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SUMMARY

Super-enhancers are compound regulatory elements that control expression of key cell identity
genes. They recruit high levels of tissue-specific transcription factors and co-activators such as the
Mediator complex and contact target gene promoters with high frequency. Most super-enhancers
contain multiple constituent regulatory elements, but it is unclear whether these elements have
distinct roles in activating target gene expression. Here, by rebuilding the endogenous multipartite
a-globin super-enhancer, we show that it contains bioinformatically equivalent but functionally
distinct element types: classical enhancers and facilitator elements. Facilitators have no intrinsic
enhancer activity, yet in their absence, classical enhancers are unable to fully upregulate their
target genes. Without facilitators, classical enhancers exhibit reduced Mediator recruitment,
enhancer RNA transcription, and enhancer-promoter interactions. Facilitators are interchangeable
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but display functional hierarchy based on their position within a multipartite enhancer. Facilitators
thus play an important role in potentiating the activity of classical enhancers and ensuring robust
activation of target genes.

In brief

De novo construction of a multipartite enhancer unveils a new class of regulatory element referred
to as “facilitators.” Facilitators lack intrinsic enhancer activity but enhance the activity of classical
enhancers in a position-dependent manner.
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INTRODUCTION

Enhancers are regions of DNA that recruit transcription factors (TFs) and activate
expression of target genes in a cell-type-specific manner.1=3 Generally, enhancers are
classified bioinformatically based on chromatin accessibility, TF occupancy, and enrichment
for particular histone modifications including H3K4Mel and H3K27Ac. The term super-
enhancer (SE) has been coined to describe clusters of elements bearing the bioinformatic
signature of enhancers, which are enriched for particularly high levels of H3K27Ac, TF
recruitment, and recruitment of transcriptional co-activators such as the Mediator complex.*
SEs are often regulators of cell identity genes and are frequently mutated in association with
complex traits and genetic diseases.>2
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Despite extensive analysis, it remains unclear whether SEs are merely groups of independent
classical enhancers or whether they are cooperatives containing functionally distinct element
types.10-14 SEs may not all be mechanistically the same. This has become a highly
debatable topic as the genetic dissection of SEs is challenging, given that many studied

loci regulate genes that control complex transcriptional and epigenetic programs. Disruption
of such pathways makes it difficult to separate changes in SE-regulated gene expression
from associated changes in cell lineage and differentiation. Most previous studies analyzing
SEs have drawn conclusions from deleting just one or two constituent elements, and many
studies have relied on artificial reporter-based assays divorced from their functionally
relevant chromatin contexts.1® To date, a number of studies have dissected SEs!6-22 with
conflicting conclusions. More rigorous analysis is essential to determine their true nature.

The mouse a-globin SE (a-SE) is made up of five constituent elements (R1, R2, R3,

Rm, and R4); it lies together with the duplicated a-g/obin genes in a well-defined 65 kb
sub-topologically associating domain (sub-TAD) and upregulates a-g/obin gene expression
in terminally differentiating red blood cells. The a-SE is an ideal model for detailed genetic
analysis, as its perturbation has no effect on cell identity or differentiation.1’ Previous
dissection of the endogenous a-SE, removing each of its constituents individually or in
selective pairs, suggested that it is a cluster of five independent elements: two classical
enhancers (R1 and R2) capable of significantly upregulating gene expression, and three
inactive elements (R3, Rm, and R4), albeit conserved over ~70 million years of evolution?3,
bearing the bioinformatic signature of enhancers but with little/no ability to activate
transcription in all previously defined assays of enhancer function.1” These deletions shed
light on the necessity of each individual element within the otherwise intact SE, but they
did not report on each element’s sufficiency or the functional relationships between the five
constituent elements.

Here, we engineered the endogenous mouse a-SE to enable us to rebuild the native a.-SE
from the bottom up, generating all informative element combinations. Coupling efficient
whole locus genome editing?425 with a recently developed embryoid body (EB)-based 7n
vitro differentiation of mouse embryonic stem cells (MESCs) and erythroid purification
system?® has allowed us to unpick the complex relationships between the constituents of a
well-characterized model of a mammalian SE. We show in EB-derived erythroid cells that
the a-SE is comprised of two functionally distinct element types: classical enhancers R1
and R2 and facilitators R3, Rm, and R4. The three facilitators have little or no intrinsic
enhancer activity, but in their absence, the two classical enhancers are unable to effectively
upregulate a-globin expression. Furthermore, we present an /7 vivo mouse model lacking
all but the strongest classical enhancer at the endogenous a-g/obin locus to demonstrate
that without facilitator elements, classical enhancers cannot recruit high levels of Mediator,
transcribe high levels of enhancer RNA, or interact with their target gene promoters with
high frequency. Importantly, the relative effect of facilitators appears to depend on their
position within their composite SE. Review of diverse, albeit incomplete, previous analyses
of SEs16:17,19.20.22 gggest that facilitators, as described here, may be relatively common
elements in multipartite enhancers. We propose that facilitators, such as R3, Rm, and R4,
are a novel form of regulatory element important for potentiating the activity of classical
enhancers.
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RESULTS

Engineering the mouse a-globin cluster as a test bed for elements of the SE

Engineering several independent mutations in a single allele using conventional editing is
time-consuming and complicated, requiring multiple steps to ensure that all mutations are
precise and present in ¢isto one another. Multiple editing steps in a single cell line can
also introduce “off-target” effects, which may compromise the ability of the model mESC
to divide and differentiate normally into erythroid cells or to generate a subsequent mouse
model.

To overcome these issues, we used a recently developed protocol for de novo assembly of
large DNA fragments (Figure S1A)?7 to design and synthesize 86 kb alleles containing
either the wild-type (WT) a-globin sub-TAD or individually designed variants of the

allele. First, we designed an allele in which only R2 remained, with R1, R3, Rm, and R4
deleted (R2-only). These two synthetic alleles (WT and R2-only) were each integrated using
recombinase-mediated genomic replacement (RMGR)?® into mESCs in which one copy of
the entire a-globinlocus had already been deleted (Figure 1A). The resultant hemizygous
cells therefore contained only one (synthetically derived) a-globin allele, which allowed
genomic analysis to be conducted specifically on each newly synthesized locus. A third
genetic model was made by deleting the remaining R2 element from R2-only mESCs using
a CRISPR-Cas9 approach, creating an enhancerless model in which all elements of the a-SE
had been removed from the locus (Aa-SE) (Figure 1A). We then used an EB-based in vitro
differentiation of mMESCs and an erythroid purification system?26 to analyze hemizygous WT,
Aa-SE, and R2-only erythroid cells.

Gene expression in the absence of all enhancers

Upon deletion of all five elements of the a-SE (Aa-SE), EB-derived erythroid cells display
an almost complete loss of a-globin expression (>99.9% loss), and all chromatin marks
normally associated with the SE elements are lost (Figures 1B, 1C, and S3A). Very small
ATAC-seq peaks persist over the a-g/lobin promoters, but they are no longer bound by
GATAZ1 or Pol 11 nor marked by H3K4Me3 (Figure 1B). In the absence of the enhancers,
H3K27Ac is almost completely lost from the entire locus, with only a very small peak
associated with the embryonic ¢-globin gene remaining (Figure 1B). In summary, the Aa-
SE model provides a well-characterized baseline for studying the role of the SE elements
individually and in combination during erythropoiesis.

A single enhancer-driven a-globin locus (R2-only) is associated with severe
downregulation of a-globin expression and embryonic lethality

To determine the individual contribution of the R2 enhancer element to a-globin expression,
we compared the structure and function of the enhancerless locus (Aa-SE) with the R2-only
locus, in which R2 is present at its normal position in the absence of R1, R3, Rm, and R4.

In this case, all enhancer activity comes from R2 alone (Figure 1A). Previously, we showed
that deleting R2 from the otherwise intact a-SE (AR2) causes a 50% reduction in a-globin
transcription compared to WT.17 We therefore predicted that R2-only erythroid cells would
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produce 50% a-globin expression (Figure 1D). Unexpectedly, EB-derived R2-only cells
expressed only 10% a-g/obin, 5-fold less than predicted (Figure 1C).

To investigate the R2-only phenotype further, we generated an R2-only mouse model in
which the endogenous a.-SE is replaced with an SE containing R2 but not R1, R3, Rm,

or R4. Previous AR2 mice displayed a 50% reduction in a-g/obin expression and no
significant changes in red cell parameters;1” we therefore predicted that R2-only mice
would present with a similar gene expression and hematological phenotype (Figure 1D). In
contrast to AR2 mice, R2-only mice were largely non-viable. In 16 heterozygote crosses
harvested at embryonic days (E)9.5, E10.5, E12.5, E14.5, and E17.5, the Mendelian ratio of
WT:heterozygotes:homozygotes was as expected (Table S1); however, homozygous R2-only
embryos were visibly smaller and paler than their WT and heterozygous littermates (Figure
2A). We obtained only one surviving homozygote with anemia and severe splenomegaly,
which died prematurely at 7 weeks.

The severe anemia in R2-only homozygotes suggested that removing R1, R3, Rm, and R4
had compromised a-g/obin expression more than expected. We first wanted to exclude that
any phenotype we observe is a reflection of impaired erythropoiesis and a readout of non-
equivalent cell populations. We assessed the differentiation state of the erythroid populations
derived from WT, R2-only heterozygotes, and R2-only homozygotes by isolating E12.5
fetal livers (FLs) (the definitive erythroid compartment at this developmental stage) and
performing fluorescence-activated cell sorting (FACS) analysis using standard erythroid
immunophenotyping surface markers (CD71 and Ter119); this showed that the erythroid
populations are not affected by the R2-only a-g/obin genotype and that the populations are
comparable (Figure S2A). We further excluded impaired erythropoiesis by a more in-depth
investigation of the genome-wide open chromatin; we performed a principal component
analysis (PCA) on ATAC-seq peaks generated from WT- and R2-only-derived FL erythroid
cells and included other FL erythroid cell populations, spleen-derived erythroid cells,

and mESCs. The PCA confirmed that R2-only FL erythroid cells were developmentally
equivalent to all the other WT FL cell populations (Figure S2B). To assess a-globin
transcription, we performed RT-gPCR on the same FL erythroid cells. R2-only erythroid
cells expressed only 15% a-globin compared to WT littermates, rather than the predicted
50% (Figure 2B). A similar downregulation of a-g/obin expression was observed at all
developmental stages from E9.5-E17.5 (Figure S3B). Poly-A minus RNA-seq on FL
erythroid cells from three R2-only and two WT littermates confirmed the RT-qPCR results
and showed that expression of various erythroid and developmental markers was unaffected
in R2-only FL erythroid cells (Figure 2C). Interestingly, the level of steady-state RNA from
the Njpri3 gene, in which 4 of the a-SE elements are embedded, appears to be unaffected

in the R2-only erythroid cells. However, analysis of nascent expression from its promoter
may be influenced by the a-SE (Figures 2C and S3C and unpublished observation).
Downregulation of two genes upstream of the a-g/obinlocus was also observed (Figure
2C); Snrnp25and Mpg genes are housekeeping genes and only seem to be affected in

the erythroid cells, linking their downregulation in the R2-only homozygote mice to the
defective a-globin erythroid-specific enhancer cluster (Figure S3C).
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The R2 element retains its enhancer identity in the absence of other SE elements but fails
to recruit high levels of co-activators

To determine if R2 retains characteristics generally associated with an active enhancer, after
removing R1, R3, Rm, and R4, we examined the chromatin accessibility and epigenetic
status of the R2-only a-globinlocus. ATAC-seq revealed that R2 and both a-globin
promoters remain accessible in R2-only FL erythroid cells and that R1, R3, Rm and R4 were
by far the most differentially accessible regions genome-wide when R2-only FL erythroid
cell data were compared to those of WT (Figure 3A). ChIPmentation experiments in the R2-
only model using antibodies against H3K4Mel, H3K4Me3, and H3K27Ac showed that R2
and the a-globin promoters are marked by active enhancer- (H3K4Mel and H3K27Ac) and
promoter-associated (H3K4Me3 and H3K27Ac) histone modifications, respectively, albeit
to a severely compromised level compared to those in WT cells (Figure S4). Furthermore,
enhancers recruit high levels of tissue-specific TFs. Erythroid-specific TFs (e.g., Gatal and
Nf-e2) occupied both R2 and the a-globin promoters to an equivalent degree in R2-only and
WT FL erythroid cells (Figure 3B). We conclude that in the absence of other elements in the
a-SE, R2 retains its identity as an enhancer, recruiting transcription factors and creating a
region of open chromatin.

SEs are, in part, defined by the extent to which they recruit high levels of transcriptional
co-activators.? To investigate R2’s capacity to recruit co-activators in the absence of the
other four a-SE constituents, we performed ChIPmentation with antibodies against Med1,
a member of the Mediator complex, and bromodomain-containing protein 4 (Brd4), a
transcriptional and epigenetic regulator. WT FL erythroid cells recruit high levels of

Med1 and Brd4 to the a-SE and a-g/obin promoters, but in R2-only FL erythroid cells,
recruitment of both factors was severely reduced (Figure 3B). Mediator plays a central role
in Pol 1l recruitment and stability at the promoter; therefore, we asked whether reduced
Med1 occupancy at the a-globin promoters correlates with changes to the formation of the
preinitiation complex. We performed ChlPmentation experiments with antibodies against
TATA binding protein (TBP) and Pol Il. There was no change in TBP recruitment in R2-only
erythroid cells, consistent with its autonomous DNA-binding activity; however, there was a
substantial reduction in Pol 1l occupancy at both a-globin promoters (Figure 3B).

R2 eRNA transcription is reduced in the absence of R1, R3, Rm, and R4

Enhancers are actively transcribed, producing bidirectional transcripts of varying lengths.28
Enhancer transcription appears to be related to enhancer activity; whether enhancer RNAs
(eRNASs) have any function, or whether the relationship between transcription and enhancer
strength is merely correlative, remains unclear.2® To explore eRNA transcription from the R2
element, we analyzed the poly-A minus RNA-seq data. Because R2 is located in an intron of
the Njpri3 gene, which is active in erythroid cells and transcribed on the negative strand, we
had to restrict our investigation of R2 eRNA transcription to the positive strand. In WT FL
erythroid cells, we found clear transcripts originating from all five a-SE constituents (Figure
S5), whereas in R2-only cells, only the R2 enhancer showed any evidence of transcription.

To compare R2 eRNA transcription in WT and R2-only cells quantitatively, we performed a
“virtual gPCR,” normalizing levels of R2 eRNA to eRNA originating from the g-globin HS2
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enhancer, a member of the S-g/lobin locus control region (LCR) and a well-characterized SE.
This revealed a ~3-fold reduction in R2 eRNA transcription in R2-only cells compared to
WT (Figure 4A).

Enhancer-promoter interaction is compromised in the R2-only locus in the absence of the
other a-SE constituents

Numerous publications have demonstrated high-frequency interactions between SEs

and their cognate target genes.11:30-34 These interactions appear crucial for effective
upregulation of the target gene, although the mechanism(s) facilitating interactions between
an SE and its target gene and the spatiotemporal relationship between interaction and
activation remain unclear. Indeed, previous chromatin conformation capture (3C)-based
studies have shown that in erythroid cells, the a-SE constituents, particularly R1 and R2,
interact frequently with the a-g/obin promoters.17:35-40 To investigate whether R2’s ability
to contact the a-globin promoters is affected in the R2-only locus in erythroid cells, we
performed tiled-C, a low-input, high-resolution 3C-based technique that allows comparison
of “all-vs-all” pairwise chromatin interactions at a specific genomic locus (in this case, 3.3
Mb surrounding a-globin).*1

Chromatin interaction heat maps suggested a reduction in the overall frequency of pairwise
interactions throughout the a-gfobin sub-TAD in R2-only FL erythroid cells (Figure 4B).
To quantitatively assess the reduction, we generated five virtual capture plots, examining all
pairwise chromatin interactions throughout the tiled region in which individual informative
“viewpoints” participate: three CTCF sites (two flanking the a-g/obin sub-TAD and one
situated between the R1 and R2 enhancers), the R2 enhancer, and the a-g/obin promoters.
Since the two a-globin promoters are identical in sequence except for a single SNP, we
considered both as one viewpoint. As well as generating virtual capture plots from WT

and R2-only erythroid cells, we re-analyzed a previously published WT mESC tiled-C
dataset*! to serve as a non-erythroid control. Chromatin interactions between each CTCF
site (HS38 and HS29 upstream of the locus and HS48 downstream) and the surrounding
DNA were unperturbed in R2-only FL erythroid cells, demonstrating that the 65 kb a-globin
sub-TAD still forms in the absence of the R1, R3, Rm, and R4 elements (Figure 4C).
However, interrogation of R2’s chromatin interaction profile revealed a striking reduction
in interaction frequency between R2 and the a-g/obin promoters, which was corroborated
by reciprocal virtual capture from the promoters themselves (Figure 4C). Although the
frequency of these interactions was reduced in R2-only FL erythroid cells, it was still
significantly higher than that in the WT mESC baseline.

The a-SE constituents are not equivalent and perform two distinct functions

In the R2-only mouse model, the R2 enhancer retains many characteristics of an active
enhancer; however, its ability to recruit co-activators, interact with its target gene promoters,
produce bidirectional eRNA transcripts, and upregulate a-g/obin expression are all severely
attenuated. We next set out to rebuild the a-SE in various configurations to determine the
role of each of the other SE elements. Because rebuilding the SE entailed the generation

of numerous genetic models—too many to reasonably study in mice—we returned to the
orthogonal Jn vitro EB-based mESC erythroid differentiation system.26
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Our initial conclusion that the a.-SE combines additively was based on deleting

individual elements from an otherwise intact SE.17 Therefore, to revalidate these findings,
we reconstituted those same deletions in hemizygous mESCs. Analysis of chromatin
accessibility and a-globin gene expression in EB-derived erythroid cells was entirely
consistent with our previous findings (Figures 5A, 5C, and S6A, yellow bars). Individual
deletion of R1 (R2R3RmMR4) or R2 (R1IR3RmMRA4) significantly reduced a-globin expression,
and deleting both R1 and R2 (R3RmR4), leaving only the R3, Rm, and R4 elements,
reduced expression to ~2% of WT. Meanwhile, deleting R3 (RLR2RmR4) or Rm
(R1R2R3R4) alone had no discernible effect on gene expression, and deleting R4
(R1IR2R3Rm) led to a small (~15%) but statistically significant reduction in a-globin
expression (Figures 5A and S6A, green bars).

Next, we investigated whether reinserting the a-SE’s second major activator, R1, into

the enhancerless Aa-SE locus would be sufficient to restore high levels of a-globin
transcription. Similar to R2-only, EB-derived R1-only erythroid cells only expressed 10%
a-globin compared to WT (Figures 5A and S6A, blue bars). Unexpectedly, even a model
harboring both major activators in their native positions (R1R2-only) was incapable of
restoring high levels of a-globintranscription (Figures 5A and S6A, green bars).

The R3, Rm, and R4 elements display little or no inherent conventional enhancer activity,
but they appear to still be necessary for full a-SE activity. We called these elements
“facilitators.” To investigate how R3, Rm, and R4 complement the activity of R1 and R2,

we generated an “enhancer titration series,” sequentially rebuilding the native a-SE from the
deficient R1R2-only model to WT and generating all R3/Rm/R4 permutations (Figure 5B).

We generated at least three separately targeted clones for each model and verified the
integrity of each one using PCR and Sanger sequencing. To confirm that the newly

designed models do not inadvertently create a sequence with potential function, we used

the JASPAR%243 and Sasquatch?* /n silico tools to screen for predicted changes in TF motifs
and DNA accessibility at the deletion and insertion sites. Using ATAC-seq, we show that

in each model, the chromatin associated with the appropriate elements becomes accessible
in erythroid cells, and there were no unexpected changes in accessibility throughout the
remainder of the locus (Figure 5C).

To evaluate the ability of the facilitators (R3, Rm, and R4) to potentiate the classical
enhancers (R1 and R2), we reinserted them individually and in combination into an allele
containing just R1 and R2 (R1R2-only). Reinserting the R3 element into the R1R2-only
background only rescued gene expression by ~10% (not statistically significant), whereas
reinsertion of Rm or R4 had a more significant effect, increasing expression from R1R2-
only (50%) by 50% and 80%, respectively (Figures 5A and S6A, green bars). Reinsertion
of the R4 element was accompanied by a large increase in H3K27Ac over the R1 and R2
elements (Figure 5D), suggesting that R4’s main role is to facilitate the full activity of the
two classical enhancers.

Reinsertion of the R3 element upregulated a-g/obin transcription to approximately the same
degree in the presence of Rm, R4, or both (Figure S6B). Meanwhile, reintroducing Rm
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into a cluster containing R4 (e.g., inserting Rm into R1R2R4 cells) only raised expression
by 5%-10% (Figure S6B). In the presence of R4, Rm seems redundant. Likewise, the
positive effect of reinserting R4 into a locus already containing Rm (e.g., reinserting R4 into
R1R2Rm cells) was less than reinserting R4 into a locus containing only R1, R2, and/or R3
(Figure S6B). Therefore, in their native context, Rm and R4, but not R3, appear to be at least
partially redundant in their ability to facilitate the function of the classical enhancers R1 and
R2, with R4 having a stronger effect than Rm.

R4’s rescue potential is dependent on its position

To investigate the cause of R4’s superior rescue potential, we reanalyzed an existing DNase-
seq dataset and conducted FIMO (MEME-suite) motif analysis on the five a-SE elements.
Unsurprisingly, R1 and R2 contained the highest density of TF motifs and the most complex
DNase foot-printing signals (Figure 6A). However, motif analysis demonstrated that R3
contains more erythroid TF motifs (by absolute number and motif diversity) than Rm and
R4 combined, which was supported by R3’s richer DNase foot-printing signal compared to
Rm and R4 (Figure 6A). Inspection of Gatal, Nf-e2, and Tall ChlIP-seq and ChIPmentation
tracks from a number of WT erythroid tissues further supported the results of our motif
analysis (data not shown). It is possible that R4 recruits other unknown factors, but our data
suggest that the relative rescue capacities of R3, Rm, and R4 are not simply encoded in their
relative capacities to recruit transcription factors.

Rescue potential of R3, Rm, and R4 inversely correlates with distance to the a-globin
promoters (Figures 5A and S6A, green bars). We therefore asked whether each element’s
ability to bolster transcription depends more on its sequence or its proximity to the a-globin
promoters. To test whether R4’s sequence is sufficient to rescue expression, we modified
the R2-only model by reinserting R4; however, rather than placing R4 in its native position
(close to the a-globin promoters), we reinserted it in the position of R1 (the element

located furthest from the promoters; R2R4[R1]) and showed accessible chromatin at the
reinsertion site (Figures 6B and S7). EB-derived R2R4[R1] erythroid cells only expressed
12% a-globin, a level comparable to that in R2-only erythroid cells, suggesting that R4’s
rescue capacity is not exclusively based on its sequence (Figure 6B).

Next, to test the importance of element positioning, we modified the R1R2-only model by
inserting R3 in the position of R4 (R1R2R3[R4]) and showed accessible chromatin at the
reinsertion site (Figures 6C and S7). Moving R3 closer to the a-g/obin promoters in this
model had a dramatic effect, increasing gene expression by >85% compared to the ~12%
rescue of the R1R2-only model driven by R3 in its native position (R1R2R3; Figure 6C).
Together, this strongly indicates that R4’s position, rather than its sequence, underpins its
potency in rescuing gene expression.

R2-only FL erythroid cells exhibited reduced interaction frequency between R2 and the
a-globin promoters (Figure 4C), and it seems that R4’s position close to the a-globin
promoters is important for facilitating full R1 and R2 enhancer activity. We therefore
speculated that R4 might play a role in increasing interaction frequency between the a-SE
and promoters. To test whether the R2-only transcriptional deficit could be rescued by
simply reducing the linear distance between R2 and its cognate promoters, we modified
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the Aa-SE model by inserting R2 at the position of R4 (R2[R4]) and showed accessible
chromatin at the reinsertion site (Figures 6D and S7). Surprisingly, moving R2 closer
to the a-globin promoters had no positive effect on gene expression (Figure 6D). This
demonstrates that the physical linear proximity of R2 to the a-g/obin promoter was
insufficient to restore R2’s full activity.

Identification of facilitators in other multipartite enhancers

An important question is whether other multipartite enhancer clusters contain facilitator
elements as defined here, i.e., elements within an enhancer cluster that have the chromatin
signature of enhancers, are poor in tissue-specific transcription factor binding sites, harbor
little or no intrinsic enhancer activity when tested in reporter assays, and are necessary

for the full activity of canonical enhancers within the cluster. To identify these elements
requires a thorough epigenetic, genetic, and functional dissection of a cluster. To date,
erythroid SEs have not been studied at the required depth to reveal these elements, but

the B-globin LCR has been fully characterized, comparable to the a-g/lobin cluster. The
B-globin LCR includes six regulatory elements (HS1-6) and has been classified as a super-
enhancer.1” When examined closely, HS1 seems a good candidate to test as a facilitator:
when tested individually, HS1 has no intrinsic enhancer activity in embryonic, fetal, or
adult erythropoiesis;*® deletion of HS1 from the SE results in substantial sensitivity to
position effects in transgenic mice;*6 and the predominant TF binding sites in HS1 are just
two GATA binding elements.#” Here, we have taken HS1 and placed it in the position of
the a-globin facilitator (R4) and found that despite its lack of intrinsic enhancer activity,
like the a-globin facilitators, it shows a significant rescue potential of the R1R2 allele,
observed as a 36% increase in the a-globin expression (Figure 6E), albeit lower than the
native facilitators’ rescue effects (Rm ~50% and R4 >80%). HS1 fulfills our definition of
a facilitator, exhibiting the hallmarks of such elements at the a-g/lobinlocus despite being
transported from an independent erythroid-specific SE.

DISCUSSION

Since the seminal description of an enhancer element in 198148 and the first report that
followed two years later of what was effectively an enhancer cluster,*° there has been

an immense amount of research into what enhancers are, how they work, and how they
influence development and disease. Despite the fact that enhancer clusters have been studied
for over forty years, we are yet to understand many of the basic principles governing their
activity, from the manner(s) by which cluster constituents cooperate with one another to the
biochemical processes increasing target gene expression.

Over the years, many groups have reported different “flavors” of biologically significant
enhancer clusters, among them locus control regions,®® shadow enhancers,>! regulatory
archipelagos,52 Greek islands,3 stretch enhancers,>* and super-enhancers.* Many enhancer
clusters satisfy the criteria of multiple classes. To simplify our analyses, we focused on
studying the functional characteristics of super-enhancers, selecting this particular class due
to their clear bioinformatic definition (using the ROSE algorithm) and the fact that the field
has widely adopted the “super-enhancer” nomenclature. Even with this definition, we do not
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assume that the underlying mechanism of their action is always the same, as discussed in
Blobel et al 10

SEs are defined by high levels of enhancer-associated H3K27Ac, high levels of TF

and Mediator occupancy, and the limited genomic distances between their constituents.*
Numerous publications have demonstrated that SEs activate high levels of gene expression
with a tendency to regulate lineage-specific genes.#11.14.18 Despite this, it remains

unclear whether there is a functional distinction separating SEs from clusters of regular
enhancer elements. Perhaps the key question is whether SEs are clusters of independent
elements combining in an additive fashion or cohesive units exhibiting activities greater
than the sum of their parts.1911 A number of groups have dissected SEs, yielding

various conclusions, from additivel8 to super-additive,22 redundant,1? synergistic,2! and
hierarchical?® cooperation. Similar to the variation in TF cooperation and sequence grammar
manifested within individual enhancers, SE cooperation may well be variable, with subsets
of SEs combining additively and others non-additively. The majority of SE dissection
studies have been hampered by incomplete dissection of the clusters under investigation.
For example, although dissection of the S-g/obin SE suggested that it combines additively,
the degree to which the cluster was dissected was comparable to our previous study at

the a-globin SE.16.17 As we have shown here, this level of dissection is insufficient to
unequivocally conclude whether a cluster combines additively or non-additively. Regardless,
previous studies deleting the entire S-globin SE showed that the B-globin genes remain
accessible and marked by histone acetylation;®>=°7 this is contrary to what we see upon
deleting the entire a-SE, suggesting that the effect SEs have on their target genes is likely
to be somewhat variable between loci. Other SE dissection studies have been confounded
by disruption of clusters that regulate pleiotropic transcription factors or co-factors that
influence cell fate, rendering it impossible to control whether WT and manipulated models
are equivalent in their developmental stage and cell type.

Here, we have comprehensively dissected the tractable a-g/obin SE in situto investigate
how its five constituent elements cooperate. The a-SE is an ideal genetic model for this
study; the SE and the TAD in which it is contained have been extensively characterized,>8
and the SE is activated exclusively during terminal erythroid differentiation, meaning its
manipulation has no effect on cell fate or in non-erythroid cells. Previous dissection of

the a.-SE suggested that its five constituents combine additively as independent elements,’
a conclusion drawn through generating a series of mouse models harboring single and
selective pairwise element deletions from an otherwise intact SE. Our present work further
evaluates this conclusion and demonstrates unequivocally that R2 requires (a subset of) the
other four a-SE constituents to achieve its full enhancer potential. Despite maintaining the
biochemical signature of an active enhancer, R2 by itself is not sufficient to upregulate high
levels of a-globin expression, exhibiting very low levels of co-activator recruitment, reduced
interactions with its target genes’ promoters, and lower levels of eRNA transcription.

Rebuilding the a-SE demonstrated that our previous single deletion models were simply
inadequate to fully resolve the cooperation between the five a-SE constituents. This serves
as a cautionary tale and clearly shows that extensive genetic dissection and synthetic
rebuilding is essential to fully understand how an enhancer cluster operates. Combinatorial
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reconstruction of the a-SE exposed a complex network of functional interactions between
its constituents: R1 and R2 cooperate synergistically, each upregulating gene expression
100-fold alone versus 450-fold when combined, whereas the R3, Rm, and R4 elements
display no intrinsic enhancer activity in the models tested here; instead, they facilitate the
activities of R1 and R2. The three “facilitator” elements display a hierarchy wherein R4 is
the most potent facilitator and R3 the least potent. Whereas R3 facilitates the activities of
R1 and R2 to a similar degree regardless of Rm/R4 coincidence, Rm and R4 function in a
context-dependent manner, each partially redundant to the other.

Is there evidence for similar facilitator elements elsewhere in the genome? Interestingly,
Sahu and colleagues recently used a STARR-seq method to show that four out of the five
MYC SE constituents have no detectable enhancer activity in HepG2 cells.>® From this
and other observations in their report, the authors conclude that unlike classical enhancers,
elements they refer to as “chromatin-dependent enhancers” do not strongly transactivate a
heterologous promoter but act to increase gene expression via chromatin modification or
structural changes in higher-order chromatin.5® Similarly, Hnisz and colleagues previously
showed that the E8 enhancer within the Pri-miR-290-295 has very little enhancer activity
measured by luciferase assay; nevertheless, deletion of E8 caused a large decrease in
Pri-miR-290-295 expression.18 E8 is the SE constituent located most proximally to Pri-
miR-290-295. These findings are similar to what we see at R4, namely, an SE constituent
that lacks enhancer activity, is important for overall SE function, and is located between its
target gene and all other SE constituents. Finally, as shown here, the HS1 element of the
B-globin LCR, which has no intrinsic enhancer activity, acts to facilitate the a.-SE when
placed in the position of R4. Together, these findings suggest that facilitators could be a
common feature of SEs.

The mechanism(s) by which facilitators augment SE activity remain elusive. It is possible
that facilitators act by providing cooperativity for the recruitment or stability of TFs or
co-factors analogous to the mechanism proposed in the enhanceosome model for individual
enhancer elements.60:61 By analogy, it is possible that appropriately located enhancers and
facilitators combine to create a distinct three-dimensional structure. From this point of
view, it is interesting that the hierarchy of facilitators is encoded in their positions more
than their sequences. The position dependence of facilitators is particularly interesting in
light of recent work reporting functional directionality as a property of SEs.52 Moreover,
moving R2 closer to the a-globin promoters had no effect on gene expression, suggesting
that facilitators do not solely act to increase enhancer-promoter interaction frequency;
nevertheless, this does not preclude them playing a role in forming or stabilizing specific
three-dimensional structures. A recent study in Drosophila has identified what may be
similar elements, which are not enhancers but are thought to facilitate interactions between
regulatory elements by tethering them together.53

A number of studies have suggested that enhancer clusters, including SEs, may act
cooperatively to form foci containing high concentrations of tissue-specific TFs, co-
activators such as the Mediator complex, and Pol 11.11 The biochemical processes leading
to formation of such subnuclear structures are debated, but current theories propose liquid-
liquid phase separation’864-66 and some form of TF trapping?2:67 or engagement of
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TFs in multivalent interactions independent of assembly into phase-separated liquid-like
droplets.58 All of these proposals require recruitment of a critical mass of TFs within a given
three-dimensional space. It is feasible that R4 could rescue gene expression by increasing
the density of TF binding sites at a particularly influential position along the chromatin
fiber; subsequent recruitment of co-activators such as the Mediator complex could then

be instructive for establishing a regulatory hub. Though speculative, this explanation is
consistent both with R3’s ability to rescue transcription when transplanted to the position of
R4 in the R1IR2R3[R4] model and with R2’s continued insufficiency in the R2[R4] model.

In summary, our findings demonstrate that SEs can constitute complex cohesive networks

of regulatory elements, displaying simultaneous additive, redundant, and synergistic
cooperation. We present evidence that SEs can act as cohorts of functionally distinct
elements, including classical enhancers, responsible for activating a target gene’s expression,
and facilitators, which in some way augment activator function. Without facilitators, we

see severely attenuated coactivator recruitment, enhancer-promoter interaction frequency,
and eRNA transcription. Most importantly, we rigorously show that an SE can manifest
emergent properties resulting from the interaction of classical enhancers and what we define
here as facilitators.

Limitations of the study

Although it seems likely that facilitators will be a common feature of multipartite enhancer
clusters, this remains to be further tested. The fact that observations on gene regulation

made at the globin gene clusters have always illustrated general principles is encouraging.
At present, the ability to identify facilitators genome-wide is limited by the lack of a
distinguishing signature for such elements and the extensive genetic engineering required to
analyze each element. Both of these points are being addressed by constructing a screening
system. Although there are clues to the mechanisms by which facilitators might potentiate
the activity of classical enhancers, this has not been formally addressed in this study and will
be the focus of future investigations.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Mira Kassouf
(mira.kassouf@imm.ox.ac.uk).

Materials availability—Materials associated with the paper (the R2-only mouse model,
the engineered mouse ESCs) are available upon request.

Data and code availability

1. All data generated for this study are included in this published article and
its supplementary information. Standardized data types (ChlP-seq, ATAC-seq
RNA-seq and Tiled Capture-C data, raw data and processed files) are publicly
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accessible in the Gene Expression Omnibus (GEO) under accession numbers
GEO: GSE220463.

2. This paper does not report original code. Codes used in the analysis of this
manuscript are referenced.

3. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mouse model generation—All mouse work was performed in accordance with UK
Home office regulations, under the appropriate animal licenses. Mouse model generation
and animal husbandry was conducted by the Mouse Transgenics Core Facility at

the Weatherall Institute of Molecular Medicine. R2-only BAC-integrated mESCs were
karyotyped, microinjected into C57BL/6 blastocysts and implanted into pseudopregnant
C57BL/6 females. Three resulting chimeric males were back-crossed with WT C57BL/6
females. Between three litters from one chimera, 10 pups were identified with germline
transmission, as assessed by agouti coat color derived from the E14 (E14-TG2a.1V)

mESC background. Of these 10, five pups were confirmed to be heterozygous for the
Hprt+ R2-only modification by PCR-based genotyping. Heterozygotes were crossed to a
Flp-expressing line to promote recombinase-mediated excision of the Hprt cassette. Hprt-
R2-only heterozygotes were then back-crossed and inter-crossed to establish a Flp-negative
heterozygous line and set up timed matings for embryo dissection and tissue harvesting and
experimentation.

Genotyping was performed on material from non-erythroid tissue: embryonic material
(dissected embryos), ear notches (live pups) or brain (dead pups). DNA from ear notches
and embryos was prepared using the DIRECTPCR-EAR PEQGOLD reagent (VWR) with
50 pg/mL Proteinase K treatment at 55°C overnight (Thermo Fisher). After Proteinase

K inactivation for 5 min at 95°C, samples were spun at maximum speed for 3 min and
supernatant added directly to standard PCR reactions using IMMOLASE DNA Polymerase
(Bioline) supplemented with 1M betaine. Brain tissue was lysed overnight in a buffer of 50
UM Tris pH 8.0, 100 mM EDTA, 100 mM NaCl and 1% SDS with 50 mg/mL Proteinase K,
then DNA was obtained by standard phenol-chloroform extraction and ethanol precipitation.
Genotyping was performed using PCR primers detailed in Table S3.

Timed-heterozygote crosses: R2-only homozygotes were not viable as shown by the
Mendelian ratio in Table S1. Therefore, all analyses were restricted to embryonic timepoints.
Pregnant mice were sacrificed at embryonic days E8.5, E9.5, E10.5, E12.5, E14.5, or

E17.5 post coitum. Embryos were dissected from the pregnant females and tissue was

taken for genotyping by PCR. Erythropoietic cells/compartments were then isolated for
analysis, blinded to the genotype. E8.5-10.5 embryos were deposited in heparinised PBS
and primitive erythroid cells drained from the embryos were aspirated into fresh tubes for
processing. Fetal livers (FL, the definitive erythroid compartment) were isolated from E12.5-
E17.5 embryos. FL were mechanically disaggregated to a single cell suspension in FACS
buffer, and filtered through pre-separation filters; brain tissue was stored for genotyping by
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PCR and gene expression analysis (RT-gPCR). Erythroid cells were processed for analysis
by RT-gPCR/RNA-seq, ATAC-seq, ChIP/ChIPmentation and 3C-based methods on the day
of harvest (see below). FACS analysis following staining for the CD71 and Ter119 cell
surface markers in E12.5 FL cells, revealed that WT and R2-only FL are composed of ~95%
CD71+/Ter119+ erythroid cells, indicating that no further selection (beyond mechanical
disaggregation, and filtration through pre-separation filters (miltenyibiotec) was required.

Genetically engineered mouse embryonic stem cell lines and in vitro erythroid
differentiation system—E14-TG2a.lV (E14) mESCs, or genetic models derived from
these cells, were cultured in gelatinised plates using standard methods8%70: cells were
maintained in ES-complete medium, a GMEM-based medium supplemented amongst other
standard tissue culture media reagents with FBS and Leukemia inhibitory factor (LIF).

An jn vitro Embryoid Body (EB)-based mESCs differentiation system was used to
generate erythroid cells.26 Briefly, 24-48 h pre-differentiation, mESCs cells were

induced for differentiation by passaging into base media (Iscove’s modified Dulbecco’s
medium (IMDM), 1.4x10-4 M monothioglycerol (Sigma-Aldrich) and 50 U/ml penicillin-
streptomycin (Thermo Fisher)) supplemented with 15% heat-inactivated FBS and 1000
U/ml LIF. For embryoid body (EB) generation, cells were disaggregated by trypsinisation
and quenched in base media (as above) supplemented with 10% AFCS. Differentiation
media was prepared fresh on the day of differentiation by supplementing base media (as
above) with 15% AFCS, 5% protein-free hybridoma medium (PFHMII) (Thermo Fisher), 2
mM L-glutamine (Thermo Fisher), 50 pg/mL L-ascorbic acid (Sigma Aldrich), 3x10™4 M
monothioglycerol and 300 pg/mL human transferrin (Sigma Aldrich). Cells were plated in
triple vent petri dishes (Thermo Fisher) at 1-2 x103 cells in 10 mL differentiation media.
EBs were left to differentiate for up to seven days without disruption except for gentle
manual shaking every few days to disrupt cell sticking.

After seven days of differentiation, EBs were disaggregated into single cell suspension,
through incubation in 0.25% trypsin for ~3 min, and then quenched with FCS-containing
media. The bulk population was analyzed for erythroid differentiation by immune-
phenotyping using two erythroid surface markers, the transferrin receptor CD71 and Ter119.
cells were labeled for CD71 in staining buffer for 20 min at 4°C, rolling, then washed by
adding staining buffer (1 mL per 107 cells) and spinning. After supernatant removal, cells
were incubated with MACS anti-FITC separation microbeads (Miltenyli; 10 uL per 107
cells) in ice-cold separation buffer (PBS plus 0.5% bovine serum albumin (BSA) and 2 mM
EDTA,; 90 L per 107 cells) for 15 min at 4°C, rolling, and washed by adding separation
buffer (1 mL per 107 cells) and spinning.

Bead-labelled cells were resuspended in 500 pL cold separation buffer and added to a pre-
equilibrated LS column (following manufacturer’s instructions). The negative fraction was
washed through with two flushes of 3 mL cold separation buffer and the positive fraction
collected by forcing cells from the column in 5 mL separation buffer. After spinning and
supernatant removal, cells were resuspended in staining buffer as needed for downstream
processing. Population purity and selection efficiency were determined by flow cytometry.
All antibodies and reagents are listed in Key Resources Table (KRT).
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METHOD DETAILS

Synthetic BAC generation—Two ‘RMGR-ready’ versions of the a-g/obinlocus, the
first encoding the five enhancer elements and the second deleting all but the R2 element,
were constructed. A previously constructed BAC spanning the a-g/obinlocus plus RMGR
parts?® (RP23-46918; BACPAC Resources Center, Children’s Hospital Oakland Research
Institute’L; ) was used as template to generate PCR amplicons with 50-200 base pairs

of overlapping sequence for yeast homologous recombination. Lox sites were integrated

85 kb apart, flanking the a-g/lobinregulatory region (85,145 bp; Chr11:32,115,389-
32,200,533). Gblocks (IDT) or fusion PCR products were used to provide homology with
non-overlapping adjacent segments (e.g., enhancer deletions, vector-adjacent amplicons). A
variant of the eSWAP-In method?4 was used to produce the two constructs, which were
sequence-verified using illumina short-read sequencing (Figure S1A). BACs containing
synthetic versions of the mouse a-g/obinlocus were received as transformed bacteria
samples and grown up in LB under selection with kanamycin (20 pg/mL) and ampicillin (50
pg/mL). 1 L overnight cultures were cleared for cell debris using Plasmid Maxi Kit reagents
P1-3 (Qiagen) as instructed for low-copy plasmids, with precipitated material removed

by filtration. DNA was precipitated from the cleared supernatant using 1:1 isopropanol

and washed with 70% ethanol, then purified by cesium chloride centrifugation. BAC
preparations were quantified by the Qubit dSDNA Broad-Range Assay (Thermo Fisher)

and checked for sequence integrity by restriction digest and visualisation on a 1% agarose

gel.

BAC transfection—RMGR-competent mESCs (mDist cells derived from E14-TG2a.1V
(E14) mESCs?®) were co-transfected by lipofection (Lipofectamine LTX reagent) with
Purified BAC DNA and a pPCAGGS-Cre-IRESpuro plasmid.’2 Transfections were performed
in 6-well format by plating freshly trypsinised mESCs in 2 mL culture media supplemented
with the transfection mix prepared to manufacturer’s instructions: 5 uL LTX reagent, 2

ug plasmid DNA (1.5 pg BAC plus 0.5 pg pCAGGS-Cre-IRESpuro), 2 uL PLUS reagent
and 250 uL Opti-MEM (Thermo Fisher). Media was changed after 24 h to remove the
lipofection reagents and selection for complementation of the Hprtgene was started after
an additional 24 h with 1x HAT supplement (0.1 mM hypoxathine, 0.4 mM aminopterin,
0.016 mM thymidine). Selection was continued for up to two weeks, at which point
surviving colonies were picked into individual wells and HAT selection replaced with HT
(0.1 mM hypoxanthine, 0.016 mM thymidine) recovery media. Cells were selected for
Hprt complementation, and the Hprt gene later removed by transfection with a transient
flippase-expressing plasmid.” Cells were screened by selection with 6-thioguanine (6-TG)
and PCR (for genotyping primer refer to KRT).

In the case of the R2-only model, the structural integrity of the locus was checked

with linked-read library preparation (10x Genomics) followed by illumina sequencing, all
performed at the Oxford Genomics Center, Wellcome Center for Human Genetics (Oxford,
UK). (Figure S1B).

CRISPR-Cas9 editing for the generation of mouse ESC genetic models—All
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 targeting strategies
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were designed, prepared and tested by Dr Philip Hublitz and colleagues in the Genome
Engineering Core Facility at the Weatherall Institute of Molecular Medicine. Guide RNAs
were designed using the CRISPOR and BreakingCas online gRNA design tools (refer to
KRT). Candidates with the fewest predicted off-targets were selected and further screened
for their effectiveness, using an /n vitro surveyor assay (according to the manufacturer, IDT).
For guide RNA sequences see Table S3.

mDist (RMGR-ready) mESCs targeted with WT and R2-only BAC DNA generated two
cell-lines which were then modified into hemizygous ‘RMGR-ready’ WT and R2-only
mMESCs respectively. These two cell-lines were used as the base cell lines for the rest of
mESC models reported in this paper. To generate the hemizygous lines, gRNAs (cloned
into pSpCas9 (BB)-2A-GFP (pX458) vector, a gift from Feng Zhang (Addgene plasmid:
#48138), or pX458-ruby’4) were designed such as a 117kb region that encompasses the

full RMGR-ready region of the a-globin locus (86KDb) is removed in addition to flanking
sequences, deleting in the process all the CTCF sites that contribute to the formation of

the a-globin sub-TAD. Screening for this deletion was done using various PCR strategies
(for sequences see Table S2) and Sanger sequencing that tested the junction created by the
deletion and for the presence of an intact RMGR locus. For enhancer deletions, gRNAs were
designed flanking the targeted enhancer, and cloned into pSpCas9 (BB)-2A-GFP (pX458)
vector, a gift from Feng Zhang (Addgene plasmid: #48138), or pX458-ruby.’* Hemizygous
WT mESCs were co-transfected, by lipofection, with the appropriate 5 targeting vector
(expressing GFP) and 3’-targeting vector (expressing mRuby), and 24-36 h later, GFP-
mRuby co-fluorescent cells were FACS sorted into individual wells of a 96 well plate.
Individual clones were grown in each well for 8-10 days without disruption. When colonies
were visible in each well, cells were split into two plates: one for screening, and the other for
analysis/freezing. Clones were screened for successful enhancer deletion by the appropriate
PCR strategy; this entailed PCR amplification using primers flanking each deleted element
(sequences in Table S3), such that a successfully deleted allele would produce a smaller
product than a WT allele. Clones were then screened by Sanger sequencing and ATAC-seq.

To produce R2[R4], R1R2R3[R4], R2R4[R1] and R1R2HS1[R4] mESC models, existing
hemizygous Aa-SE, R2-only, or R1R2-only mESC models were re-targeted for the desired
outcome. Each new model was generated using a single round of targeting — either through
insertion of the R2 element at the position of R4 in Aa-SE cells, insertion of the R4 element
in the position of R1 in R2-only cells or insertion of the R3 or HS1 element in the position
of R4 in R1R2-only cells. Homology directed repair (HDR) donors were designed encoding
the R2, R4, R3, and HS1 elements flanked by 500bp homology arms, homologous to the
native position of the desired insertion site. A Sall restriction enzyme recognition site was
inserted at the 5" of the R2 enhancer in the initial HDR donor, and an Mlul site at the

3’ of the element. This enabled efficient restriction-ligation exchange of the R2 element
within the HDR donor with the R3 and HS1 elements. The HDR donor construct was
ordered as a GeneART Gene synthesis custom design. The HDR donor was also designed to
inactivate the protospacer adjacent motif. R2[R4], R1IR2R3[R4] and R1R2HS1[R4] donors
were screened with Sasquatch #3and JASPAR#243 to ensure no novel accessibility sites or
motifs were predicted at the newly created junctions,*344 prior to synthesis and transfection.
The donor vector sequence was also verified using Plasmidsaurus.
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Aa-SE, R2-only and R1R2-only cells were transfected, by lipofection, with pX458 vectors
(expressing gRNA targeting desired insertion position for various insertions) and the
appropriate HDR donor using a 3:1 HDR donor:guide plasmid(s) ratio by mass. 24-36 h
post-transfection, GFP positive cells were FACS sorted into single wells in a 96-well format,
and screened as described above but with the size and sequence of the inserted fragments
taken into account.

68,6925RNA extraction and RT-PCR—On the day of cell harvest, samples of 105-2x108
cells (primary mouse cells, or CD71* mES cell-derived models) were lysed in TRI Reagent
(Sigma) and immediately frozen at —80°C. RNA was extracted using a Direct-zol MicroPrep
kit (Zymo Research) with a 45 min DNase step on-column at room temperature. RNA
quality was assessed by Agilent TapeStation instrument, using RNA ScreenTape (Agilent).
Only samples with an RNA integrity score of at least 8 were taken forwards for subsequent
analysis. The extracted RNA was reverse transcribed using Superscript I11 First-Strand
Synthesis SuperMix (Life Technologies) including an RNase step to degrade remaining
template molecules.

Real-time PCR (RT-PCR) was performed with Tagman probes (refer to KRT for the assays)
to analyze gene expression in each model. Results were normalised to RPS18 or the relevant
B-globin genes as an erythroid-specific highly expressed unaffected control gene. Reverse
transcriptase (RT-) enzyme negative controls were included to confirm that DNase treatment
was complete. Analysis steps including all statistical tests (ANOVA) and graphical plotting
were conducted in RStudio. The R package ggplot2 was used to generate and render each
plot (refer to KRT for all software).

NGS assays

ATAC-seq: Assay for transposase-accessible chromatin (ATAC)-seq was performed on
~7%10% cells, using the illumina Tagment DNA enzyme and buffer kit (illumina), as
previously described.1”.7> Briefly, cells were lysed in a gentle NP-40 containing lysis
buffer, and resuspended in Tn5 buffer with illumina adaptor-loaded Tn5 enzyme. Cells were
incubated for 30 min at 37°C, and then tagmented DNA was purified using AMPure XP
beads (mybeckman), before indexing with Nextera indexing primers (illumina). Indexed
ATAC samples were assessed by tape station, using a High Sensitivity (HS) D1000
ScreenTape (Agilent).

ChlPmentation experiments were performed as previously described,’® with few
modifications. On the day of cell harvest, aliquots of 1x10°-1x10° cells (primary

mouse cells, or CD71* mouse ES cell-derived models) were either single-fixed with 1%
formaldehyde for 10 min, followed by quenching with 125mM glycine, or double-fixed
with 2mM disuccinimidyl glutarate (DSG) for 50 min, followed by 1% formaldehyde for 10
min, before quenching with 125mM Glycine. Single-fixed samples were ultimately used for
ChIPmentation experiments assaying histone modifications; double-fixed samples were used
for experiments assaying transcription factor occupancy (for antibodies refer to KRT).

Cells were spun down and washed with PBS, before being snap frozen. Fixed aliquots were
stored at —80°C. Cell pellets were lysed in 0.5% SDS lysis buffer and sonicated, using a
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Covaris ME220 sonicator, to fragment DNA to an average fragment length of ~200-300bp.
Sonicated chromatin was analyzed by Tapestation, using a D1000 or D1000 HS ScreenTape
(Agilent). SDS in the lysis buffer was neutralised with 1% Triton X-, and the sonicate

was incubated overnight with a mix of protein A and G dynabeads (Thermofisher) and the
appropriate antibody (KRT). The following morning, chromatin-bound beads were washed
three times using a low salt, a high salt and a LiCl-containing wash buffer, followed by
tagmentation of the immunoprecipitated chromatin with sequencing adaptor-loaded tn5.
Samples were indexed, using Nextera indices (illumina) and NEBNext 2X High fidelity
mastermix.

Tiled-C, a high-resolution Chromosome Conformation Capture (3C) method that produces
contact matrices of selected regions of interest was conducted as previously described.*!
On the day of harvest, aliquots of 5x10° cells (primary mouse cells, or CD71* mouse ES
cell-derived models) were fixed with 2% formaldehyde for 10 min, before quenching with
125mM Glycine.

Cells were spun down, washed with PBS, and the pellet suspended in a mild NP-40-
containing lysis buffer. Samples were then snap frozen and stored at —80°C. Cells in

lysis buffer were thawed and spun down, before resuspension in restriction enzyme

buffer mix. An appropriate volume of Dpnll was added, and samples were incubated
overnight at 37°C. Fresh aliquots of Dpnll were added the following morning and
afternoon. The Dpnll was heat inactivated, and proximal Dpnli-digested “sticky ends” were
ligated using T4 ligase. Digested-re-ligated DNA was extracted using XP AMPure beads
(mybeckman) and sonicated using a Covaris ME220 sonicator. Sonicated chromatin was
analyzed by Tapestation, using a D1000 or D1000 HS screen tape (Agilent). The resultant
fragments were indexed using the NEBNext Ultra Il library preparation kit (New England
BioLabs). Fragments corresponding to the region of interest (chr11:29902951-33226736)
were enriched using oligo capture with biotinylated oligos (for oligo information, check
KRT) complementary to every Dpnll fragment within the tiled region, before streptavidin
pulldown using Dynabeads M-280 Streptavidin (ThermoFisher).

RNA-seq: on the day of harvest, aliquots of 5x10° cells (primary mouse cells, or CD71*
mouse ES cell-derived models) and processed as mentioned above.

Poly-A positive and negative RNA-seq was performed on 5x10° cells, using the NEBNext
Ultra 1l Directional RNA Library Prep Kit for [llumina (New England BioLabs). Ribosomal
RNA was depleted using the NEBNext rRNA Depletion Kit, and then the poly-A positive
and negative fractions were separated using the NEBNext Poly(A) mRNA Magnetic
Isolation Module.

Sequencing and bioinformatic analysis—All NGS sequencing was performed using
TG NSQ 500/550 Hi Output v2.5 (75 CYS) kits (illumina); these kits are paired-end
sequencing kits which produce two 40 base pair reads, corresponding to the 5" and the

3’ of the fragment being sequenced. Generally, ~25-40 million reads were desirable for
each ATAC or ChIPmentation sample, ~10-20 million for each RNA-seq sample, and ~5-10
million for each Tiled-C sample, although actual sequencing depth was variable.
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ATAC and ChiPmentation—The quality of the FASTQ files from ATAC-seq and
ChlPmentation were assessed using FASTQC, and the reads aligned to the mm9 mouse
genome, using bowtie2. Non-aligning reads were trimmed using Cutadapt trimgalore and
then realigned to the mm9 genome using bowtie2.”” All reads which still failed to align were
extracted, and flashed using FLASH, before realignment to the mm9 genome using bowtie2.
All of the files containing successfully aligning reads were concatenated, and aligned to

the mm9 genome together using bowtie2. Resultant SAM files were filtered, sorted, and
PCR duplicates removed, using SAMtools (samtools view, sort, and rmdup, respectively).
The resultant BAM file was indexed using SAMtools index, and converted to a bigwig

file using deepTools bamcoverage.”8 Each bigwig was visualised using the University of
California Santa Cruz (UCSC) genome browser, and traces corresponding to regions of
interest were downloaded from here. Peaks were called in each sample using MACS279
with default parameters, and differential accessibility/binding analysis was conducted using
Bioconductor DESeq?2 in RStudio.80 Generation of consensus peak files from multiple
biological replicates was performed using bedtools intersect, and analysis of overlapping
peaks/peak distances was performed using bedtools intersect and bedtools closest.8! Motif
analysis was performed using the MEME suite82 (meme-chip for de novo motif analysis
and fimo for finding occurrences of known motifs), using HOCOMOCO mouse position
weight matrices. Principal component analysis was performed on ATAC samples, using the
DiffBind, rgl and magick packages in RStudio.

Tiled-C—Samples were analyzed using the HiC-Pro pipeline,8 using the capture Hi-C
workflow (aligning the data to the mm9 genome). To avoid interaction bias between regions
within and outside of the tiled region, all data mapping to the tiled region was extracted
and the remaining data discarded from subsequent analysis steps. Interaction matrices were
ICE-normalised using HiC-Pro, and heatmaps generated for visualisation using ggplot2

in RStudio. Virtual capture plots were generated by extracting all entries within the tiled-

C matrix in which a specific viewpoint of interest participates, and interaction scores
normalised by dividing interaction scores by the total number of interactions within the
tiled region. Virtual capture plots were produced for visualisation using ggplot2 in RStudio.
Loess (local regression) smoothing (span = 0.05) was used reduce noise in the virtual
capture-C plots. This effectively runs multiple local regressions for each datapoint along
the x axis, with the span variable dictating the proportion of data taken into account when
performing each regression. By re-plotting each datapoint based on the local regression
prediction, therefore taking into consideration bins either side of the processed bin, I could
reduce the noise in each plot. Because loess smoothing gives dramatically more weight

to the values lying closest (along x) to the processed datapoint (weighting a (1-(distance/
maximum distance)3),3 it allows one to smooth the data with little information loss.

RNA-seq—RNA-seq data was aligned to the mm9 genome, using star.84 The resultant
SAM files were then filtered and sorted using SAMtools (samtools view and sort,
respectively). The resultant BAM files were indexed using SAMtools index, and
directional, rpkm normalised bigwigs generated using deepTools bamcoverage, with the
filteredRNAstrand flag enabled. Each sample bigwig was visualised using the University
of California Santa Cruz (UCSC) genome browser, and traces corresponding to regions of
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interest downloaded from here. Read coverage over each gene in the mm9 genome was
calculated using Rsubread featurecounts,® and differential expression analysis performed
using edgeR in RStudio Y.

Plots were generated using ggplot2 in Rstudio. Principal component analysis was performed
on RNA-seq samples, using the DiffBind, rgl and magick packages in RStudio. To compare
enhancer RNA transcription in WT and R2-only cells, levels of poly-A negative RNA

over the R1, R2, R3, Rm and R4 enhancers were visually assessed on the UCSC genome
browser; however, this was only possible on the + strand, as the Nprl3 gene, in which

the R1, R2 and R3 enhancers are located, is transcribed on the — strand. To compare R2
enhancer RNA transcription quantitatively, a virtual g°PCR was performed, by normalizing
the number of reads mapping to the R2 enhancer in each sample to the number of reads
mapping to the HS2 enhancer of the B-globin LCR or the RPS18 gene in the same sample.
Levels of the normalised enhancer RNA transcription in WT and R2-only samples were then
compared and the results plotted, using ggplot2 in Rstudio.

QUANTIFICATION AND STATISTICAL ANALYSIS

One-way ANOVA with Tukey multiple comparisons of means with 95% family-wise
confidence level was applied to all the expression analysis of all the genetic models
generated in this paper. The statistical details of experiments can be found in the figure
legends and depicted graphically in figures, including the statistical tests used, exact
value of n, what n represents (e.g., number of animals, number of samples used). For
the bioinformatic analyses, statistical solutions for differential detection of reads/peaks
are included in various packages such a Bioconductor DESeq?2, DiffBind, and EdgeR in
Rstudio.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Large synthetic alleles allow de novo assembly of multipartite enhancers
Mouse a-globin super-enhancer contains classical enhancers and facilitators

Facilitators have no inherent enhancer activity but potentiate classical
enhancers

Newly identified facilitators act in a position-dependent manner
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Figure 1. Generation of an enhancerless (Aa-SE) in vitro mouse model and an R2-only in vivo
mouse model to test the sufficiency of the R2 enhancer element

(A) A graphical representation of the design of the Aa-SE and R2-only a-globinloci.
R2-only locus was synthesized, assembled into a bacterial artificial chromosome (BAC), and
delivered into the wild-type (WT) a-g/obinlocus through recombination-mediated genomic
replacement (RMGR; STAR Methods). Aa-SE was generated by CRISPR deletion of R2
from the R2-only hemizygous mESCs. UCSC tracks represent cpm (count per million)
normalized ATAC-seq data from WT (top), R2-only FL erythroid cells (middle), and Aa.-SE
EB-derived erythroid cells (bottom).
(B) ATAC-seq from WT and Aa-SE EB-derived erythroid cells (top) and ChIPmentation
for H3K27Ac, H3K4Me3, GATAL, and Pol Il (bottom; n = 2). Left, a-globinlocus with
highlighted regulatory elements (R1-R4, blue) and promoters (Hba-x or ¢ corresponding
to the embryonic a-globinand Hba-al, Hba-a2, or a corresponding to the adult a-globin
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expressed in EB-derived primitive erythroid cells, red; Ajpr/3 promoter, pink); right, 8-globin
locus with highlighted regulatory elements (HS1-HS6, blue) and promoters (Hbb-h1 or

Bhl and Hbb-y or ey corresponding to the embryonic B-globin expressed in EB-derived
primitive erythroid cells, red). All tracks are cpm normalized.

(C) a-globin gene expression in WT, Aa-SE, and R2-only EB-derived erythroid cells (n =

3) assayed by RT-gPCR. Expression normalized to 8-g/obin and displayed as a proportion

of WT expression. Dots, biological replicates; error bars, Standard Error. Statistical analysis
was performed using one-way ANOVA with a Tukey post-hoc test: ****p < 0.00001.

(D) Prediction of R2-only a-globin gene expression, calculated by subtracting AR2 a-globin
expression from WT and the observed R2-only expression levels in (C).

See also Figures S1 and S3.
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Figure 2. R2-only mice exhibit severely attenuated a-globin expression and are non-viable
(A) Representative image of R2-only litter from heterozygote crossings. Pregnant female

was sacrificed at embryonic day E17.5 and fetuses extracted. Hom, homozygotes; Het,
heterozygotes.

(B) RT-gPCR comparing a-globin expression in FL erythroid cells from WT, R2-only
heterozygous, and R2-only homozygous E12.5 littermates. Expression normalized to 8-
globin and displayed as a proportion of WT expression. Dots, biological replicates; error
bars, Standard Error. Statistical analysis was performed using one-way ANOVA with a
Tukey post-hoc test: ***p < 0.0001, ****p < 0.00001.

(C) Poly-A minus RNA-seq comparing gene expression in FL erythroid cells from WT

(n = 2) and R2-only homozygous (n = 3) littermates. Red dots, differentially expressed (>2-
fold); blue dots, informative erythroid genes (non-differentially expressed); black dots, no
statistically significant change in expression (<2-fold). As well as reductions in transcription
of the a-like globins, expression of Snrmp25and Mpg (two genes lying upstream of the 5
boundary of the a-globin sub-TAD) was reduced.

See also Figures S2 and S3 and Table S1.
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Figure 3. R2 retains the hallmarks of an active enhancer in R2-only erythroid cells, but co-
activator recruitment is significantly reduced

(A) Genome-wide differential accessibility assessed through ATAC-seq in FL erythroid
cells from WT (n = 3) and R2-only homozygous (n = 3) littermates. Yellow, differentially
accessible; black, non-significant.

(B) UCSC tracks represents data from WT (n = 3) and R2-only homozygous (n = 3) FL
erythroid cells at the a-globinlocus, starting at the top and continuing down: ATAC-seq
(black); ChIPmentation for GATAL; Nf-e2; Med1; Brd4; TBP (n = 2); Spt5 (n = 2); Pol

I1; input ChIPmentation in WT (n = 2) and R2-only homozygous (n = 2) FL erythroid
cells. Tracks = merged biological replicates. All tracks are cpm normalized. Left, a-globin
locus with highlighted regulatory elements (R1-R4 in blue) and promoters (corresponding
to Hba-al and Hba-aZ, the adult a-globin expressed in definitive FL erythroid cells, red),
coordinates = chrl1: 32,090,000-32,235,000 (mm39); right, S-g/obin locus with highlighted
regulatory elements (HS1-HS6 in blue) and promoters (corresponding to Hbb-b1 and
Hbb-b2, the adult B-globin expressed in definitive FL erythroid cells, pink), shown as an
unaffected control, coordinates = chr7: 110,936,000-111,070,000 (mm9).

See also Figure S4.
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Figure 4. R2 eRNA transcription and R2-a-promoter interaction frequency are reduced in

R2-only erythroid cells

(A) Virtual gPCR conducted on poly-A minus RNA-seq, comparing R2 eRNA expression
in WT (n = 2) and R2-only homozygous (n = 3) FL erythroid cells. Transcripts originating
from the R2 enhancer were normalized to those originating from the HS2 enhancer within
the B-globin LCR and displayed as a proportion of WT expression. Dots, biological
replicates; error bars, Standard Error. Statistical analysis was performed using one-way

ANOVA with a Tukey post-hoc test: ***p < 0.0001.

(B) Tiled-C heatmaps comparing all-vs-all interaction frequency throughout the a-globin
locus in R2-only homozygous (n = 3) and WT (n = 2) FL erythroid cells. Upper,
coordinates = chr11: 29,900,000-33,230,000 (mm9). Lower, zoomed heatmap over the
a-locus; coordinates = chrl1: 31,900,000-32,400,000 (mm39). Heatmaps, merged biological
replicates. Bins, 2,000 bp; UCSC tracks (top to bottom), R2-only homozygous ATAC-seq;
WT CTCF ChiIP-seq; WT ATAC-seq. Highlighted red region, a-locus; color scale, iterative
correction and eigenvector decomposition (ICE)-normalized counts.

(C) Virtual capture plots, pairwise interactions throughout the zoomed tiled locus (chrl1l:
31,900,000-32,400,000 [mm39]) in which viewpoints participate. Viewpoints (top to
bottom): R2 enhancer; a-promoters (combined as almost identical in sequence); CTCF
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sites HS38, HS29, HS48. FL erythroid cells are represented as blue, WT (n = 2); red,
homozygous R2-only (n = 3); green, mESC cells (n = 3).
See also Figure S5.
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Figure 5. The R1 and R2 enhancers rely on R3, Rm, and R4 in order to exert their full potential
(A) a-globin gene expression from EB-derived erythroid cells (n = 3) assayed by RT-qPCR.

Expression normalized to B-g/obin and displayed as a proportion of WT expression. Dots,
biological replicates; error bars, Standard Error. Yellow bars represent a.-SE single deletion
models that recapitulate the published results obtained in primary mouse erythroid cells

in WT, R2R3RmR4 (equivalent to AR1), RLR3RmR4 (equivalent to AR2), RLR2RmR4
(equivalent to AR3), R1IR2R3R4 (equivalent to ARm), and R1IR2R3Rm (equivalent to AR4).
Data are also shown for the enhancerless model, Aa-SE, and the single enhancer driven
models, R1-only and R2-only (blue bars). R1R2-only model is shown along with the rescue
models where each of the elements R3, Rm, and R4 (green bars) are assessed for their
potential to restore the R1R2-only a-globin expression. Note that these three elements
combined in the absence of R1 and R2 have no activation potential (R3RmR4, green bar).
Statistical analysis was performed using one-way ANOVA with a Tukey post-hoc test:

*xxp < 0,00001, ***p < 0.0001.

(B) Graphical representation of the bottom-up approach of a-SE constituent enhancer
functional dissection: fourteen genetic models combine various elements to rebuild the a-SE
in hemizygous mESCs. All models screened by PCR, Sanger sequencing, and ATAC-seq.
(C) ATAC-seq in EB-derived erythroid cells corresponding the enhancer titration models (n
> 3) in (B). Tracks = merged biological replicates. Gray bars highlight the five elements (R1,

R2, R3, Rm, and R4) at the a.-globin locus.

Cell. Author manuscript; available in PMC 2024 February 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Blayney et al.

Page 35

(D) ATAC-seq in EB-derived WT erythroid cells (n = 3, merged; top). H3K27Ac
ChIPmentation in R1R2-only (n = 1), RIR2R4 (n = 1), and WT (n = 1) EB-derived
erythroid cells. Top panel, a-globin locus (regulatory elements and promoters highlighted
and annotated as in Figure 1B); bottom panel, B-globin locus (regulatory elements and
promoters highlighted and annotated as in Figure 1B). All tracks are cpm normalized.
See also Figure S6.
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Figure 6. The relative activity of R3, Rm, and R4 is primarily encoded in their positions
(A) DNase foot-printing over each of the a-SE constituents (top). FIMO motif analysis

conducted on each a-SE constituent, searching for occurrences of Gatal (yellow), Nf-e2
(blue), Tall (green), and KIf1 (brown) motifs (bottom).

(B) Schematic of the R2R4[R1] model and a.-globin gene expression in WT, R2-only, and
R2R4[R1] EB-derived erythroid cells (n = 3) assayed by RT-gPCR. Expression normalized
to B-globin and displayed as a proportion of WT expression. Dots, biological replicates;
error bars, Standard Error. Statistical analysis was performed using one-way ANOVA with a
Tukey post-hoc test: ****p < 0.00001, ns: non-significant.

(C) Schematic of the RIR2R3[R4] model and a-globin gene expression in WT, R1R2-
only, R1IR2R3, and R1R2R3[R4] EB-derived erythroid cells (n = 3) assayed by RT-gPCR.
Expression normalized to B-globin and displayed as a proportion of WT expression. Dots,
biological replicates; error bars, Standard Error. Statistical analysis was performed using
one-way ANOVA with a Tukey post-hoc test: ****p < 0.00001, ***p < 0.0001, ns: non-
significant.

(D) Schematic of the R2[R4] model and a.-globin gene expression in WT (n = 3), R2-only
(n = 3) and R2[R4] (n = 1) EB-derived erythroid cells assayed by RT-gPCR. Expression
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normalized to B-globinand displayed as a proportion of WT expression. Dots, biological
replicates; error bars, Standard Error.

(E) Fold increase in a-globin expression over that calculated in R1R2-only erythroid

cells. Expression normalized to 8-globinand shown for the R1R2-only rescue by a-globin
facilitators R3, Rm, and R4 as well as HS1, a B-globin identified facilitator. Dots, biological
replicates; error bars, Standard Error. Statistical analysis was performed using one-way
ANOVA with a Dunnett’s correction test: ***p < 0.0001, *p < 0.01, ns: non-significant.
See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

H3K27ac Abcam cat# ab4729, RRID:AB_2118291

H3K4mel Abcam cat# ah8895, RRID:AB_306847

H3K4me3 Abcam cat# ab8580, RRID:AB_306649

Gatal Abcam cat# ab11852, RRID:AB_298635

Rad21 Abcam cat# ah992, RRID:AB_2176601

Polli Santa Cruz Biotechnology cat# sc-899, RRID:AB_632359

Nf-e2 Santa Cruz Biotechnology cat# sc-22827, RRID:AB_2152924

Medi Bethyl cat# IHC-00149, RRID:AB_2144026,

Discontinued

Brd4 Bethyl cat# IHC-00396, RRID:AB_1604188,

CTCF Cambridge Bioscience, supplier: Active cat# 61311, RRID:AB_2614975
Motif

CD71-FITC eBioscience cat# 11-0711-85, RRID:AB_465125

ter119-PE BD Pharmingen cat # 553673, RRID:AB_394986

Anti-FITC magnetic microbeads Miltenyi cat# 130-048-701, RRID:AB_244371

Biological Samples

mouse embryonic blood this paper N/A
mouse adult blood this paper N/A
mouse adult brain this paper N/A
mouse fetal liver cells this paper N/A

Chemicals, peptides, and recombinant proteins

PFHM 11 Gibco cat# 12040077
L-Ascorbic Acid Sigma cat# A4544-25G
Transferrin Merck cat# 10652202001
LIF Cell Bioscience Cell Guidance Systems cat# GFM200-100
(supplier)
FCS used in mESC cultures Gibco cat# 10270-106
Cesium chloride powder Merck cat# C4036-100g
UltraPure Ethidium bromide Life cat# 15585011
OptiMEM medium Thermofisher Scientific cat# 31985062
Dpnll enzyme for Tiled-C library prep New England Biolabs cat# R0543M
T4 DNA Ligase, HC (30 U/uL)-5,000 units Life Technologies Ltd cat# EL0013
Immolase DNA Polymerase Bioline cat# B1O-21046

Critical commercial assays

Tapestation High-Sensitivity D1000 reagents Agilent cat# 5067-5585
Tapestation High-Sensitivity D1000 screentapes Agilent cat# 5067-5584
Tapestation D1000 ScreeTape Agilent cat# 5067-5582
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tapestation D1000 reagents Agilent cat# 5067-5583
RNA Screentape Agilent cat# 5067-5576
Qubit dsDNA BR Assay Kit Invitrogen cat# Q32850
Qubit dsDNA HS Assay Kit Invitrogen cat# Q32851
Qubit BR RNA Assay Kit Invitrogen cat# Q10211
Qubit HS RNA Assay Kit Invitrogen cat# Q32855
KAPA Quantification kit KAPA cat# KK4824
Illumina Tagment DNA Enzyme and Buffer Large Kit  lllumina cat# 20034198
NEBNext High-Fidelity 2x PCR Master Mix NEB cat# M0541
NextSeq® 500/550 High Output Kit v2.5(75 cycles) illumina cat# 20024906
NEBNext Ultra 1l Directional RNA Library Prep Kit NEB cat# E7760
NEBNext rRNA Depletion Kit (Human/ Mouse/Rat) NEB cat# E6310
NEBNext® Ultra™ 11 DNA Library Prep with Sample ~ NEB cat# E7103S
Purification Beads

Applied BiosystemsTagMan Universal PCR Master Thermofisher Scientific cat# 4304437
Mix - 5mL

NEBNext Multiplex Oligos for lllumina NEB cat# E7335/E7500
SuperScript™ 111 First-Strand Synthesis SuperMix for ~ Thermofisher Scientific cat# 11752050
qRT-PCR

Lipofectamine™ LTX Reagent with PLUS™ Reagent ~ Thermofisher Scientific cat# 15338100

Hba-a1/2 (FAM-MGB)

Hbb-b (FAM-MGB)

Hbb-y (FAM-MGB)

Hba-x (FAM-MGB)

Snrnp25 (FAM-MGB)

Hbb-bh1 (FAM-MGB)

Mpg (FAM-MGB)

Nprl3 (FAM-MGB)

Rhbdf1 (FAM-MGB)

RPS18 (FAM-MGB)

LS selection columns

Direct-zol MicroPrep Kit

AMPure XP Beads

Nextera XT Library Preparation kit
Dynabeads M-280 Streptavidin
NEBNext Poly(A) mRNA Magnetic Isolation Module

Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Miltenyi 130-042-401
Zymo Research
Beckman Coulter
illumina

ThermoFisher

NEB

Assay ID Mm02580841_g1
Assay ID Mm01611268_g1
Assay ID Mm00433936_g1
Assay ID Mm00439255_m1
Assay ID Mm00547218_m1
Assay ID Mm00433932_g1
Assay ID Mm00447872_m1
Assay ID Mm01193449_m1
Assay ID Mm00711711_m1
Assay ID Mm02601777_g1
cat# 130-042-401

cat# R2060

cat# A63881

cat# FC-131-1024

cat# 11205D

cat# E7490S

Deposited data

ChlIP-seq, ATAC-seq, RNA-seq and NG Capture-C
data (sequence reads and processed files)

This paper, Gene Expression Omnibus

GEO: GSE220463

Experimental models: cell lines

1- mDist mouse ESC line (RMGR ready)
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REAGENT or RESOURCE SOURCE IDENTIFIER

2- R2-only mouse ESC line (RMGR ready) This paper, derived from mDist mouse N/A
ESC line, heterozygote for the R2-only
BAC inserted allele. Used to generate the
R2- only mouse model

3- Hemizygous mDist mouse ESC line (RMGR-ready  This paper, used as Wildtype and base N/A

on the undeleted allele) line for other genetically modified clones

4- Hemizygous mDist mouse ESC line (RMGR-ready  This paper, used as R2-only mESC N/A

and and R2-only on the undeleted allele) clone and base line for other genetically
modified clones

5- R1-only mESC This paper, derived from mESC #4 in this ~ N/A
list

6- R1R2-only mESC This paper, derived from mESC #4 in this  N/A
list

7- R1IR2R3-only mESC This paper, derived from mESC #3 in this  N/A
list

8- RIR2R3Rm-only mESC This paper, derived from mESC #3 in this ~ N/A
list

9- R1IR2R3R4-only mESC This paper, derived from mESC #3 in this ~ N/A
list

10- RIR3RmR4-only mESC This paper, derived from mESC #3 in this  N/A
list

11- R2R3RmR4-only mESC This paper, derived from mESC #3 in this ~ N/A
list

12- RmR3R4-only mESC This paper, derived from mESC #3 in this ~ N/A
list

13- RIR2Rm-only mESC This paper, derived from mESC #3 in this ~ N/A
list

14- R1R2R4-only mESC This paper, derived from mESC #3 in this ~ N/A
list

15- R1R2R4-only mESC This paper, derived from mESC #3 in this ~ N/A
list

16- R2R4[R1] mESC This paper, derived from mESC #4 in this  N/A
list

17- R2[R4] mESC This paper, derived from mESC #4 in this ~ N/A
list

18- R1R2R3[R4] mESC This paper, derived from mESC #4 in this  N/A
list

19- RIR2HS1[R4] mESC This paper, derived from mESC #4 in this  N/A
list

20- Aa-SE mESC This paper, derived from mESC #4 in this ~ N/A
list

Experimental models: organisms/strains

mouse R2-only model WT, Heterozygotes, This paper, derived by microinjecting N/A

Homozygotes analyzed from the same colony mDist-R2-only mouse ESCs into
blastocysts from C57BL/6 mice and
implanted into pseudopregnant females.

Oligonucleotides

Guide RNA sequences This paper, designed and provided by N/A

the Genome Engineering Facility at

the Weatherall Institute of Molecular
Medicine by Dr Philip Hublitz; see Table
S2
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

PCR primers for genome engineering screening

Tiled-C Capture oligonucleotides

This paper, designed and provided by
the Genome Engineering Facility at

the Weatherall Institute of Molecular
Medicine by Dr Philip Hublitz; see Table
S3

STAR Methods

N/A

DOI: https://doi.org/10.1038/
s41467-020-16598-7

Recombinant DNA

pSpCas9(BB)-2A-GFP (pX458) vector

pSpCas9(BB)-2A-Ruby (pX458)

HDR donor vectors

pCAGGS-Cre-IRESpuro plasmid

Flippase (Flp)-expressing vector

Addgene plasmid

This paper, modified version of

the pX458-GFP vector, Provided by

the Genome Engineering Facility at

the Weatherall Institute of Molecular
Medicine by Dr Philip Hublitz

this paper, GeneArt Gene Synthesis
custom design and in-house cloning

This paper, provided by the Genome
Engineering Facility at the Weatherall
Institute of Molecular Medicine

This paper, provided by the Genome
Engineering Facility at the Weatherall
Institute of Molecular Medicine

http://n2t.net/
addgene:48138;RRID:Addgene_48138

N/A

N/A

DOI: https://doi.org/10.1038/
sj.onc.1205530

https://doi.org/10.1002/gene.1076

Software and algorithms

CRISPOR
BreakingCas

ggplot2

bowtie2

SAMtools

deepTools (bamcoverage, FilteredRNAstrand)

MACS2

DESeq2

MEME suite

Diffbind, rgl, magick for Principal Component
Analysis (PCA)

HiC-Pro

star alignment tool

Rsubread featurecounts

edgeR expression differential analysis

https://doi.org/10.1093/nar/gky354
https://doi.org/10.1093/nar/gkw407

https://doi.org/
10.1007/978-3-319-24277-4

https://doi.org/10.1038/nmeth.1923

https://doi.org/10.1093/bioinformatics/
btp352

deeptools.ie-freiburg.mpg.de

https://doi.org/10.1186/GB-2008-9-9-
R137

https://
genomebiology.biomedcentral.com/
articles/10.1186/5s13059-014-0550-8
https://doi.org/10.1093/NAR/GKV416

RStudio

https://doi.org/10.1186/
$13059-015-0831-X

https://doi.org/10.1093/
BIOINFORMATICS/BTS635

https://doi.org/10.1093/nar/gkz114
RStudio
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http://crispor.tefor.net/

https://bioinfogp.cnb.csic.es/tools/
breakingcas/

https://ggplot2.tidyverse.org/
https://github.com/BenLangmead/
bowtie2

http://samtools.sourceforge.net

https://doi.org/10.1093/nar/gkw257

https://hbctraining.github.io/
Intro-to-ChlPseq/lessons/
05_peak_calling_macs.html

http://www.bioconductor.org/packages/
release/bioc/html/DESeq2.html

http://meme-suite.org

http://bioconductor.org/packages/
release/bioc/vignettes/DiffBind/inst/doc/
DiffBind.pdf

http://github.com/nservant/HiC-Pro

http://code.google.com/p/rna-star/

http://www.bioconductor.org

https://www.hioconductor.org/packages/
devel/bioc/vignettes/edgeR/inst/doc/
edgeRUsersGuide.pdf
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https://github.com/BenLangmead/bowtie2
http://samtools.sourceforge.net/
https://deeptools.ie-freiburg.mpg.de
https://hbctraining.github.io/Intro-to-ChIPseq/lessons/05_peak_calling_macs.html
https://hbctraining.github.io/Intro-to-ChIPseq/lessons/05_peak_calling_macs.html
https://hbctraining.github.io/Intro-to-ChIPseq/lessons/05_peak_calling_macs.html
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8
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REAGENT or RESOURCE SOURCE IDENTIFIER
bedtools https://doi.org/10.1093/ http://code.google.com/p/bedtools
BIOINFORMATICS/BTQO033
JASPAR https://doi.org/10.1093/nar/gkab1113 https://jaspar.genereg.net/
SASQUATCH https://doi.org/10.1101/gr.220202.117 https://github.com/Hughes-Genome-

Plotgardner

https://doi.org/10.1093/bioinformatics/
btac057

Group/sasquatch

https://github.com/PhanstielLab/
plotgardener

Other

Beckman Coulter OptiSealpolypropylene Centrifuge
tube 56 tubes and plugs (13 x 48mm)

Beckman Coulter

cat# 361621
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