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In brief

Thomas, Feng, et al. introduce a synthetic
platform that allows the building of
complex regulatory landscapes.
Integrating the same enhancer at different
distances from a promoter uncovered
that activation from a distance is an
individual characteristic of each
enhancer. Combining multiple enhancers
revealed extensive cooperativity among
individual elements.
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SUMMARY

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

vate from increased genomic distances.

INTRODUCTION

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

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

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

Conversely, reporter assays eliminate regulatory complexity
and analyze the activity of individual enhancers and even combi-
nations. Besides testing tissue specificity and enhancer
strength,®?' reporter assays can be massively parallelized
(massively parallel reporter assays, MPRAs) to measure activity
of millions of fragments in one experiment and identify enhancer
activity in the cell type of interest.”>*> MPRAs are limited by the
size of the analyzed DNA fragment. Therefore, enhancer-pro-
moter communication over large genomic distances cannot be
investigated.?* Furthermore, most genes are controlled by mul-
tiple enhancers,”® and elements with low or undetectable
enhancer activity in reporter assays can exert critical regulatory
functions at their endogenous loci.'®?%2%27 While the first
studies combined two enhancers to study cooperativity,?®>°
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the genomic distance between the elements was negligible.
Therefore, new experimental systems are required to study en-
hancers in a native environment with higher throughput.

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

RESULTS

Design of the reporter system

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

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

For integrating enhancers at our locus, we used a variation of
the Cre/lox recombination system. Recombination between
identical lox sites within the genome and a donor plasmid leads
to the plasmid integration into the genome. The efficiency is low
due to its reversibility but can be increased by using lox66 and
lox71 variants,****° which contain mutations that reduce recogni-
tion by Cre recombinase after recombination, thereby minimizing
excision. We integrated a lox71 site 1.5 kb 5’ of the reporter gene
and designed plasmids containing lox66 sites for enhancer inte-
gration. Upon recombination, the entire plasmid is integrated
into the genome (Figure 1C). To remove the plasmid backbone,
we included compatible FRT sites*® (Figure 1C). Expression of
FIpO recombinase excises the entire backbone (Figure 1C), leav-
ing only the enhancer and a single FRT site. For the LPs at 25 and
75 kb, we used different lox variants (here: lox2272-71 and
loxm2-71) and designed specific targeting vectors for each LP.
These vectors included a compatible Iox66 site, a positive selec-
tion cassette fused to AThymidine Kinase for negative selection,
and LP-specific FRT sites distinct from those used in other vec-
tors (see Table S5). We validated that all lox sites and integra-
tions occurred as expected for the two independent clones
and multiple cell lines with integrated enhancers using Cas9-
seq in combination with Nanopore sequencing.*’

The eNanog activates gene expression in a distance-
dependent manner

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

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

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

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

The B-globin locus is inactive in mMESCs; however, individual
promoters may be activated by integrating active enhancers.
We performed ATAC-seq on selected cell lines with different
enhancers and aligned the sequencing data against the rele-
vant custom genomes. First, we analyzed the open chromatin
landscape at the g-globin and Nanog loci, comparing cell
lines with and without enhancers to the parental cell lines
(Figures S2A and S2B). The profiles at the Nanog locus and
other naive pluripotency genes were unchanged between
v6.5 and the reporter cell lines (Figure S2B). At the §-globin lo-
cus, integration of the reporter and enhancers caused minimal
changes in chromatin accessibility: peak calling identified
open chromatin surrounding the integrated reporter and at
only one additional peak about 14 kb 3’ of the reporter gene
present in all cell lines with the synthetic locus independent of
enhancer integration (Figure S2A). Importantly, the reporter
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gene gained accessibility while the endogenous genes re-
mained unaffected. We aligned all sequencing results to
custom genomes reflecting the specific enhancer integrations
(Figures S2C, S2D, S3C, and S3D). All integrated enhancers
gained accessibility at their respective integration sites. Finally,
we analyzed the expression of Hbb-y and OIfr67 in cell lines
with a strong enhancer integrated at 1.5, 25, and 75 kb before
and after backbone removal (Figures S3A and S3B). While
OIfr67 is very lowly expressed and showed slight increase in

expression upon integration of a strong

Hbb-v levels increased with integration of a strong enhancer,
correlating with activation of the reporter gene. However, the
results were not statistically significant due to low and variable
expression of Hbb-vy. In summary, while we observed minor dif-
ferences after integrating the reporter and enhancers, the ma-

nipulations did not alter cell identity, and

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

by active enhancers.

Enhancer strength determines dependency on

enhancer-promoter distance

Recently, both the Sox2 control region (SCR) from the Sox2 locus
in MESCs and the human B-globin micro-LCR in erythroleukemia
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Figure 2. Enhancer strength determines de-
pendency on enhancer-promoter distance
(A) IGV browser track depicting ATAC-seq,*
CTCF,*® p300,°* H3K27ac,®* and H3K4me1®
ChlP-seq tracks for the Rybp locus.

(B) IGV browser track depicting ATAC-seq,*
CTCF,*® p300,°* H3K27ac,** and H3K4me1*
ChlIP-seq tracks for the Map4k3 locus.

(C) Quantification of mCherry expression of the
five indicated enhancers compared with the no-
enhancer control at the 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 with the
no-enhancer control (p < 0.05, one-sided paired
t tests). n.s.: not significant, p>0.05.

(D-G) Quantifying mean mCherry expression of
indicated enhancers integrated at the indicated
LPs. Top: individual examples; bottom: normalized
mCherry expression. All mean expressions were
normalized to the 1.5 kb integration. Statistically
significant different signals (p < 0.05, one-sided
paired t tests) are marked.

See also Figure S4.

K562 cells have been demonstrated to
depend on the genomic distance to the
promoter in model loci.>* Both studies
used highly active enhancers, so it re-
mains unclear if all enhancers respond
similarly to genomic distance. The high ef-
ficiency of enhancer integration into our

reporter system enabled us to systematically compare how
different enhancers are affected by genomic distance. We
selected enhancers from multi-enhancer clusters with varying
strengths.*® We included eNanog (Figure 1*%) the E2 enhancer
element located 90 kb upstream of the Rybp locus (Figure 2A),
and two enhancers (E7 and E2) from the Map4k3 locus (60 and
75 kb upstream of the transcription start site [TSS], Figure 2B).
All enhancers activated luciferase in a plasmid-based assay (Fig-
ure S4A), albeit to different degrees: eNanog and Rybp E2 were
the strongest activators, followed by Map4k3 E2 and Map4k3 E1.
We also included the well-studied SCR, a 6 kb multi-enhancer
cluster roughly 100 kb upstream of the Sox2 gene

345 (see also

Next, we integrated each enhancer into each LP and measured
mCherry levels using FACS (Figures 2C and S4B). At 1.5 kb, all en-
hancers increased mCherry expression, with the SCR being the
strongest activator, followed by eNanog, Rybp E2, Map4k3 E1,
and Map4k3 E2 (Figures 2C, right; and S4B, right). The expression
levels of mCherry were reproducible between different clones and
replicates, though we observed more variability in lower-express-
ing cell lines with Map4k3 E1 or Map4k3 E2 integration. Despite

higher activity in luciferase assays, mCherry levels were lower
with Map4k3 E2 integration compared to Map4k3 E1 (Figure 2C).

We then assessed mCherry expression when the same enhancers

were integrated at either 25 kb (Figures 2C, middle; and S4B, mid-
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dle) or 75 kb (Figures 2C, left; and S4B, left). At all distances, the
order of relative strength of the enhancers remained consistent:
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Figure 3. Weak enhancers activate transcription synergistically from a distance

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

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

See also Figure S4.

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

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

The cooperation of weak enhancers can activate
transcription from a distance

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

As the weak enhancer Map4k3 E2 affects expression levels at
its endogenous locus from a distance where it is inactive in our
synthetic locus, we hypothesized that the presence of addi-
tional enhancers might influence how a given enhancer is
affected by genomic distance. Therefore, we integrated both
Map4k3 E1 and E2 elements step-wise at different LPs into
our synthetic locus: first integrating one enhancer, selecting in-
dividual clones, and then integrating the second enhancer, fol-
lowed by backbone removal at both integration sites. We used
clone 1 for all dual enhancer experiments but validated
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Figure 4. Map4k3 E1 and E2 can cooperate with strong enhancers to activate transcription from a distance
Comparison of combinations of enhancers (third row) to the individual integrations (top two rows) and the expected additive behavior. Left: schematic of individual
and combinations of integrations at the different LPs. The mean mCherry expression was calculated, and then the mean expression of the no-enhancer control
was subtracted from all individual and combination mean mCherry expressions. The gray dashed line indicates the expected values under an additive model.
Statistically significant signals compared with the expected additive model (p < 0.05, one-sided paired t tests) are marked by stars or n.s. (not significant). (A)
Map4k3 E2 at 75 kb combined with eNanog at 25 kb. (B) eNanog at 75 kb combined with Map4k3 E2 at 25 kb. (C) eNanog at 75 kb combined with Map4k3 E2 at
1.5 kb. (D) Rybp E2 at 75 kb combined with Map4k3 E2 at 25 kb. (E) Rybp E2 at 75 kb combined with Map4k3 E2 at 1.5 kb. (F) eNanog at 75 kb combined with
Map4K3 E1 at 25 kb. (G) Map4k3 E1 at 75 kb combined with eNanog at 25 kb. (H) Rybp E2 at 75 kb combined with Map4k3 E1 at 25 kb. (I) Map4K3 E1 at 75 kb

combined with Rybp E2 at 25 kb.

See also Figure S4.

selected combinations in clone 2. To compare dual to individual
integrations to assess enhancer cooperativity, we calculated
the expected activity for enhancer combinations based on an
additive model (gray dotted lines), summing the individual
enhancer contributions to predict expression. We then tested
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if the observed expression was significantly higher than the ex-
pected value. We subtracted the baseline mCherry expression
from the no-enhancer control to avoid counting basic promoter
activity twice when calculating the expected activity for dual

integrations.
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First, we tested whether Map4k3 E2 at 75 kb increased
expression levels when combined with Map4k3 E1 at 25 kb.
Both elements together led to increased mCherry expression
compared with the individual integrations (Figure 3B). Next, we
swapped their positions: placing Map4k3 E1 at 75 kb, and
Map4k3 E2 at 25 kb. While both enhancers showed minimal ac-
tivity at these distances, their combination increased mCherry
expression super-additively (Figures 3C and S4G). Hence,
weak enhancers can synergize to activate transcription from dis-
tances where they are individually hardly active. Next, we placed
Map4k3 E2 closer to the promoter. Integrating Map4k3 E2 at
1.5 kb and Map4k3 E1 at 75 kb, super-additivity was not
observed, and mCherry expression was similar to the level of
Map4k3 E2 alone at 1.5 kb (Figure 3D).

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

Cooperation between strong and weak enhancers
depends on their relative position

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

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

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

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

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

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

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

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

(B) Normalized mean mCherry expression of indicated enhancers integrated at the indicated LPs. All mean expressions were normalized to the 1.5 kb integration.
(C—F) Comparison of combinations of enhancers (third row) to the individual integrations (top two rows) and the expected additive behavior. Left: schematic of
individual and combinations of integrations at the different LPs. The mean mCherry expression was calculated, and then the mean expression of the no-enhancer
control was subtracted from all individual and combination mean mCherry expressions. The gray dashed line indicates the expected values under an additive
model. Statistically significant signals compared with the expected additive model (p < 0.05, one-sided paired t tests) are marked by stars or n.s. (not significant).
(C) eNanog at 75 kb combined with Rybp E1 at 25 kb. (D) eNanog at 75 kb combined with Sox2 E15 at 25 kb. (E) eNanog at 75 kb combined with Sox2 E719 at 25 kb.
(F) eNanog at 75 kb combined with Sox2 E20 at 25 kb. (G) Additive model of enhancer activity. (H) Multiplicative model of enhancer activity. (I) Multiplicative model
with interaction term to predict enhancer activity.

See also Figure S5.

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

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

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

DISCUSSION

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

Our system uncovered key principles of enhancer coopera-
tivity and the impact of genomic distance on individual en-
hancers and their combinations. We found that increased
genomic distance does not equally affect all enhancers: stron-
ger enhancers generally retain more activation potential at
greater distances. However, intrinsic strength alone cannot
fully predict the activity drop when enhancers are integrated
distally, suggesting additional mechanisms at play. Our find-
ings also illuminate how genomic distance influences enhancer
cooperativity. Combining a strong distal enhancer with a
weaker enhancer at 25 kb consistently led to super-additive
activation, while placing the strong enhancer closer to the pro-
moter rarely produced this effect. Notably, Map4k3 E71 can act
as either a strong distal enhancer with Map4k3 E2 or as a
weaker enhancer at 25 kb with Nanog or Rybp E2, highlighting
that relative strength between enhancers might matter more
than absolute activity. Moving a weak enhancer closer to the
promoter diminishes or eliminates super-additivity. This indi-
cates that enhancer cooperation depends on both intrinsic
strength and relative activity at specific distances, which may
explain the variability in enhancer cooperativity modes at
endogenous loci reported previously. Finally, how enhancers
are affected by CTCF sites depends on the enhancer strength,
as well as on the overall enhancer landscape.

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

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

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

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

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

Limitations

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

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

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

Finally, we are currently limited to mere speculation regarding
the molecular nature of enhancer cooperativity.
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Hygromycin B Sigma-Aldrich Cat#10843555001
Blasticidin InvivoGen Cat#ant-bl-1
Gibson Assembly mix homemade N/A
HyClone DMEM/F12 medium without HEPES Cytiva (Formerly GE Cat#SH30271.01

AIbuMAXTM |l Lipid-Rich Bovine Serum Albumin
serum-free B- 27 Supplement (50 x)

N2 supplement

MEM NEAA (100 x)
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Cat#11360039
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Cat#S1263
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N/A

Cat#P4638
Cat#1.2020
Cat#T3924
Cat#F7524
Cat#11668019

Critical commercial assays

Invitrogen PrimeFlow RNA Assay Kit

Thermo Fisher Scientific

Cat#88-18005-204

Dual-Glo Luciferase Assay Promega Cat#E2920

Deposited data

FACS data This Paper Mendeley Data: https://doi.org/
10.17632/2j75sff6jw.2

ATAC Seq Data This Paper ENA, accession number
PRJEB80727

Experimental models: Cell lines

Mouse: v6.5 ES cells Rideout et al.*® N/A

Mouse: v6.5 3xlox clone 1 This paper N/A
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Mouse: v6.5 3xlox clone 1 + Map4k3 E1 (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + Map4k3 E2 (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + Rybp E2 (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + eNanog (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + eNanog (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + SCR-rev (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + SCR-rev (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + Fgf5-PE (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + Fgf5-PE (1.5 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + Map4k3 E1 (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + Map4k3 E1 (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + Map4k3 E2 (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + Rybp E2 (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + Rybp E2 (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + eNanog (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + eNanog (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + SCR (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + SCR (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + SCR-rev (25 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + SCR-rev (25 kb) This paper N/A
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Mouse: v6.5 3xlox clone 2 + eNanog (75 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + SCR (75 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + SCR (75 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + SCR-rev (75 kb) This paper N/A
Mouse: v6.5 3xlox clone 2 + SCR-rev (75 kb) This paper N/A
Mouse: v6.5 3xlox clone 1 + Rybp E7 (1.5 kb) clone 1 - clone 4 This paper N/A
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Mouse: v6.5 3xlox clone 1 + Sox2 E719 (1.5 kb) clone 1 - clone 4 This paper N/A
Mouse: v6.5 3xlox clone 1 + Sox2 E19 (25 kb) clone 1 - clone 4 This paper N/A
Mouse: v6.5 3xlox clone 1 + Sox2 E20 (1.5 kb) clone 1 - clone 2 This paper N/A
Mouse: v6.5 3xlox clone 1 + Sox2 E20 (25 kb) - clone 1 - clone 3 This paper N/A
Mouse: v6.5 3xlox clone 1 + Map4k3 E1 (25 kb) + This paper N/A
Map4k3 E2 (75 kb) clone 1 - clone 4
Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 2
Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (25 kb) + This paper N/A

Map4k3 E1 (75 kb) clone 1 - clone 2
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Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (25 kb) + This paper N/A
Rybp E2 (75 kb) clone 1 - clone 2

Mouse: v6.5 3xlox clone 1 + eNanog (25 kb) + This paper N/A
Map4k3 E2 (75 kb) clone 1 - clone 2

Mouse: v6.5 3xlox clone 1 + Map4k3 E1 (1.5 kb) + This paper N/A
Map4k3 E2 (25 kb) clone 1 - clone 2

Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (1.5 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 2

Mouse: v6.5 3xlox clone 1 + Map4k3 E1 (25 kb) + This paper N/A
Rybp E2 (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + eNanog (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + eNanog (25 kb) + This paper N/A
Map4k3 E1 (75 kb) clone 1 - clone 5

Mouse: v6.5 3xlox clone 1 + Rybp E2 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + Rybp E2 (25 kb) + This paper N/A
Map4k3 E1 (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + Map4k3 E1 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + Rybp E2 (1.5 kb) + This paper N/A
eNanog (25 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + eNanog (1.5 kb) + This paper N/A
Rybp E2 (25 kb) clone 1 - clone 4

Mouse: v6.5 3xlox clone 1 + Rybp E7 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + Sox2 E15 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + Sox2 E19 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 6

Mouse: v6.5 3xlox clone 1 + Sox2 E20 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone 2

Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (1.5 kb) + This paper N/A
Map4k3 E1 (75 kb) clone 1 - clone 2

Mouse: v6.5 3xlox clone 1 + Map4k3 E2 (1.5 kb) + This paper N/A
Rybp E2 (75 kb) clone 1 - clone 2

Mouse: v6.5 3xlox clone 2 + Map4k3 E2 (25 kb) + This paper N/A
eNanog (75 kb) clone 1 - clone6

Mouse: v6.5 3xlox clone 2 + Map4k3 E2 (25 kb) + This paper N/A
Rybp E2 (75 kb) clone 1 - clone6

Mouse: v6.5 3xlox clone 2 + Map4k3 E2 (25 kb) + This paper N/A
Map4k3 E1 (75 kb) clone 1 - clone6

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

px330-U6-Chimeric_BB-CBh-hSpCas9 Addgene Cat#42230
Fgf5-HAL-PE-pdTK-HAR Thomas et al., ® N/A
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BamHI - B-globin HAR - Notl BioCat GmbH N/A

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

TK-mCherry-pA-HAR)

pGemT (circularised) Promega Cat#A362A

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

versions of this plasmid with integration of Map4k3 E1,

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

Fgf5-PE were also generated)

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

(6 additional versions of this plasmid with integration

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

and SCR-rev were also generated)

pGemT-FRT5-l0x2272/66-FRT5-hygromycin-deltaTK This Paper N/A

(6 additional versions of this plasmid with integration

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

SCR and SCR-rev were also generated)

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

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

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

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

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

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

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

Software and algorithms

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

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

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

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

Other

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

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

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

Dea Slade

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

General culture conditions of mouse embryonic stem cells

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

inin (1.2 ug/ml in PBS, 1 hour at 37°C).

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

Generation of reporter cell line

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

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

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

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

Tointroduce [0x2272/71 and loxm2/71 sites roughly 25 and 75 kb upstream of the mCherry reporter gene, we designed gRNAs and
cloned them into Addgene plasmid #42230. We also ordered single-stranded (ss) DNA oligos from Microsynth AG, containing the
respective lox site (34 bp; in reverse orientation) and left and right homology arm. The homology arm at the 5’ end of the respective
oligo was 66 bp long, and the homology arm at the 3’ end was 50 bp (150 bp total, including the lox site). Homology arms were de-
signed to disrupt the gRNA recognition sequence upon successful K.

We used two independent clones with reporter gene integration to sequentially knock-in the two lox sites. Therefore, we trans-
fected 500 ng of gRNA-expressing plasmid, 1000 ng of ssDNA-oligo and 100 ng of plasmid expressing a fluorescent marker with
10 pl of Lipofectamine 2000 Transfection Reagent (Invitrogen). Transfected cells were processed as described before, '® i.e., single
fluorescent cells were sorted into 96-well plates. Successful insertion of the lox sites into the genome was initially confirmed by PCR
with forward primers overlapping the integrated lox sites (and thus only binding to the modified alleles) and reverse primers down-
stream of the integration site (“lox Kl 25/75 kb initial forward+reverse”). Selected clones were tested further with a more upstream
forward primer binding to both alleles (“lox 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 1ox2272/71 site on the
C57BL/6 allele specifically. For integration at 75 kb, we did not design a gRNA overlapping a SNP. Instead, we chose heterozygous
clones with the integration of the loxm2/71 site on the C57BL/6 allele, as judged by SNPs surrounding the integration site.
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METHOD DETAILS

Design of plasmids for enhancer integration

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

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

All in all, we generated the following three plasmids:

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

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

Integration of enhancer sequences

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

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

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

Cas9-targeted sequencing

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

FACS analysis of mCherry expression

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

FACS sorting of mCherry-populations

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

Luciferase assays

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

Enhancer KO and RT-qPCR

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

CTCF binding sites KO

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

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

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

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

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis of FACS data

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

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

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

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

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

Modelling of expected combined activities

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

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

Cruitipiicative = I75 +i25 +i15
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Where i7s, ios and iy 5 correspond to the log, individual enhancer activities inserted 75 kb, 25 kb and 1.5 kb upstream of the core pro-
moter, respectively. Finally, we fitted a multiplicative model with interaction term using log, activity values and the Im function in R:

Cactivity = Bo+ Birs + Bolas + Bal1.5 + B1olrsizs + B1aizsits + Bogizsits + B1oai7siosiis + €

Where g, is the intercept, and 64, 8, and g5 coefficients represent the individual contributions of each enhancer’s log, activity to the
overall activity contribution. 845, 613 and (3 are the coefficients for the two-way interactions, and capture the combined effects when
two enhancers are active simultaneously, beyond what would be expected from their individual effects alone. 84,3 is the coefficient of
the three-way interaction, indicating how the simultaneous presence of enhancer activities at 75 kb, 25 kb, and 1.5 kb influences the
core promoter activity. However, since no such combination was present in our dataset, this coefficient was automatically set to NA.
Finally, € is the error term.

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

R2 _ SSregression
Sstotal

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

RT-qPCR of endogenous genes in the synthetic locus

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

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

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

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