs due to the recruitment of higher levels of regulatory
factors and might thus be capable of activating their target gene from a larger 3D distance. This
would increase resilience to small increases in 3D distance and thus decrease dependence on
genomic enhancer-promoter distance. Such a model could explain why the Sox2 SCR activates
almost identical expression levels from 1.5 and 25 kb, whereas the weaker enhancers are much
less active from 25 kb compared to 1.5 kb. Similarly, weak enhancers at intermediate distances
could bridge the transcription hubs of strong distal enhancers to the promoter. They thereby

increase the activation radius of the strong enhancer elements.

In previous work, we demonstrated that elements without intrinsic strength measured in reporter
activity can contribute to gene expression. Here, we expand on this study and show that weak
enhancers can strongly contribute to the expression of a target gene, potentially by facilitating the
communication of the enhancer with the promoter. It is possible that the mere positioning between
the strong enhancer and the promoter could be enough to bridge the distance between the distal
enhancer and the promoter. A recent MPRA approach in different human cell lines classified cis-
regulatory elements into different categories based on their intrinsic activity, including classical
enhancers and so-called chromatin-dependent enhancers. The latter category is characterised
by a strong epigenomic enhancer signature but low intrinsic enhancer strength. Enhancers from
both categories can often be found within the same enhancer cluster. The combination of weak
and strong enhancers in the same enhancer cluster could fulfil multiple functions. On the one
hand, multiple weak enhancers might confer a buffering effect against the potential loss of
individual elements. In addition, our results suggest that combining enhancers with weak and
strong intrinsic activity can expand the genomic distance at which an enhancer cluster can
communicate with its target gene. Moreover, we speculate that enhancer cooperativity could
improve efficiency in target promoter selection: promoters associated with an additional weak
enhancer may exhibit an increased responsiveness to a distal strong enhancer compared to other

promoters without such an element.

15


https://doi.org/10.1101/2023.12.06.570399
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.06.570399; this version posted December 7, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

We would like to thank all members of the Buecker lab for discussions and feedback throughout
the project, Martin Leeb, and the members of his lab for continuous support and critical feedback
in shared group meetings. In addition, we would like to thank Patricia Rothe and Mustafa Alaboo
for technical help. The BioOptics-FACS facility at the Max Perutz labs was instrumental in the
success of this project. Cas9-seq was performed by the Next Generation Sequencing facility at
the Vienna BioCenter Core Facilities (VBCF), a member of the Vienna BioCenter (VBC), Austria.
Some figures were created with BioRender. The work was supported by the Austrian Science
Fund FWF (P34123 to CB and W1261 DK SMICH) and Uni:Docs fellowship from the University
of Vienna to H.T.

16


https://doi.org/10.1101/2023.12.06.570399
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.06.570399; this version posted December 7, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure Legends:

Figure 1: Generation and Validation of a synthetic locus to test enhancer activity systematically

A: Schematic representation of the different components of the synthetic locus generated in this
study. Top: UCSC browser track depicting the B-globin locus. Below: different parts of the
synthetic locus including three landing pads (LP) at different distances to the minimal promoter
(arrow) and the mCherry reporter gene. All components are integrated on the C57BI6 allele.
Bottom: Red stars depict single nucleotide polymorphisms (SNPs) used to target the C57BI6 allele

selectively.
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: UCSC browser track depicting p300, H3K27ac, and H3K4me1 ChliP-seq tracks for the Nanog
locus (Buecker et al. 2014)

E: Representative FACS plots showing three individual 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 landing
pads. 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.

H: UCSC browser track depicting CTCF CUT&RUN data at the B-globin locus. Grey: CTCF site
with ATAC-seq signal

I: Mean mCherry fluorescence of cell lines with eNanog at 75 kb or 25 kb with and without deletion
of the CTCF motif as indicated

J: Representative FACS plots showing an individual clonal cell line with the Fgf5 E1 enhancer
integrated at the 1.5 kb LP.

K: Quantification of mean mCherry expression of Fgf5 E1 integrated at the 1.5 kb LP compared

to the no enhancer control. Statistical significance was tested (p < 0.05, one-sided paired t-tests).
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Figure 2: Enhancer strength determines dependency on enhancer-promoter distance

A: UCSC browser track depicting p300, H3K27ac, and H3K4me1 ChlP-seq tracks for the Rybp
locus (Buecker et al. 2014)

B: UCSC browser track depicting p300, H3K27ac and H3K4me1 ChlIP-seq tracks for the Map4k3
locus (Buecker et al. 2014)

C: Quantification of mCherry expression of the five indicated enhancers compared to the no
enhancer control at three different LPs. 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. Note that for
Map3k4 E1 at 75 kb and Map3k4 E2 at 25 kb, additional replicates (see Figures 3 and 4) were
performed that decreased p below 0.05.

D-G: Quantifying mean mCherry expression of indicated enhancers integrated at the indicated
landing pads. Top: individual examples, bottom: normalised mCherry expression. 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.
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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 to the WT expression.

B-E: Comparison of combinations of enhancers to the individual integrations 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: 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 E2 at 25 kb combined with Map4K3 E1 at 1.5 kb

E: Map4K3 E1 at 25 kb combined with Map4K3 E2 at 1.5 kb
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Figure 4: Map4k3 E2 can cooperate with strong enhancers to activate transcription from a

distance

A-D: 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).
A: Map4K3 E2 at 75 kb combined with eNanog at 25 kb
B: eNanog at 75 kb combined with Map4K3 E2 at 25 kb
D: Rybp E2 at 75 kb combined with Map4K3 E2 at 25 kb
E: eNanog at 75 kb combined with Map4K3 E2 at 1.5 kb

E: Comparison of background subtracted mean mCherry expression of eNanog at 75 kb and
Map4k3 E2 at 25 kb (top) or 1.5 kb (bottom)

F: Additive model of enhancer activity at the different loci
G: Multiplicative model of enhancer activity at the different loci

H: Linear Regression Model to predict enhancer activity
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Supplemental Figure legends

Supplemental Figure 1: Related to Figure 1

A: FACS plot showing a selected example of clone 2 no enhancer and the parental cell line v6.5

B: 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

C: Quantification of mean mCherry expression of eNanog integrated at the indicated landing
pads 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.

D: 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
E: UCSC browser track surrounding potential CTCF sites and ATAC-seq signal

F: 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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Supplemental Figure 2: Related to Figure 1

UCSC browser track showing ATAC seq signal at the B-globin locus (top) and the Nanog locus
(bottom) of the parental cell lines v6.5, the no enhancer control and different enhancers integrated

at different LPs.
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Supplemental Figure 3: related to Figure 2

A: Luciferase Assay of the 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. 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
landing pads. 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.
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Methods

Generation of reporter cell line

All generated cell lines and plasmids are summarized in Supplemental Table 1, all gRNA
sequences can be found in Supplemental Table 2, all primers for cloning can be found in
Supplemental Table 3 and the sequences for the ssDNA oligos are listed in Supplemental Table

5. Finally, gPCR primers are listed in Supplemental Table 4.

For Kl of the reporter gene into the 3-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 (Thomas et al. 2021). 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 f3-
globin-locus unless noted otherwise. Homology arms were designed to disrupt the gRNA

recognition sequence upon successful K.

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 (Thomas et al. 2021). 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 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
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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?3 were cultured and transfected by lipofection with
400 ng of circular targeting vector, 400 ng of gRNA-containing plasmid and 4 L of Lipofectamine
2000 Transfection Reagent (Invitrogen™), as described before (Thomas et al. 2021). In brief,
cells were transferred to a 10 cm dish the day after transfection and selection with Puromycin
(2 pg/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 validation 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. Clones were expanded and
subsequently transfected 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 “Kl 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 are 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.

To introduce 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 designed 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 transfected 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

(Thomas et al. 2021), 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
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overlapping the integrated lox sites (and thus only binding to the modified alleles) and reverse
primers downstream 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 Ki
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 lox2272/71 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.

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 (Thomas et al. 2021). We generated three
plasmids containing FRT, FRT3 and FRTS sites, respectively. The original restriction sites were
disrupted during this process, but an additional Ncol-site was introduced downstream of the FRT
sites as part of the inserted oligo. We then ordered additional 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 introduced 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
FRTS5 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:
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o pGemT-FRT-lox66-FRT-blasticidin-deltaTK
o pGemT-FRT3-loxm2/66-FRT3-puromycin-deltaTK and
o pGemT-FRT5-l0x2272/66-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. (Buecker et al. 2014)). The resulting plasmids were
transfected together with a Cre-recombinase 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 pL of Lipofectamine 2000 Transfection
Reagent (Invitrogen™) were used. Cells were selected with Blasticidin (10 pyg/mL, Invivogen),
Hygromycin B (400 pg/mL, Sigma-Aldrich) or Puromycin (2 ug/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
integrated plasmid backbone (“integration forward”) and reverse primers mapping downstream of
the respective lox site (“integration 1.5/75 reverse; for 25 kb: “lox Kl 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 FlpO-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 ug 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 pg/mL,
Invivogen) for one week. Single colonies were picked. PCR confirmed the removal of the selection
cassette with an enhancer-specific forward primer combined 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.
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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
confirm further 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 “SCR-

reverse+tintegration 1.5/25/75 reverse” for SCR-rev).

To integrate the dual enhancers, we selected individual clonal cell lines from clone 1 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.

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. The distance between each gRNA is 5kb. 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
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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 integration 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).

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 and coefficient of variation of mCherry fluorescence with the FlowJoTM
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 and standard deviation of mean fluorescence and plotted the resulting
values for each time point in bar graphs (see Figures). 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 fluorescence of
cell lines with the enhancer at all distances and the parental cell line without enhancer to the
respective clone with the enhancer at 1.5 kb. We performed one-sided paired t-tests on the
normalised values to identify statistically significant increases compared to the respective parental

reporter cell line clone without enhancer.

To compare combinations of enhancers, we calculated the mean mCherry expression of all cell
lines, either with one or the combination of two enhancers, and subtracted the mean mCherry
expression of clone 1 (no enhancer control) from each mean expression. We calculated the

expected additive expression by adding the no enhancer control subtracted values.

Modelling of expected combined activities
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The individual activity of enhancers in the 75kb, 25kb and 1.5kb pads were scaled using the
negative control conditions where the three pads contain control sequences (-/-/-). Therefore, they
correspond to fold-changes normalised to the basal activity of the core promoter expressed in
log2. Hence, for a given pair P, log2 additive and multiplicative predicted values were computed

using the following formulas:
Paddiive = 10g2(217 + 2125 + 2115 — 2)
P multiplicative = i75+i25+i1.5

Where i75, i25 and i1.5 correspond to the log2 individual enhancer activities inserted 75kb, 25kb
and 1.5kb upstream of the core promoter, respectively. Finally, we fitted a linear model using log2

activity values and the Im function in R:
Pactivity = BO + Fpos + B1*|75 + B2*|25 + ,33*I1 5 +€

Where B0 is the intercept and Fyos corresponds to the position of the two enhancers (+/+/-, +/-/+,
-/-1+). B1, B2 and B3 coefficients represent the contribution of each enhancer’s activity and € is

the error term. The performance of each model was assessed using R-squared (R?) coefficients.

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™
lIl Cell Sorter (BD Life Sciences - Biosciences). Sorting gates were determined 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
followed by a poly-adenylation signal under the control of the SV40 promoter (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
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Supplementary Table 3. Luciferase assays were slightly adapted but otherwise performed as
described previously (Thomas et al. 2021). 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 Transfection 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 background-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-gPCR

Enhancers at the Map4k3 locus were deleted in R1 WT ESCs as described above. RNA was
extracted from confluent 6-well plates, and resulting Map4k3 expression levels were measured
by RT-gPCR as described before?. 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 WT-normalized
values to assess whether they are significantly lower than 1 (as all values are normalised to WT,

a value of 1 corresponds to WT expression levels).
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Additional Resources

Supplemental Table 1: Key Resource Table

Reagent or Resource Source Identifier
Chemicals, peptides, and recombinant proteins

Ncol-HF® NEB Cat#R3193S
Xhol NEB Cat#R0146S
Sphl-HF® NEB Cat#R3182S
BamHI-HF® NEB Cat#R3136S
Notl-HF® NEB Cat#R3189S
BsrGI-HF® NEB Cat#R3575S
Puromycin Invivogen Cat#ant-pr-1
Ganciclovir Invivogen Cat#sud-gcv
Neomycin Sigma-Aldrich Cat#G8168
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Hygromycin B Sigma-Aldrich Cat#10843555001
Blasticidin Invivogen Cat#ant-bl-1
Experimental models: cell lines

v6.5 mESCs Rideout et al., 20003 N/A

3xlox clone 1 this study N/A

3xlox clone 2 this study N/A

3xlox clone 1 + MAP4K3 E1 (1.5 kb) this study N/A

3xlox clone 1 + MAP4K3 E2 (1.5 kb) this study N/A

3xlox clone 2 + MAP4K3 E2 (1.5 kb) this study N/A

3xlox clone 1 + Rybp E2 (1.5 kb) this study N/A

3xlox clone 1 + eNanog (1.5 kb) this study N/A

3xlox clone 2 + eNanog (1.5 kb) this study N/A
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3xlox clone 1 + SCR-rev (1.5 kb) this study N/A
3xlox clone 2 + SCR-rev (1.5 kb) this study N/A
3xlox clone 1 + Fgf5-PE (1.5 kb) this study N/A
3xlox clone 2 + Fgf5-PE (1.5 kb) this study N/A
3xlox clone 1 + MAP4K3 E1 (25 kb) this study N/A
3xlox clone 2 + MAP4K3 E1 (25 kb) this study N/A
3xlox clone 1 + MAP4K3 E2 (25 kb) this study N/A
3xlox clone 2 + MAP4K3 E2 (25 kb) this study N/A
3xlox clone 1 + Rybp E2 (25 kb) this study N/A
3xlox clone 2 + Rybp E2 (25 kb) this study N/A
3xlox clone 1 + eNanog (25 kb) this study N/A
3xlox clone 2 + eNanog (25 kb) this study N/A
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3xlox clone 1 + SCR (25 kb) this study N/A
3xlox clone 2 + SCR (25 kb) this study N/A
3xlox clone 1 + SCR-rev (25 kb) this study N/A
3xlox clone 2 + SCR-rev (25 kb) this study N/A
3xlox clone 1 + MAP4K3 E1 (75 kb) this study N/A
3xlox clone 2 + MAP4K3 E1 (75 kb) this study N/A
3xlox clone 1 + MAP4K3 E2 (75 kb) this study N/A
3xlox clone 2 + MAP4K3 E2 (75 kb) this study N/A
3xlox clone 1 + Rybp E2 (75 kb) this study N/A
3xlox clone 2 + Rybp E2 (75 kb) this study N/A
3xlox clone 1 + eNanog (75 kb) this study N/A
3xlox clone 2 + eNanog (75 kb) this study N/A
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3xlox clone 1 + SCR (75 kb) this study N/A
3xlox clone 2 + SCR (75 kb) this study N/A
3xlox clone 1 + SCR-rev (75 kb) this study N/A
3xlox clone 2 + SCR-rev (75 kb) this study N/A
ARybp E2 clone 1 this study N/A
ARybp E2 clone 2 this study N/A
AMAP4K3 E1 clone 1 this study N/A
AMAP4K3 E1 clone 2 this study N/A
AMAP4K3 E2 clone 1 this study N/A
AMAP4K3 E2 clone 2 this study N/A
Recombinant DNA
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px330-U6-Chimeric_BB-CBh-hSpCas9 Addgene Cat#42230
Fgf5-HAL-PE-pdTK-HAR Thomas et al., 202123 N/A
BamHI - B-globin HAR - Notl BioCat GmbH N/A
targeting vector (pGemT-HAL-pdTK- this study N/A

spacer-TK-mCherry-pA-HAR)

pGemT (circularised) Promega Cat#A362A

pGemT-FRT-lox66-FRT-blasticidin-deltaTK | this study N/A

(7 additional 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- | this study N/A

deltaTK (6 additional versions of this plasmid
with integration of MAP4K3 E1, MAP4K3 E2,
Rybp E2, eNanog, SCR and SCR-rev were

also generated)

pGemT-FRT5-1ox2272/66-FRT5- this study N/A

hygromycin-deltaTK (6 additional versions of
this plasmid with integration of MAP4K3 E1,
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MAP4K3 E2, Rybp E2, eNanog, SCR and

SCR-rev were also generated)

FlpO-expressing plasmid provided by the lab of | N/A
Stefan Ameres

pGL3-SV40 promoter-luciferase-MAP4K3 | this study N/A

E1

pGL3-SV40 promoter-luciferase-MAP4K3 | this study N/A

E2

pGL3-SV40 promoter-luciferase-Rybp E2 this study N/A

pGL3-SV40 promoter-luciferase-eNanog this study N/A

pGL3-SV40 promoter-luciferase-SCR this study N/A

pGL3-SV40 promoter-luciferase-SCR-rev this study N/A

Other

Gibson Assembly mix homemade N/A

Stbl3 bacteria propagated from the [ N/A
initial Invitrogen stock
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R1 ESC DNA extracted from R1 | N/A
mouse ESCs
HEK-293 DNA provided by the lab of [ N/A

Dea Slade

BD FACSAria™ [ll Cell Sorter

BD Life Sciences -|N/A

Biosciences

Supplemental Table 2 gRNA sequences

integration of mCherry reporter

forward

gene

CACCGGGCCCTCCTCGACCCCATT

integration of mCherry reporter

reverse

gene

AAACAATGGGGTCGAGGAGGGCCC

lox KI 25 kb forward

CACCGTGTGTACCTAACAAGATATG

lox Kl 25 kb reverse

AAACCATATCTTGTTAGGTACACAC

lox KI 75 kb forward

CACCGTTCACTATGAGCAGGGCATC

lox KI 75 kb reverse

AAACGATGCCCTGCTCATAGTGAAC
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MAP4K3 E1 gRNA forward 1

CACCGCAAGGGACAGTATTGCTGCG

MAP4K3 E1 gRNA reverse 1

AAACCGCAGCAATACTGTCCCTTGC

MAP4K3 E1 gRNA forward 2

CACCGACACAGTAGAGCTTGAATGC

MAP4K3 E1 gRNA reverse 2

AAACGCATTCAAGCTCTACTGTGTC

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
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Supplemental Table3: PCR primers

TK-mCherry cloning forward CGTCGCATGCTCCCGGCCGCTTCGCATAT
TAAGGTGACGC

TK-mCherry cloning reverse CACTAGTGATATCCCGCGGCTCACTTGTA
CAGCTCGTCCA

intron cloning forward CCCGTAATGCAGAAGAAGACCATGGTAAG
TATCAAGGTTACAAGACAG

intron cloning reverse TCGGAGGAGGCCTCCCAGCCCTGTGGAG
AGAAAGGCAAAG

pGemT-TK-mCherry-intron forward CCGGGTTCATTAGATCTCGATTGCGTTTCT
GATAGGCACC

pGemT-TK-mCherry-intron reverse TAGGTACCTTAGGATCTCGAGAGTCTTCT
CTGTCTCGACA

HA-L cloning forward ATTGGGCCCGACGTCGCATGACCACGGC
ATTAACCCTTTGC

HA-L cloning reverse GCGAAGCGGCCGGGAGCATGCGGAGGG
CCCTTGAGCAATGA

puromycin-deltaTK lox71 cloning forward GCTCAAGGGCCCTCCGCATGTACCGTTCG
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TATAGCATACATTATACGAAGT

puromycin-deltaTK targeting vector cloning | TTTAAAGTTATTTCAGTTCCGATCCATACA

reverse CCGGCGGGAG

human spacer cloning forward CTCCCGCCGGTGTATGGATCGGAACTGAA
ATAACTTTAAACTAGG

human spacer cloning reverse GCGAAGCGGCCGGGAGCATGATGAAGAA
CAACTGTAGAGACT

BGH polyA cloning forward GGGATATCACTAGTGCGGCCGATCCTATT
CTATAGTGTCACCTAAATGC

BGH polyA cloning reverse TGGTCGACCTGCAGGCGGCCGCTTTTTG

GATCCTCCCCAGCATGCCTGCTATT

Kl validation 1 forward GGAGGGGATCAACCCTTTCA

Kl validation 1 reverse CACCTACTCAGACAATGCGATGC
Kl validation 2 forward GCCTCGACTGTGCCTTCTAGTT
Kl validation 2 reverse ATTTACCCCACCCATATTAGCAA
Kl validation after Cre forward CACCCCAACCACCAACTTCT
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Kl validation after Cre reverse AAAGATGGGGTGGAACGCTT
reporter validation 1 forward GGAGGGGATCAACCCTTTCA
reporter validation 1 reverse TTACGGTTCCTGGCCTTTTG
reporter validation 2 forward CACCCCAACCACCAACTTCT
reporter validation 2 reverse CGTCTGCTCCTTTCTAGGCA
reporter validation 3 forward AGGACGGCGAGTTCATCTAC

reporter validation 3 reverse

CACCTACTCAGACAATGCGATGC

reporter validation 4 forward

CTCCCACAACGAGGACTACAC

reporter validation 4 reverse

ATTTACCCCACCCATATTAGCAA

lox KI 25 kb initial forward

CCGTTCGTATAGGATACTTTATACG

lox Kl 25 kb initial reverse

GCCTGGTTGAATGTTACCCTCTG

lox KI 75 kb initial forward

CCGTTCGTATATGGTTTCTTATAC
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lox KI 75 kb initial reverse CCACACCCCTGCTAGAGCATTAG

lox KI 25 kb validation forward ACTTTGACTTTCCTGGGTTAGCAG

lox KI 75 kb validation forward CACGTGTGTTCATTGAGTGTGGAG

eGFP cloning forward CTTTCTTGTACAAAGTGGGCGTGAGCAAG
GGCGAGGAGCT

eGFP cloning reverse TGATTGTCGATCACTTGTACAGCTCGTCC
ATGCCGAGAGT

blasticidin-deltaTK cloning FRT forward TTATACGAACGGTAGCGGCCGCGAAGTTC
CTATTCTCTAGAAAGTATAGGAACTTCCGA
CTGTGCCTTCTAGTTGC

blasticidin-deltaTK cloning FRT reverse GACCTGCAGGCGGCCCTCGAGCTAGAGG
TCGACGGTATACAGA

hygromycin-deltaTK cloning FRT5 forward | TTATACGAACGGTAGCGGCCGCGAAGTTC
CTATTCTTCAAAAGGTATAGGAACTTCCGA
CTGTGCCTTCTAGTTGC

hygromycin-deltaTK cloning FRT5 reverse | GACCTGCAGGCGGCCCTCGAGCTAGAGG
TCGACGGTATACAGA
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puromycin-deltaTK cloning FRT3 forward TTTCTTATACGAACGGTAGCGGCCGCGAA
GTTCCTATTCTTCAAATAGTATAGGAACTT
CCGACTGTGCCTTCTAGTTGC

puromycin-deltaTK cloning FRT3 reverse CATATGGTCGACCTGCAGGCGCTAGAGGT
CGACGGTATAC

MAPA4K3 E1 cloning for integration forward | TTATACGAACGGTAGCGGCCTATATATAA
CCTTACTTAGTGCTTCCC

MAPA4K3 E1 cloning for integration reverse | AGAATAGGAACTTCGCGGCCAAATCTCCG
GATATAGTGTATCA

MAPA4K3 E2 cloning for integration forward | TTATACGAACGGTAGCGGCCGCTTGAACT
AAAGCAGTGGC

MAPA4K3 E2 cloning for integration reverse | AGAATAGGAACTTCGCGGCCCTTTCCTGG
GGCTACACCTC

Rybp E2 cloning for integration forward TTATACGAACGGTAGCGGCCTGGGAAGG
CACATGCAACCC

Rybp E2 cloning for integration reverse AGAATAGGAACTTCGCGGCCGCTCCTCAC
AGCCTTGGCAG

eNanog cloning for integration forward TTATACGAACGGTAGCGGCCGTAAAGCAG
CACAAAGCCTT
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eNanog cloning for integration reverse

AGAATAGGAACTTCGCGGCCATGCTTACT
AATCCCAGTTACA

SCR cloning for integration forward

TTATACGAACGGTAGCGGCCGCCACAACC
CACCTCCTGCAAC

SCR cloning for integration reverse

AGAATAGGAACTTCGCGGCCGCCTGACCT
CCCGGTCTGTTTC

SCR-rev cloning for integration forward

TTATACGAACGGTAGCGGCCGCCTGACCT
CCCGGTCTGTTTC

SCR-rev cloning for integration reverse

AGAATAGGAACTTCGCGGCCGCCACAACC
CACCTCCTGCAAC

Fgf5-PE cloning for integration forward

AGAATAGGAACTTCGCGGCCACATCTCCG
AGGAGCATCAG

Fgf5-PE cloning for integration reverse

TTATACGAACGGTAGCGGCCGGTTTCCAG
GGACAGATGGA

integration forward GCCTCTTCGCTATTACGCCA
integration 1.5 reverse TTACGGTTCCTGGCCTTTTG
integration 75 reverse TGCGAAGTTGGAGGAAGTGA
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MAPA4K3 E1 integration genotyping forward

TCGTTTCCCAGAACTGCCTT

MAPA4K3 E2 integration genotyping forward

GCTTCCGCCCTTTGGTTACA

Rybp E2 integration genotyping forward

TTTCCATAAGATGAAGTGCTCGG

eNanog integration genotyping forward

AAATTACGTCGCCCTTGGGA

SCR integration genotyping forward

CCACCAGGTTGTCTCTGGTTT

SCR-rev integration genotyping forward CCACACCTGGCTCACTCATT
1.5 forward CACCCCAACCACCAACTTCT
25 forward GTTTGTGTACCTAACAAGATTACCG
75 forward ATGTGAAAACAGATCCAGATTACCG

SCR-reverse

GGCAAAGCGGACCTCAGTAA

SCR-forward

AGAAGCTGCAAAGGGTTGTCTC

MAPA4K3 E1 cloning for luciferase for

AATGTGGTAAAATCGATAATATATATAACC
TTACTTAGTGCTTCCC
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MAPA4K3 E1 cloning for luciferase rev TCTCAAGGGCATCGGTCGACAAATCTCCG
GATATAGTGTATCA

MAPA4K3 E2 cloning for luciferase for AATGTGGTAAAATCGATAAGCTTGAACTAA
AGCAGTGGC

MAPA4K3 E2 cloning for luciferase rev TCTCAAGGGCATCGGTCGACCTTTCCTGG
GGCTACACCTC

Rybp E2 cloning for luciferase for AATGTGGTAAAATCGATAATGGGAAGGCA
CATGCAACCC

Rybp E2 cloning for luciferase rev TCTCAAGGGCATCGGTCGACGCTCCTCAC
AGCCTTGGCAG

eNanog cloning for luciferase for AATGTGGTAAAATCGATAAGTAAAGCAGC
ACAAAGCCTT

eNanog cloning for luciferase rev TCTCAAGGGCATCGGTCGACATGCTTACT
AATCCCAGTTACA

SCR cloning for luciferase for AATGTGGTAAAATCGATAACACAACCCAC
CTCCTGCAAC

SCR cloning for luciferase rev TCTCAAGGGCATCGGTCGACCTGACCTCC
CGGTCTGTTTC
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SCR-rev cloning for luciferase for AATGTGGTAAAATCGATAACTGACCTCCC
GGTCTGTTTC

SCR-rev cloning for luciferase rev TCTCAAGGGCATCGGTCGACCACAACCCA
CCTCCTGCAAC

AMAP4K3 E1 validation forward CAAGTGTCTAGCACCGCAATG

AMAP4K3 E1 validation reverse GCCACTACACCTTCCACCTAG

AMAP4K3 E2 validation forward AGAAGGTCCACGCTGCAGTG

AMAP4K3 E2 validation reverse GCCAGATGTCAACAAACACG

ARybp E2 validation forward GCCAGTGTGCTCAATAGCCTG

ARybp E2 validation reverse GGACCAGAGGTTAAGGTGCAGTAG

Supplemental Table 4: RT-gPCR primers

Rybp forward AGACCAGCGAAACAAACCAC
Rybp reverse GGAGGAGGAGCGAGTCTTTT
Map4k3 forward GGTGTGGTCATATTACAA
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Map4k3 reverse

CAGGATTTATGTCCATATTAC

Supplemental Table 5: DNA oligos

ssDNA Kl 25 kb

GGGCTTGTAAACAAAAAAGCTAAACTACA
CTGTTAAGTCCCTTCCTGTTTGTGTACCTA
ACAAGATTACCGTTCGTATAGGATACTTTA
TACGAAGTTATATGTGGTACACTTATCAAT
AGAGTATTGAGATGAATATAATTGAATGCT
A

ssDNA Kl 75 kb

AAAATGAAGTCTGAAAGCAAAATGGAGTTT
GTAATGTTAAACTGGGCTCTTCACTATGAG
CAGGGCATAACTTCGTATAAGAAACCATAT
ACGAACGGTAATCTGGATCTGTTTTCACAT
TGTTCCTTTCTCTTTGCCTACAATTTCAGG

FRT forward

CATGAGAAGTTCCTATTCTCTAGAAAGTAT
AGGAACTTCCCATGG

FRT reverse

CTAGCCATGGGAAGTTCCTATACTTTCTAG
AGAATAGGAACTTCT

FRT3 forward

CATGAGAAGTTCCTATTCTTCAAATAGTAT
AGGAACTTCCCATGG

FRT3 reverse

CTAGCCATGGGAAGTTCCTATACTATTTGA
AGAATAGGAACTTCT
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FRT5 forward CATGAGAAGTTCCTATTCTTCAAAAGGTAT
AGGAACTTCCCATGG

FRT5 reverse CTAGCCATGGGAAGTTCCTATACCTTTTGA
AGAATAGGAACTTCT

lox66 forward CATGATAACTTCGTATAGCATACATTATAC
GAACGGTAGC

lox66 reverse GGCCGCTACCGTTCGTATAATGTATGCTA
TACGAAGTTAT

lox2272/66 forward CATGATAACTTCGTATAGGATACTTTATAC
GAACGGTAGC

lox2272/66 reverse GGCCGCTACCGTTCGTATAAAGTATCCTA
TACGAAGTTAT

loxm2/66 forward CATGATAACTTCGTATATGGTTTCTTATAC
GAACGGTAGC

loxm2/66 reverse GGCCGCTACCGTTCGTATAAGAAACCATA
TACGAAGTTAT
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Supplemental Table 6: Summary of Landing Pads and integration efficiencies

lox71 / FRT Selection Cassette percentage of
lox66 positive clones
Landing Pad 1.5 kb | loxP FRT Blasticidine-deltaTK 25%
Landing Pad 25 kb | Lox2272 FRT5 Hygromycin-delta TK 19%
Landing Pad 75 kb | loxm2 FRT3 Puromycin-delta TK 24.30%

Supplemental Table 7: Results from the Linear Modelling

Residuals:
Min 1Q Median 3Q Max

-0.14689 -0.04492 -0.00673 0.02518 0.21303

Coefficients:

Estimate Std. Error t value Pr(>|t|)
(Intercept) -0.24819 0.22274 -1.114 0.287005
class+/+/- 0.94223 0.19402 4.856 0.000394 ***
class+/-/+ -0.12405 0.13228 -0.938 0.366837
i75 0.92356 0.08501 10.864 1.45e-07 ***
i25 0.73985 0.04130 17.915 5.02e-10 ***
i1.5 0.96807 0.08735 11.083 1.17e-07 ***

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

Residual standard error: 0.1027 on 12 degrees of freedom

Multiple R-squared: 0.9769, Adjusted R-squared: 0.9672

F-statistic: 101.3 on 5 and 12 DF, p-value: 2.185e-09
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Figure 1: Generation and Validation of a synthetic locus to test enhancer activity systematically

A: Schematic representation of the different components of the synthetic locus generated in this
study. Top: UCSC browser track depicting the B-globin locus. Below: different parts of the
synthetic locus including three landing pads (LP) at different distances to the minimal promoter
(arrow) and the mCherry reporter gene. All components are integrated on the C57BI6 allele.
Bottom: Red stars depict single nucleotide polymorphisms (SNPs) used to target the C57BI6 allele

selectively.
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: UCSC browser track depicting p300, H3K27ac, and H3K4me1 ChlP-seq tracks for the Nanog
locus (Buecker et al. 2014)

E: Representative FACS plots showing three individual 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 landing
pads. 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.

H: UCSC browser track depicting CTCF CUT&RUN data at the B-globin locus. Grey: CTCF site
with ATAC-seq signal

I: Mean mCherry fluorescence of cell lines with eNanog at 75 kb or 25 kb with and without deletion
of the CTCF motif as indicated

J: Representative FACS plots showing an individual clonal cell line with the Fgf5 E1 enhancer
integrated at the 1.5 kb LP.

K: Quantification of mean mCherry expression of Fgf5 E1 integrated at the 1.5 kb LP compared

to the no enhancer control. Statistical significance was tested (p < 0.05, one-sided paired t-tests).
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Fiqure 2: Enhancer strength determines dependency on enhancer-promoter distance

A: UCSC browser track depicting p300, H3K27ac, and H3K4me1 ChlP-seq tracks for the Rybp
locus (Buecker et al. 2014)

B: UCSC browser track depicting p300, H3K27ac and H3K4me1 ChiIP-seq tracks for the Map4k3

locus (Buecker et al. 2014)

C: Quantification of mCherry expression of the five indicated enhancers compared to the no
enhancer control at three different LPs. 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. Note that for
Map3k4 E1 at 75 kb and Map3k4 E2 at 25 kb, additional replicates (see Figures 3 and 4) were
performed that decreased p below 0.05.

D-G: Quantifying mean mCherry expression of indicated enhancers integrated at the indicated
landing pads. Top: individual examples, bottom: normalised mCherry expression. 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.
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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 to the WT expression.

B-E: Comparison of combinations of enhancers to the individual integrations 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: 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 E2 at 25 kb combined with Map4K3 E1 at 1.5 kb

E: Map4K3 E1 at 25 kb combined with Map4K3 E2 at 1.5 kb
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Figure 4: Map4k3 E2 can cooperate with strong enhancers to activate transcription from a

distance

A-D: 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).
A: Map4K3 E2 at 75 kb combined with eNanog at 25 kb

B: eNanog at 75 kb combined with Map4K3 E2 at 25 kb

D: Rybp E2 at 75 kb combined with Map4K3 E2 at 25 kb

E: eNanog at 75 kb combined with Map4K3 E2 at 1.5 kb

E: Comparison of background subtracted mean mCherry expression of eNanog at 75 kb and
Map4k3 E2 at 25 kb (top) or 1.5 kb (bottom)

F: Additive model of enhancer activity at the different loci
G: Multiplicative model of enhancer activity at the different loci

H: Linear Regression Model to predict enhancer activity
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Supplemental Figure 1: Related to Figure 1

A: FACS plot showing a selected example of clone 2 no enhancer and the parental cell line v6.5

B: 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

C: Quantification of mean mCherry expression of eNanog integrated at the indicated landing
pads 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.

D: 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

E: UCSC browser track surrounding potential CTCF sites and ATAC-seq signal

F: 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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Supplemental Figure 2: Related to Figure 1

UCSC browser track showing ATAC seq signal at the B-globin locus (top) and the Nanog locus

(bottom) of the parental cell lines v6.5, the no enhancer control and different enhancers integrated
at different LPs.
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Supplemental Figure 3: related to Figure 2

A: Luciferase Assay of the 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. 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
landing pads. 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.
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