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INTRODUCTION: Despite an ever-expanding catalog of noncoding elements that are implicated 

in the control of mammalian gene expression, how the regulatory input from multiple elements 

is integrated across a genomic neighborhood has remained largely unclear. This challenge is 

exemplified at Hox clusters (~100 to 200 kb), which contain genes that specify positional 

identity along the anterior-posterior axis of the developing embryo. In response to developmental 

morphogens such as retinoic acid (RA), the HoxA cluster splits into an active (HoxA1–5) and 

inactive domain (HoxA6–13) at the level of gene expression and chromatin. Although distal 

enhancers, intracluster transcription factor binding, and topological organization have emerged as 

the major regulatory modules in establishing this expression pattern, their relative contributions 

remain elusive.

RATIONALE: Despite the advent of a vast suite of genome editing tools, it has remained 

challenging to simultaneously manipulate multiple regulatory elements across large genomic 

windows to deconvolve their relative contributions. Taking inspiration from the bottom-up 

approaches of synthetic biology and biochemical reconstitution, we developed “synthetic 

regulatory reconstitution” as a framework for the study of gene regulation to address this gap. The 

synthesis of large DNA constructs (>100 kb) permits any combination of complex modifications 

to be made, at the scale required to probe regulation across a native genomic neighborhood. We 

fabricated HoxA cluster variants that encode various combinations of the previously identified 

regulatory modules and integrated them into an ectopic location in the mouse genome. This 

enabled us to directly test the independent ability of these variant ectopic clusters to reconstitute 

distinct aspects of HoxA regulation.

RESULTS: We harnessed the efficient homologous recombination machinery in yeast to 

construct four rat HoxA variants (130 to 170 kb) and delivered them at single copy to the 

housekeeping Hprt1 locus of mouse embryonic stem cells. Upon RA-induced differentiation, an 

ectopic HoxA cluster lacking distal enhancers (SynHoxA) induced both the appropriate subset 

of HoxA genes and the corresponding chromatin boundary. The presence of distal enhancers 

(Enhancers+SynHoxA) increased transcription levels, especially at early time points. Further, both 

SynHoxA and Enhancers+SynHoxA reorganized into active and inactive topological domains 

upon differentiation, mirroring the endogenous organization. The mutation of just four retinoic 

acid response elements (RAREs) present in SynHoxA (RAREΔ) almost completely eliminated 

any response of the ectopic cluster to RA, at the levels of both gene expression and chromatin 

reorganization. The addition of distal enhancers to RAREΔ could not fully rescue this loss of gene 

expression phenotype.

CONCLUSION: Our data suggest that at HoxA, the primary module of active gene and 

chromatin boundary specification in response to RA is through the presence of internal 

transcription factor binding sites. Distal enhancers are dispensable for the specification of active 

genes but synergize with intracluster activator binding to boost the amount of transcription. 

Therefore, mammalian Hox clusters contain all the regulatory information that is necessary to 

convert a morphogenetic signal into a stable transcriptional, epigenetic, and topological state. This 

study showcases the power of synthetic regulatory reconstitution, a generalizable platform for the 

dissection of gene regulation at other loci in complex genomes.
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Bottom-up construction of variant mammalian genomic loci at the >100-kb scale. Making 

multiple edits on the same allele over large genomic windows has remained challenging in 

mammalian cells. Variant loci with an arbitrary number of changes can be constructed in yeast 

using synthetic DNA and site-specifically integrated into the genome of mammalian cells to study 

their behavior. BAC, bacterial artificial chromosome.

Abstract

Precise Hox gene expression is crucial for embryonic patterning. Intra-Hox transcription factor 

binding and distal enhancer elements have emerged as the major regulatory modules controlling 

Hox gene expression. However, quantifying their relative contributions has remained elusive. 

Here, we introduce “synthetic regulatory reconstitution,” a conceptual framework for studying 

gene regulation, and apply it to the HoxA cluster. We synthesized and delivered variant rat HoxA 
clusters (130 to 170 kilobases) to an ectopic location in the mouse genome. We found that a 

minimal HoxA cluster recapitulated correct patterns of chromatin remodeling and transcription 

in response to patterning signals, whereas the addition of distal enhancers was needed for full 

transcriptional output. Synthetic regulatory reconstitution could provide a generalizable strategy 

for deciphering the regulatory logic of gene expression in complex genomes.

Mammalian Hox genes encode deeply conserved transcription factors (TFs) that are 

organized into four dense clusters (HoxA to HoxD) lacking other coding genes (1). 

In response to developmental morphogens, Hox genes are expressed along the anterior-

posterior axis of the developing embryo in a spatial and temporal pattern that mirrors the 

organization of the genes within the cluster (2–4). The alteration of this “colinear” Hox gene 

expression pattern results in gross developmental defects or diseases such as cancer (5, 6).
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In undifferentiated cells, where no Hox genes are expressed, the entire HoxA cluster (~130 

kb) is targeted by Polycomb repressive complex 2 (PRC2) and marked by heterochromatin 

(7). Patterning signals such as retinoic acid (RA) and Wnt activate transcription through 

their downstream TFs. In response to RA, activated RA receptors (RARs) are bound to 

retinoic acid response elements (RAREs) found within the HoxA cluster. This is correlated 

with the separation of the cluster into two domains that contain transcribed and repressed 

genes, respectively (8–12) (Fig. 1A). RARE mutations can lead to decreased or abolished 

expression of the neighboring HoxA genes in the central nervous system, solidifying 

the notion that RAREs directly control Hox gene expression (9, 13, 14). However, the 

relationship between RARE activity and chromatin domain formation is not yet well 

established.

A collection of intricate genetic manipulations has revealed a complex regulatory landscape 

surrounding the Hox clusters (15–19). For example, the HoxA cluster relies on several 

RA and Wnt responsive distal regulatory elements (enhancers) located in the gene-poor 

region between HoxA1 and the next gene, Skap2 (~300 kb away). Deleting some of these 

enhancers reduces, but never eliminates, HoxA expression in response to RA or Wnt (20–

22). Distal enhancer access to the genes in the inactive domain is restricted by the formation 

of a strong topological boundary at CCCTC-binding factor (CTCF) sites within the cluster 

upon differentiation. Disruption of this boundary results in the misexpression of posterior 

HoxA genes in response to RA (15, 23, 24).

Thus, different regulatory modules are integrated to control Hox gene expression: local TF 

binding, distal enhancers, and topological DNA organization. However, a synergistic model 

describing their relative contribution and interactions has remained elusive (Fig. 1B).

The relative contribution of a cis-regulatory module could be measured by (i) generating a 

variant allele that only contains the elements that constitute the module, and (ii) isolating the 

variant allele from confounding factors, such as the compensatory effect of other regulatory 

elements in cis. Testing the necessity of individual elements by generating loss-of-function 

variants has received a lot of attention. However, tests of sufficiency have remained 

intractable owing to the inability to precisely manipulate DNA at a scale that accurately 

models the complexity and size of native loci (>100 kb) (25).

Short reporter constructs enable the study of variants only over a small genomic window 

(<10 kb) and also suffer from a lack of controlled genomic context, as they are largely 

randomly integrated or reside on episomal plasmids (26). Although they can test the ability 

of a sequence to drive expression, they lack the scale to study Hox cluster chromatin domain 

formation (>100 kb). Larger bacterial or yeast artificial chromosomes (BACs/YACs) can 

provide more genomic context and have been elegantly employed to understand regulation 

at Hox clusters (27–29). However, they are not easy to manipulate, making it challenging 

to generate a large number of variants that can be tested in vivo (26, 30, 31). Further, 

these large constructs are often randomly integrated into the genome, which confounds 

comparison across different constructs as a result of position effects and the integration 

of multiple copies. Methods for precise, single-copy integration of large DNA molecules 

in mammalian cells have not yet been applied to the study of Hox cluster regulation (32, 

Pinglay et al. Page 4

Science. Author manuscript; available in PMC 2022 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



33). Despite the revolution in genome editing, it is still inefficient and time-consuming to 

make intricate structural rearrangements or multiple defined edits in cis, phased on a single 

homolog (34, 35).

We recently described a pipeline that harnesses the endogenous homologous recombination 

machinery in yeast to de novo assemble ~100-kb regions of mammalian genomes and 

integrate them into a defined location in mouse embryonic stem cells (mESCs) (36). This 

bottom-up assembly of genomic loci enables the introduction of an arbitrary number of 

variants in cis that are independent of any natural template.

Here, we apply and extend this technology to study the relative contributions of genomic 

context, distal enhancers, and intracluster regulatory elements to HoxA regulation. We 

constructed variants of the HoxA cluster (ranging from 130 to 170 kb) encoding 

combinations of the previously identified regulatory modules and integrated them into an 

ectopic locus, thereby isolating them from the native genomic neighborhood. We then asked 

whether the variant ectopic clusters were sufficient to reconstitute the transcriptional and 

epigenetic HoxA response to activating patterning signals (Fig. 1C).

Synthetic HoxA strategy and construction

All HoxA constructs described here were derived from rat (Rattus norvegicus) HoxA 
sequence, which shares ~90% sequence identity with the mouse HoxA sequence. This 

facilitated experiments in two distinct genetic backgrounds: (i) cells containing the 

endogenous HoxA cluster (HoxA+/+), allowing direct comparisons of expression levels to 

an internal control, and (ii) cells lacking endogenous mouse HoxA to eliminate potential 

sequence-mapping challenges (HoxA−/−).

We first constructed a 134-kb wild-type minimal rat HoxA cluster (SynHoxA) (Fig. 2 

and fig. S1). SynHoxA contains all HoxA coding genes and encompasses the sequence 

corresponding to the contiguous domain repressed by H3K27me3 (trimethylated histone H3 

Lys27) in undifferentiated mESCs. We produced polymerase chain reaction (PCR) amplicons 

from BACs bearing the rat HoxA cluster, with overlap between adjacent segments to enable 

homologous recombination. These amplicons were recombined in yeast to produce the 

134-kb SynHoxA construct, termed an “assemblon” (fig. S1B). Edits to the assemblon can 

be made by switching the wild-type amplicons with synthetic DNA bearing the desired 

changes or by editing the assemblons directly using highly efficient, marker-free CRISPR/

Cas9-based engineering in yeast (37). Assemblons were recovered from yeast into bacteria 

to purify large amounts of DNA (Fig. 2A). To test the contribution of distal enhancers to 

HoxA regulation, we fused all experimentally verified distal regulatory elements directly 

upstream of the core SynHoxA assemblon, generating the 170-kb Enhancers+SynHoxA 
construct (fig. S2).

DNA sequencing at each step confirmed assemblon integrity (Fig. 2C and fig. S3). We 

detected mutations at a frequency of ~1 nucleotide per 6 kb, likely arising from PCR errors 

(fig. S3). We verified that none of these mutations were likely to affect the function of the 

clusters in our differentiation system described below (table S1).
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All constructs were delivered to the Hprt locus on the X chromosome of both HoxA+/+ and 

HoxA−/− mESCs using Cre-mediated recombination (38) (figs. S4 and S5). We reasoned 

that Hprt would be an appropriate site to attempt regulatory reconstitution because it is a 

housekeeping gene with little regulatory activity in the surrounding regions, and its use as a 

“safe harbor” site is well documented (39, 40). Furthermore, transposing the HoxA cluster to 

an open locus would be the most stringent test of its ability to recruit the repressive PRC2 

complex in undifferentiated cells. We used capture sequencing to verify that mESC clones 

contained the entire assemblon, specifically at Hprt and in single copy (41) (Fig. 2B).

Induction of SynHoxA gene expression during motor neuron differentiation

We investigated the response of the ectopic clusters to RA in a widely used differentiation 

system that recapitulates key aspects of ventral spinal cord development, including the 

activation of the appropriate HoxA genes (fig. S6A) (42, 43). Endogenous HoxA genes are 

repressed before exposure to patterning signals, and HoxA1–5 are induced in response to the 

“anterior” RA signal (10).

We performed RNA-seq on wild-type HoxA+/+ cells containing ectopic SynHoxA variants 

over the course of the differentiation protocol. Comparison to previously published control 

datasets by principal components analysis (PCA) revealed that the samples grouped largely 

according to time since RA treatment (44, 45) (fig. S6B). Cells containing SynHoxA 
variants down-regulated the expression of pluripotency markers, up-regulated the expression 

of markers of motor neuron differentiation, and induced HoxA1–5 from the endogenous 

cluster upon exposure to RA as expected (Fig. 3, A and C, and fig. S6, C and D). Thus, the 

presence of an ectopic synthetic cluster does not affect the ability of cells to differentiate 

appropriately after RA treatment.

The ectopic Enhancers+SynHoxA cluster induced SynHoxA1–5 starting 24 hours after 

RA treatment (Fig. 3B and figs. S7 and S8, A and B), whereas SynHoxA6 to 

SynHoxA13 remained repressed throughout. Similarly, ectopic SynHoxA specifically 

induced SynHoxA1–5 (Fig. 3D and figs. S7 and S8C) without misexpression of any 

posterior genes. Thus, neither endogenous genomic context nor the wide spacing of 

enhancer elements is strictly required for a Hox cluster to induce the appropriate genes.

We quantified gene induction from the ectopic clusters by comparing each gene to its 

endogenous mouse HoxA counterpart (Fig. 3, E and F). Both ectopic clusters induced 

lower SynHoxA1 transcription, whereas SynHoxA2 induction surpassed the endogenous 

gene. The induction kinetics of SynHoxA3–5 were slower than HoxA3–5, but the mRNA 

levels became comparable after 96 hours, particularly in the Enhancers+SynHoxA construct. 

In general, Enhancers+SynHoxA induced higher levels of SynHoxA1–5 expression than 

SynHoxA, especially at early time points (Fig. 3 and figs. S7 and S8, B and C).

In our differentiation model, temporal colinearity of genes from the endogenous HoxA 
cluster is exhibited by (i) an early induction of HoxA1 (peaks at 24 hours) and its subsequent 

down-regulation and (ii) the sequential induction of HoxA2–5 from 24 to 96 hours. At 96 

hours, the expression level is HoxA2 < HoxA3 < HoxA4 < HoxA5 (figs. S7 to S9). The 
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minimal SynHoxA cluster does not recapitulate the temporal expression pattern of HoxA1. 

SynHoxA1 is expressed at low levels throughout but increases steadily with time, mirroring 

the regulation of SynHoxA2–5 genes. However, this is partially rescued with the addition of 

enhancers in Enhancers+SynHoxA. SynHoxA1 expression in this context peaks at 48 hours 

and decreases at 96 hours. The temporal expression of SynHoxA2–5 is retained in both 

constructs (fig. S9).

The observed bulk differences in gene expression between the ectopic clusters could be 

attributed either to a change in the number of cells that induce expression or to expression 

level changes in each cell. To address this, we investigated the response of the synthetic 

clusters to RA at the single-cell level using(i) HoxA5 antibody staining and (ii) RNA single-

molecule fluorescence in situ hybridization for anterior SynHoxA genes. We performed 

these experiments in the HoxA−/− background. Gene expression from the ectopic clusters 

was not influenced by the presence or absence of the endogenous HoxA cluster (fig. S10), 

and the cells differentiated appropriately (fig. S11). In both methods, the observed bulk 

differences in expression were not due to a difference in the number of cells that express 

anterior SynHoxA genes, but due to an increase in the amount of expression per cell in the 

presence of the enhancers (figs. S12 to S15).

We investigated whether these findings could be extended to other patterning signals beyond 

RA, such as the posteriorizing Wnt signal (10, 22). Both ectopic clusters induced more 

posterior genes upon treatment with Wnt, up to SynHoxA11 (fig. S16). Intriguingly, the 

addition of distal enhancers does not seem to consistently modify the Wnt response across 

SynHoxA genes as much as it did for RA.

Together, these data support a model in which the HoxA cluster contains all the necessary 

information to decode patterning signals into the appropriate positional identity, independent 

of distal enhancers and the native genomic architecture. Distal enhancers are not required to 

specify active genes but have a critical role in modulating transcriptional output in response 

to RA. Whereas both ectopic clusters induce the correct subset of genes, additional elements 

may be required to fine-tune expression amplitude and timing.

Chromatin reorganization at SynHoxA clusters through differentiation

In undifferentiated cells, Hox clusters are carpeted with repressive H3K27me3 marks and 

recruit CTCF to potential boundary positions established in response to extracellular signals. 

The endogenous HoxA cluster responds to RA by separating into an active and inactive 

domain, forming a precise chromatin boundary between HoxA5 and HoxA6 (10, 23). We 

investigated the chromatin dynamics and CTCF recruitment of the relocated HoxA clusters 

by performing chromatin immunoprecipitation sequencing (ChIP-seq) in the HoxA−/− 

background to more reliably map reads to the ectopic clusters, thereby enhancing resolution.

Prior to differentiation, both Enhancers+SynHoxA and SynHoxA were entirely covered with 

high levels of H3K27me3. In addition, CTCF was recruited to the appropriate sites (Fig. 

4, A and B). Thus, the ability to recruit all components for correct patterning is intrinsic 

to the HoxA cluster sequence and is independent of endogenous genomic context or distal 
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enhancers. Upon RA treatment, Enhancers+SynHoxA remodeled chromatin in a manner 

that is similar to the endogenous cluster. H3K27me3 decreased in the SynHoxA1–5 domain 

and increased at SynHoxA6–13 (Fig. 4C). An increase in acetylated H3K27 (H3K27ac) 

complemented H3K27me3 removal from SynHoxA1–5. H3K27me3 was entirely cleared by 

48 hours, slightly slower than the endogenous locus, which clears by 24 hours (10). Thus, 

the endogenous genomic context at HoxA is not required to translate an extracellular signal 

into an accurate epigenetic chromatin state.

The minimal SynHoxA cluster also recruited H3K27ac to anterior genes upon RA 

activation (Fig. 4D). Unlike the endogenous HoxA cluster and Enhancers+SynHoxA, 

H3K27me3 was not entirely lost from the SynHoxA1–5 domain during differentiation 

(Fig. 4D). Nonetheless, SynHoxA formed the appropriate, albeit weak, chromatin boundary 

at the SynHoxA5–a6 CTCF binding site (Fig. 4E and fig. S17, A and B). Thus, the 

minimal SynHoxA cluster has the intrinsic ability to induce dynamic chromatin domains, 

independent of genomic context or enhancers.

Topological organization of ectopic SynHoxA clusters

The three-dimensional structure of the HoxA cluster changes during motor neuron 

differentiation, transitioning from a single association domain to two domains containing 

active or repressed chromatin (15, 23, 24). We investigated the topological organization of 

the ectopic clusters by performing Hi-C, a technique for detecting genome-wide chromatin 

interactions, during differentiation (0 and 48 hours after RA treatment). Both clusters 

formed self-associating domains in undifferentiated cells without generating a de novo 

topologically associating domain (TAD) boundary (fig. S18). Similar to the endogenous 

cluster, Enhancers+SynHoxA broke into two domains during differentiation, with enhancers 

and active genes in one domain and repressed genes in the other (fig. S18A). The minimal 

SynHoxA similarly transitioned from a compact self-associated state in undifferentiated 

cells into two domains during differentiation (fig. S18B). We did not observe strong 

evidence for trans-chromosomal interactions between the ectopic locus and its endogenous 

enhancers (tables S2 and S3). Thus, the ectopic HoxA clusters have the intrinsic ability 

to self-organize in three dimensions, mirroring the expression and chromatin changes that 

occur upon differentiation.

The RARE sites within the HoxA cluster are required for the RA response

The minimal SynHoxA transformed the RA signal into the correct transcriptional and 

chromatin programs. This behavior could theoretically depend on RAREs located within the 

HoxA1–5 domain, other sequences within the cluster, or interactions with other regulatory 

elements at the ectopic locus. To distinguish between these possibilities, we built a third 

construct lacking both RAREs and enhancers (RAREΔ SynHoxA) and integrated it into 

wild-type and HoxA−/− mESCs (figs. S19 and S20) (9).

Cells carrying RAREΔSynHoxA differentiated and induced endogenous HoxA genes 

appropriately (Fig. 5A and fig. S20, D and E). The ectopic cluster was decorated with 

H3K27me3 in mESCs, indicating that RAREs are not required to recruit the repressive 
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chromatin machinery. However, unlike the previous constructs, RAREΔ SynHoxA failed to 

up-regulate the expression of SynHoxA1–5 or to form a chromatin boundary in response to 

RA (Fig. 5, B to D, and figs. S8D and S17C). SynHoxA5 was the only gene with any signal, 

potentially due to a poorly characterized RAR binding site located between HoxA5 and 

HoxA6 (9, 10). This null phenotype indicates that the behavior of ectopic SynHoxA clusters 

reflects their innate regulatory potential and not the effect of novel interactions formed at the 

Hprt locus.

This lack of RA response provided the ideal background to measure the independent 

contribution of distal enhancers to HoxA gene regulation. To that end, we built and 

integrated a fourth construct: Enhancers+RAREΔ SynHoxA, with the distal enhancers 

inserted upstream of RAREΔ SynHoxA (figs. S19 and S20). In Enhancers+RAREΔ 

SynHoxA, SynHoxA2–5 were induced at low levels in response to RA (Fig. 6, A and 

B, and fig. S8E). A faint chromatin boundary formed at the appropriate location between 

SynHoxA5 and SynHoxA6 (Fig. 6, C and D, and fig. S17D). This suggests that the distal 

enhancers may have a weak ability to activate HoxA gene transcription without the driving 

force provided by internal RAREs, or that they synergize with the poorly characterized 

RARE still present in this construct.

Discussion

We developed a “synthetic regulatory reconstitution” approach to characterize the relative 

contributions of distal enhancers and intracluster TF binding in specifying distinct aspects 

of HoxA regulation. A minimal ectopic cluster lacking distal enhancers induced the correct 

subset of genes in response to two developmental signals (RA and Wnt). The presence of 

distal enhancers increased the transcriptional output from the ectopic cluster in response 

to RA, especially at earlier time points. These results are consistent with previous studies 

in which deletion of enhancers from the endogenous locus resulted in lower Hox gene 

transcription in response to morphogens (20, 22, 46). At the time point we investigated, the 

ectopic cluster with distal enhancers did not induce higher expression in response to Wnt. 

This may indicate that some Wnt-responsive enhancers are missing in these constructs, 

or that the distal enhancers are ineffective in this configuration. Alternatively, earlier 

time points may reveal differences in transcriptional dynamics or output between these 

constructs.

The importance of both RAREs and distal enhancers to Hox gene expression was firmly 

established before this work. However, it was difficult to quantify their relative contributions 

to the establishment of transcriptional and chromatin domains at the scale of an entire 

Hox cluster with previous techniques. Our results show that an ectopic cluster lacking all 

previously described internal RAREs (RAREΔ SynHoxA) failed to respond to RA both 

at the transcriptional and chromatin levels. This gene expression phenotype was not fully 

rescued by the addition of distal enhancers in Enhancers+RAREΔ SynHoxA. However, 

some chromatin remodeling was observed. Together, removal of internal RAREs led to 

virtually complete loss of gene expression, whereas removal of enhancers led to a reduction 

in expression at early time points, with almost complete rescue at later time points. 

Therefore, distal enhancers do not induce high levels of transcription or induce drastic 
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chromatin remodeling in the absence of intracluster RAREs, but synergize with the RAREs 

to play a critical role in fine-tuning expression levels (Fig. 6, E and F).

All ectopic clusters recruited CTCF and PRC2 in embryonic stem cells, implying that this 

property is Hox cluster–intrinsic. Therefore, precise CTCF positioning within the cluster 

does not depend on interactions with other elements at the endogenous TAD boundary. 

Together, our results imply that Hox clusters are discrete units with an intrinsic ability 

to respond to patterning signals, strengthening original observations made at the HoxD 
cluster using random BAC transgenesis (28, 29). This is also congruent with the idea that 

the evolution of novel distal enhancers is a source of morphological novelty in secondary 

structures such as limbs (16, 47).

The inability of the minimal SynHoxA to fully clear repressive marks in the anterior domain 

could have several causes. First, the boost in transcription provided by distal enhancers 

at early time points might facilitate the clearance of repressive chromatin. Second, the 

enhancers could serve as platforms to recruit additional chromatin modifiers. Finally, the 

vector backbone that is introduced as part of the delivery harbors repressive chromatin 

modifications throughout differentiation (Fig. 4). The spread of repressive chromatin from 

this region might be more effectively prevented by enhancer sequences that contain fewer 

CpG islands than the cluster itself. Future experiments using scarless delivery methods will 

enable us to distinguish between these hypotheses (41). Although we see no strong genetic 

or topological evidence for trans-chromosomal interactions, we cannot fully exclude the 

possibility that they may play some part in activating SynHoxA genes. Higher-resolution 

chromatin conformation data centered on the ectopic clusters may help to address this 

question.

This study represents a proof of principle for “synthetic regulatory reconstitution.” 

Targeting large, fully editable constructs to precise genomic locations enables quantitative 

comparisons between variants and promises to address critical questions in gene regulation 

and genome organization. Multiple elements required for the finer analysis of constructs 

through differentiation, such as live-cell imaging of transcription and chromatin mobility, 

could also be included via bottom-up synthesis (48). Testing different ectopic sites such 

as those marked with constitutive heterochromatin, cross-species transplants of regulatory 

landscapes, and phenotyping in richer systems such as living mice and gastruloids are all 

attractive avenues to explore (49).

Differences from endogenous gene expression dynamics were observed, even for the 

Enhancers+SynHoxA construct. Thus, even the largest construct does not contain all the 

regulatory information required for refining gene expression. The great value in pursuing the 

synthetic regulatory reconstitution strategy is realized in cases where endogenous regulation 

cannot be fully recapitulated. This points to gaps in knowledge that we can attempt to 

fill by building successively larger or more intricate ectopic constructs in the future until 

no differences are observed when compared to the endogenous cluster. Reconstitution is 

a powerful framework for dissecting complex biochemical processes because it allows for 

exquisite control over components of the system under study (50, 51). By analogy, our 

approach allows for the generation of locus-scale variant constructs with any combination 
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of desired changes. We expect synthetic regulatory reconstitution to be a fundamental 

component of the toolbox for studying transcriptional regulation.

Methods summary

A full description of the methods can be found in the supplementary materials. In brief, 

SynHoxA constructs were fabricated in yeast and integrated into mESCs as described (36, 

41). SynHoxA mESCs were differentiated to motor neurons and characterized by RNA-seq, 

ChIP-seq, and Hi-C as described (10, 44, 45). Sequencing data were analyzed using custom 

pipelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. HoxA regulation relies on the integration of multiple regulatory modules.
(A) Schematic of HoxA regulation in response to retinoic acid (RA) during in vitro mouse 

ES cell (mESC)–motor neuron differentiation. (B) Multiple regulatory modules, including 

enhancers, TF binding, and topology, are integrated to drive HoxA cluster response to RA. 

(C) Schematic of the synthetic regulatory reconstitution approach. Synthetic HoxA variants 

encoding various combinations of regulatory modules are built and integrated at an ectopic 

location in the genome. The response of these synthetic ectopic clusters to RA reveals their 

sufficiency and relative contribution in driving faithful HoxA expression.
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Fig. 2. Build and delivery of SynHoxA constructs.
(A) Schematic of the process to generate mESCs bearing ectopic synthetic HoxA clusters 

via homologous recombination-based assembly in yeast and amplification in bacteria. (B) 

Analysis of reads spanning the synthetic construct and the host genome by bamintersect 

revealed only the expected junctions with no off-target integrations. (C) Schematic 

of the 134-kb SynHoxA and 170-kb Enhancers+SynHoxA constructs. Sequencing data 

for assemblon DNA isolated from bacteria (purple) and from capture sequencing after 

integration into wild-type (blue) and HoxA−/− (green) mESCs.
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Fig. 3. SynHoxA variants up-regulate the correct subset of genes in response to RA patterning 
signal.
(A to D) Fold change (FC) of RNA-seq data for endogenous mouse HoxA [(A) and (C)] and 

SynHoxA [(B) and (D)] genes during RA differentiation, relative to expression before RA 

treatment (n = 2). SynHoxA variants induce the correct genes (SynHoxA1–5) in response to 

RA. (E and F) Ratios of gene expression for SynHoxA genes to endogenous mouse HoxA 
genes (n = 2). Counts for the endogenous HoxA genes were halved to normalize for two 

endogenous HoxA versus one ectopic SynHoxA copy.
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Fig. 4. Distal enhancers are required for full clearance of repressive chromatin and the formation 
of a sharp chromatin boundary.
ChIP-seq analysis (n = 2) of activating H3K27ac (blue), repressive H3K27me3 (red), and 

CTCF (black) at SynHoxA clusters. (A and B) In undifferentiated cells, SynHoxA clusters 

contained H3K27me3, lacked H3K27ac, and recruited CTCF to correct locations. (C and 

D) In response to RA, the SynHoxA1–5 domain contained activating H3K27ac and cleared 

repressive H3K27me3. Dotted lines at the anterior breakpoint between the cluster and the 

vector sequences in (B) and (D) indicate presence of enhancer sequences in the reference 

genome to which no reads are mapped. (E) RPKM (reads per kilobase per million mapped 

reads) normalized ratios of repressive H3K27me3 to active H3K27ac across SynHoxA. 

The black line marks the HoxA5-HoxA6 CTCF site; gray shading indicates the windows 

contributing to ChIP-seq signal at the site.
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Fig. 5. Retinoic acid receptor response element (RARE) sites are required for the RA response.
(A) Fold change of RNA-seq data for endogenous HoxA and SynHoxA genes during 

differentiation (n = 2). (B) Ratios of gene expression for SynHoxA genes to endogenous 

mouse HoxA genes (n = 2). (C) ChIP-seq revealed no evidence of H3K27me3 (red) 

clearance and H3K27ac (blue) recruitment at RAREΔ SynHoxA. Dotted lines show the 

anterior breakpoint between the cluster and the vector sequences in (C) as in Fig. 4. (D) 

Ratio of repressive H3K27me3 to active H3K27ac chromatin across SynHoxA as in Fig. 4E.
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Fig. 6. The addition of enhancers to SynHoxA RAREΔ does not rescue gene expression.
(A) Fold change of RNA-seq data for endogenous HoxA and SynHoxA genes during 

differentiation (n = 2). (B) Ratios of gene expression for SynHoxA genes to endogenous 

mouse HoxA genes (n = 2). (C) ChIP-seq revealed the appropriate recruitment of 

CTCF (black) and the formation of a weak chromatin boundary at Enhancers+RAREΔ 

SynHoxA upon differentiation (n = 2). (D) Ratio of repressive H3K27me3 to active 

H3K27ac chromatin across SynHoxA as in Fig. 4E. (E) Summary of gene expression 

and chromatin boundary phenotypes across all SynHoxA clusters. (F) Model describing 

relative contributions of distal enhancers, intra-Hox binding, and genomic context to the RA 

response at HoxA.
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