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1 | INTRODUCTION
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Abstract

Background: The bHLH transcription factor HAND2 plays important roles in
the development of the embryonic heart, face, limbs, and sympathetic and
enteric nervous systems. To define how and when HAND2 regulates these
developmental systems, requires understanding the transcriptional regulation
of Hand2.

Results: Remarkably, Hand?2 is flanked by an extensive upstream gene desert
containing a potentially diverse enhancer landscape. Here, we screened the
regulatory interval 200 kb proximal to Hand2 for putative enhancers using
evolutionary conservation and histone marks in Hand2-expressing tissues.
H3K27ac signatures across embryonic tissues pointed to only two putative
enhancer regions showing deep sequence conservation. Assessment of the
transcriptional enhancer potential of these elements using transgenic reporter
lines uncovered distinct in vivo enhancer activities in embryonic stomach and
limb mesenchyme, respectively. Activity of the identified stomach enhancer
was restricted to the developing antrum and showed expression within the
smooth muscle and enteric neurons. Surprisingly, the activity pattern of the
limb enhancer did not overlap Hand2 mRNA but consistently yielded a
defined subectodermal anterior expression pattern within multiple transgenic
lines.

Conclusions: Together, these results start to uncover the diverse regulatory
potential inherent to the Hand2 upstream regulatory interval.
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transcription factors and other regulatory layers that
implement the cell programs, allowing for tissue

Embryogenesis is a structurally complex process that is
dependent on spatiotemporal regulation of differentia-
tion and growth within multiple diverse cell types that
interweave to coordinate the formation of the viable
embryo."” This process is composed of finely tuned
gene regulatory networks with interactions of

differentiation.>”® Evolutionarily Conserved Non-Coding
Sequences (CNSs) often include cis-regulatory elements
that allow these CNS to act as transcriptional
enhancers.® Thus, to gain an understanding of how
genes fit into the required regulatory networks that
drive embryogenesis, the identification of transcriptional
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enhancers is a well-established strategy to reveal the
details of these networks.”*?

The basic-Helix-Loop-Helix (bHLH) super-family of
transcription factors are evolutionarily conserved and play
a substantial role in regulating growth, development, and
differentiation in many tissues during embryonic develop-
ment.'*'> Members of the TWIST family of bHLH tran-
scription factors are particularly interesting since family
members can function as either hetero or homodimers by
binding to E-box (CANNTG) and D-box (CGNNTG) cis-
elements in a variety of developing embryonic tis-
sues.'*'%"'® The TWIST family member, HAND2 plays a
crucial developmental role within the heart, limbs, neural
crest, craniofacial and the sympathetic nervous system
(SNS).'"%* Previous studies have demonstrated that both
loss- and gain-of function mutations of Hand2 have led to
various severe embryonic defects. The Hand2 systemic
knock-out results in lethality by embryonic day (E)10.5
due to cardiac malformations of the right ventricle and
aortic sac.”® Conditional ablations of Hand2 within neural
crest cells (NCC) reveal that the gene is required for the
neurons in the sympathetic ganglia to express the norad-
renergic phenotype that distinguishes the majority of the
postganglionic neurons.”® Loss of Hand2 in NCC also
leads to jaw development defects, including a cleft palate,
a hypoplastic mandible and aglossia in mouse
embryos.”’*° Within cardiac NCC, the loss of Hand2
results in the misalignment of the cardiac outflow tract
(OFT) and the aortic arch arteries, allowing for the devel-
opment of double outlet right ventricle and ventricular
septal defects.”**" During limb morphogenesis, Hand2 is
expressed in the posterior limb mesenchyme where it
shows mutual antagonism with GLI3 and is required for
posterior expression of the secreted ligand Sonic hedgehog
(Shh), likely via direct binding to the zone of polarizing
activity regulatory sequence (ZRS).?**>*? This interaction
establishes an autoregulatory loop with Shh, setting the
register for digit identity.*>*** HAND?2 also acts antago-
nistically with TWIST1 during limb development; and in
humans, this antagonism plays a role in the autosomal
dominant disease Saethre Chotzen Syndrome (SCS).*>*°
Although the necessity of Hand2 during embryogenesis is
well-established, the transcriptional regulation of Hand2
is less understood. Despite the presence of an extensive
(>500 kb) non-protein coding genomic interval flanking
Hand2 on the 5 and harboring multiple limb
enhancers,”””® the current view is that cardiac and neural
crest Hand2 expression is predominantly controlled by
two separate enhancers located immediately upstream of
Hand2, with potentially additional cardiac enhancers
located in upstream or downstream regulatory
regions.>'** A 208 bp pharyngeal arch (PA) enhancer
around 7 kb upstream of Hand2 is required for Hand2
expression within the distal and medial post-migratory

neural crest that compose mandibular component of PA
1 and 2 in mice.'” The PA enhancer requires Endothelin-1
activity and it was shown that the Homeobox transcrip-
tion factor DLX6 (and likely DLX5) can directly bind the
four conserved cis-elements within this enhancer."* A sec-
ond 1.5 kb GATA-dependent Hand2 enhancer was discov-
ered to drive Hand2 expression within the right ventricle
(RV) and OFT cardiomyocytes."''*** This enhancer does
not show any expression in the pharyngeal mesoderm of
the second heart field where Hand?2 is robustly expressed.
Indirect evidence in endocardial cells revealed that
HAND?2 lies within the NOTCH gene regulatory net-
work**%; however, the transcriptional enhancer that
drives Hand2 expression within the NOTCH network is
currently unidentified. Collectively, the enhancers that
drive Hand2 within the endocardium, epicardium, sympa-
thetic and enteric nervous systems, blood, and maternally
derived decidua remain unidentified.

In this study, we decided to interrogate the 200 kb
genomic upstream region flanking the Hand2 gene body
and including the Upperhand (Uph) long non-coding
RNA (IncRNA) locus™ for the presence of yet unidentified
transcriptional enhancers. Analysis of recently published
H3K27ac profiles across multiple mouse embryonic tis-
sues and timepoints** revealed two conserved enhancer-
like elements in the 200kb region located 106 kb
(—106 kb) and 186 kb (—186 kb) upstream of the Hand2
Transcriptional Start Site (TSS). Using LacZ transgenic
reporter mouse lines, we reveal that both predicted
enhancer CNSs drive reporter expression in distinct tis-
sues during embryonic development. The lacZ expression
pattern driven by the 1.7 kb genomic element containing
the CNS located —106 kb upstream of the Hand2 TSS cor-
responds to a subregion hallmarked by Hand2 expression
within the developing stomach. Interestingly, the —186 kb
element (spanning 1.6 kb) consistently drives transcrip-
tion within the anterior subectodermal mesenchyme of
both the forelimbs and hindlimbs in which neither Hand2
nor Uph IncRNA are expressed. Given this enhancer is
active in a transgenic scaffold yet silent within the chro-
matin context of Hand2 during limb morphogenesis indi-
cates either a complex regulation relative to Hand2
expression or an alternative target of the enhancer,
potentially within a neighboring TAD.

2 | RESULTS

2.1 | Prediction of two transcriptional
enhancer elements in the proximal Hand2
upstream regulatory interval

Using high-resolution HiC datasets from mouse embry-
onic stem cells (mESCs)** we first visualized the basic
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chromatin domain structure at the Hand2 locus. Hand2
is flanked by topologically associated chromatin domains
(TADs) which suggest largely separated interactions with
upstream and downstream regulatory components
(Figure 1A). Harnessing H3K27ac datasets generated by
ENCODE™* we carried out an in silico evaluation of open
chromatin CNSs in the Hand2 locus to define putative
tissue specific enhancers active in Hand2 expressing tis-
sues (Figure 1A, B). Interestingly, integrative ENCODE
peak calling across examined tissues by general 7-group
candidate Cis-Regulatory Elements (cCREs) indicated
only two putative enhancer elements in the whole 200 kb
Hand2 upstream genomic interval, located 186 kb
(—186 kb) and 106 kb (—106 kb) apart from the Hand2
TSS, respectively (Figure 1A, B). Both elements displayed
deep sequence conservation down to Coelacanth but
H3K27ac enrichment at these elements in embryonic tis-
sues at E11.5 from mouse limb, heart, and facial promi-
nence, tissues known for Hand2 functions, was rather
moderate (Figure 1B). However, while the —106 kb ele-
ment showed a specific H3K27ac peak in stomach tissue
at El14.5, the —186kb module revealed significant
H3K27ac enrichment in the heart at later stages (E15.5,
E16.5, PO, 8w; Figure 1C), providing a rational for inter-
rogation of this region for transcriptional activity. We
therefore generated stable transgenic enhancer reporter
mouse lines to assess both the —186 kb and —106 kb ele-
ments for their in vivo enhancer activity potential during
mammalian organogenesis.

2.2 | A distant Hand2-upstream
enhancer is associated to specific control of
Hand2 in the developing mouse stomach

We first assessed the potential of the CNS located
—106 kb upstream of the Hand2 TSS and placed the
1.7 kb genomic element containing the conserved core in
front of a LacZ reporter and a minimal Hsp68 promoter*®
(Figure 2A). Eight out of 15 founders displayed an inter-
nal X-gal staining pattern that becomes visible at E11.5
and seven founders exhibited no X-gal staining
(Figure 2B). Strikingly, as predicted by the H3K27ac pro-
files, within the expressing founder lines, X-gal staining
of E11.5 and E12.5 sections revealed pronounced LacZ
signal within tissues of the developing stomach (s;
Figure 2C, D). Beyond these stages, the —106 kb element
exhibited DNase hypersensitivity at PO and H3K27ac
enrichment within this CNS from E14.5 through birth
(PO) (Figure 2D). Sequence alignment revealed consider-
able sequence identity between mouse, rat, and human
and contained a number of conserved cis-elements
including E-boxes (binding bHLH factors such as
HAND?2) as well as SOX10, GATA, and Phox2b motifs

(Figure 3). Sox10 is an early specifier of neural crest,
which contributes to the peripheral nervous system such
as the enteric neurons as well as glia.*’ GATA4 and
GATAG6 factors are known to regulate both Handl and
Hand2 within the pharyngeal arches.''”'*> PHOX2b has
been described as an upstream regulator of Hand2 within
neural crest and plays an important role in enteric
neurogenesis.*"**8

To determine if this isolated CNS exhibiting stomach
enhancer activity represents a subdomain of the Hand2
mRNA expression pattern, we carried out in situ hybridiza-
tion (ISH) on E13.5 stomach sections using a Hand2 probe.
This revealed that Hand?2 is expressed within the outer wall
of the stomach (s; Figure 4A). Given HAND2 is known to
play an important role in the enteric nervous system** !
and sympathetic ganglia,”* we interrogated expression of
Phox2b, an upstream regulator of Hand2 in SNS
precursors,53 to mark neuronal tissues in a serial section
(Figure 4B). Results showed that neuronal expression of
Phox2b is more restricted but overlaps with the Hand2
expression pattern (Figure 4A, B). HAND2 is also known
to be expressed within smooth muscle of the OFT.>* To
delineate Hand2 expression within smooth muscle, we
analyzed Sm22 expression (Figure 4C).>> Our results show
that Sm22 expression appears internally within the stom-
ach layers; however, there is still overlap with the Hand2
expression domain suggesting Hand?2 is expressed in both
neuronal and smooth muscle cell lineages.

To define the —106 kb stomach enhancer activity in
more detail, we analyzed LacZ reporter activity
in stomach sections at E13.5 (Figure 4D). In wholemount
view, the majority of X-gal staining was observed within
the antrum (a) with little to no observable staining
within the esophagus (es) or forestomach (fs; Figure 4D).
The most caudal section showed detectable staining
within the outer mesenchyme (mes) but absent from the
medial mesenchyme and epithelium (sp; Figure 4D, i and
ii). Progression towards the esophagus showed more
robust X-gal staining within the mesenchyme of the outer
wall and medial mesenchyme expression becomes visible.
The most rostral sections revealed LacZ reporter activity
in all the visible stomach mesenchyme as well as the epi-
thelium (Figure 4D, iii and iv). The esophagus exhibited
no significant X-gal staining.

We next sought to confirm the activity profile of this
enhancer within both smooth muscle and enteric neu-
rons using immunohistochemistry (Figure 5). Using anti-
bodies specific for p-Galactosidase (B-GAL) and
a-smooth muscle actin (a-SMA) to define enhancer activ-
ity in E13.5 stomach sections demonstrated significant
overlap of —106 kb-LacZ reporter activity and o smooth
muscle actin expression (Figure 5A-H), revealing that
this novel Hand2 enhancer is expressed within the vis-
ceral smooth muscle of the stomach. We next explored
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FIGURE 1 (A)Hi-C interaction heatmap, TAD calls and CTCF profiles from ES cells*’ illustrating the chromatin domain structure
across the extended Hand2 locus (mm10, chr8:56334398-58126455). The general 7-group cCRE track from ENCODE (https://screen.
encodeproject.org) highlights predicted promoter-like elements (red), enhancer-like sequences (ELS, yellow), CTCF-only sequences (blue)
and DNase-only sequences (green).** The track below shows the vertebrate conservation profile (phyloP60way). Protein coding genes in the
region are listed and double arrow demarcates the 200 kb interval upstream of the Hand2 transcriptional start site (TSS). (B) UCSC browser
window showing enhancer-predictive H3K27ac signatures at the Hand2 locus from E11.5 limb, heart, facial tissues as well as E14.5 stomach
and intestine as obtained by ENCODE.* Peak calls (arrows) represent regions with significant enhancer-predictive H3K27ac (ELS) in any of
the tissues examined (ENCODE, general seven group cCREs).* The —186 and —106 elements are the only ELS within the 200 kb upstream
interval. The proximal peak, located at —106 kb from the Hand2 TSS, (EM10E0878143, mm10 chr8:57213987-57214326) and distal peak
located —186 kb from the Hand2 TSS (EM10E0878141, mm10 chr8:57134745-57135094) were isolated and tested for enhancer activity in
this study. The blue track shows sequence conservation among placentals. The Multiz alignment (in black) shows conservation of sequence
identity throughout 60 vertebrate species. (C) UCSC browser screenshot showing H3K27ac profiles at the —186 kb element in mouse hearts
between E10.5 and PO and adult male mice of 8 weeks (8w). Yellow bars indicate enhancer-like sequence by significant enrichment of
H3K27ac over background.** Gray shades indicate lower H3K27ac enrichment. Lower blue track marks placental conservation indicating
the H3K27ac peaks correlate with the higher levels of shared sequence identity.
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Identification of a Hand2 stomach enhancer. (A) 1.7 kb of genomic sequence containing the CNS located 106 kb upstream (—106b) of
Hand2 and Uph TSSs (arrows) was cloned in front of an Hsp68 minimal promoter and LacZ reporter construct for production of transgenic mouse lines.
Hand2 non-coding (gray) and coding sequence (blue) are demarcated. Uph exons are marked gray and conserved non-coding sequence is depicted in
red (within the yellow box). Green and blue boxes indicate the location of the pharyngeal arch' and right ventricle'* enhancers, respectively. N = 15
transgenic mouse lines were assayed with embryos from n = 8/15 lines showing consistent stomach expression between E11.5 and E12.5. Embryos from
n = 7/15 mouse lines exhibited no or inconsistent expression within the head or limbs. (B) Five independent lines showing stomach specific expression
(arrowheads). Line 142 was used for the remainder of this study. Scale bars, 1 mm. (C) Transverse sections through E11.5 and E12.5 showing expression
is within the stomach (s, arrowheads). No p-galactosidases expression is observed within the intestine (in), liver (1), or neural tube (nt). Scale bars,

100 pm. (D) DNase hypersensitivity (green track) at the Hand2 —106 kb CNS element revealing open chromatin at PO and strong H3K27ac enrichment
(yellow tracks) ranging from E14.5 through PO0. Placental conservation and sequence alignment of specific vertebrates are shown.
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Human CACACTTCCAATGAAAAAGACATTTTAGTTCACATTAAATATTGGTGTGAAAACCCTGGC 860

* ok ok ok ok ok ok ok ok ok ok k * kK ok ok kK K kk kkkkkkhkhkkkkhkhkkkhkhkhkhkkk kkkkkk

E-box GATA
mouse AGGGATCCAGTCCTAAGGAG TG I ITAGCGI"IGGCACTI'GCACTG G IACT 'l'G‘l‘[-Yl TATAAA 954
Rat AGGTATCCAGTCCTAAGGAGTGTTAGCGTTGGCACTTGCACTGTGTACTTTTACTATAN 1182
Human AGGTATCCAGTCCTAAGGAGTGTTAACGTTGGCACTTCCACTGTGTACTTTTACTATARA 920

* Kk Kk kok ok k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok * Kk Kk ok ok k ok k ok ok ok Kk ok Kk ok ok ok ok ok ok ok ok * ok Kk ok ok ok ok ok ok
mouse TTGTTGTAGCGTTTATTTGACATGGAATACCCAAAGGATTGATGAGCAGAAACGCAAGAT 1014
Ral TTGTTGTAGCGTTTATTTGACATGGAATACCCAAAGGATTGATGAGCAGAAACGGAAGAT 1242
Human TTGTTGTAGCATTTATTTGACATGGAATACCCAAAGGATTGATGAGCAAAGAACGGAAGA 980

F ok ok ok ok ko ke ko B b I I I * * * *

Phox2b
mouse TTTTTTTTCATCGCGCCATNGYNSSEEEEIC ATACATCTATACTAAGCTTTTACGTCTTC 1074
Rat TTT---TTCATCACGCCATLVMYNSOUMUMGNCATACATCTATACTAAGCTTTTACGTCTTC 1299
Human TTT=TTTTTATTGTGCCAGLUNNSSUMRBMEC A GACATCCATACTAAGCGTTTACATCTTC 1039

* Kk Kk * ok Kk k Kk ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok Khkkhkkk hkkkhkkkhkhkk hhkhkkk kkkkk

E-box GATA Sox10/GATA
mouse AGAGTCTAAACAAACAGCCACCTGTATTCAATCGGCACANGATATTTTTCATGE CTAT 1134
Rat AGACTCTAMCAMTAGCCACCTGTATTCANTCGGCACGAGAT AT TTTTCATGAAACTAT 1359
Human AAAGTCTAAACAAGTAGCCACCTGTATTCAATCCGTGCAAGATATTTTTCATGAAACTAT 1099

* ok ko ok ok ok ok ok ok ok KAk kA Xk khkhkhkkkkhkkhkhkkxk*x * kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
mouse AGTTTGCCTTTTTATAAACCTATAAAAGTACACATTTTCCATTTTATTAGTCAGCGAAGC 1194
Rat AGTTTGCCTTTTTATAAACCTATAAAAGTACACATTTTCCATTTTATTAGTCAGCTAAGC 1419
Human AGCTTACCTTTTTATAAACCCATAAAAGCACACATTTTCCATTTTATTAGTCAGCAAAGC 1159

Fhk kk kkkkkkhkkhkhkkhkhkhk hkhkkhkhkkk khkkkhkhkkhkhkkhkhkkkhkokkkhkokkkohkkkh  kokokk

Phox2b
mouse AGAGGCGGAT TiUNNUNNINNNACGTATAAAATGCAGT TTCTTTACAGACAGTTTAACATT 1254

Rat AGGGT-GGAT TSRV C TTATAAAATGCAGTTTCTTTACAGGCAGTTTAACATT 1478

Human AGTGGTGGAT T NARRAANIRVAVA CGTATAAAATGCAGTTTCTTTATAGACAGTTTAACTTT 1219
Kok ok kkkkkkkkkkhkkkkhkkk kA kA kA kA kA Ak kkhhkkkhk kk kkkkkkkkk *Kx

B-Galactosidase co-expression with the pan-neuronal B-Galactosidase (Figure 5I-L). Additionally in regions
marker Tubulin §3 (TUBB3; Figure 5I-P) illustrating that ~ with significant smooth muscle, TUBB3+ neurons were
TUBB3 + cells occupy a narrow band of cells near the also positive for p-Galactosidase (Figure 5M-P, see
luminal edge and that these cells are also positive for  expression overlay).
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FIGURE 4 Hand2 expression in the
developing stomach at E13.5. (A) ISH of
Hand?2 showing expression within the
outer wall of the stomach (s) and
pancreas (p). (B) ISH of Phox2b marking
the developing enteric nervous system
within a serial section. (C) ISH of Sm22
marking the developing smooth muscle
within a serial section. Scale bar,

250 pm. (D) Whole-mount and

section expression analysis of the Hand2
stomach enhancer (—106 kb-Hsp68-LacZ
reporter) at E13.5. Illustration of the
whole-mount expression plane of
section is denoted by lines and isolated
stomach showing robust expression
within antrum (a) and low or
undetectable expression within the
forestomach (fs). i and i’ show a caudal
section through the stomach (s) were
B-galactosidase staining is observed
within the outer wall mesenchyme
(mes) but not within the epithelium
(ep) at the luminal surface-stained
stomach. Scale bar, 200 pm. (1) ii) and
ii") show a more rostral section where
robust staining in the outer layers of the
stomach is observed. iii and iii’) show a
further rostral section exhibiting deeper
B-galactosidase staining that approaches
the epithelium but does not surround
the esophagus (es). iv and iV’ at the level
of the upper antrum and esophagus
reveal broad staining around the
stomach entrance that is largely
excluded from around the esophagus.
Lower magnification images i-iv. Scale
bar, 250 pm. High magnification images
i-iv. Scale bar 39.5 pm.

2.3 | The CNS located 186 kb upstream of
Hand2 drives expression in the murine
Hand2-negative distal-anterior limb
mesenchyme

The second and more distal enhancer-like CNS defined
within the interrogated 200 kb Hand2 upstream interval
lies 186 kb upstream of the Hand2 TSS (Figure 1A, B, C).

Using our LacZ reporter framework, we assessed the reg-
ulatory activity of this element (spanning 1.6 kb) during
embryogenesis by generating stable transgenic mouse
lines (Figure 6A), analogous to the analysis of the
—106 kb stomach enhancer. Eleven transgenic founders
were obtained and tested for enhancer activity at E11.5
(Figure 6B, C). Surprisingly, despite the absence of signif-
icant H3K27ac peaks in limbs between E10.5 and E15.5
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DAPI Overlay

FIGURE 5 Hand2 stomach enhancer expression largely overlaps with smooth muscle and neurons. (A-H) E13.5 mouse embryonic

sections that were immunostained for p-Galactosidase (B-GAL) and smooth muscle (sm) alpha actin (a-SMA), along with a nuclear DAPI

counterstain. Four section planes (A, E, I, and M) through the stomach reveal near complete overlap with a-SMA (red) and B-GAL (green).

Similarly, E13.5 stomach sections were immunodetected for B-GAL (red) and the neuron (n) specific TUBB3 protein (green). Although

B-GAL reactivity is broader than TUBB3 signal (potentially reflecting different sensitivities) it indicates reporter localization to enteric

neurons. ep, epithelium; 1, lumen; mes, mesenchyme. Scale bars, 62.3 pm.

of development (Figure 6D), our transgenic results dem-
onstrated CNS driven reporter activity specifically within
dorsal and ventral surfaces of the anterior limb bud in
five of the 11 founder lines (Figure 6C), while the
remaining lines did not display any p-galactosidase activ-
ity. In addition, DNase-seq accessible chromatin profiling
from ENCODE revealed the presence of a protein com-
plex at the conserved core of the —186 kb element, indi-
cating potential involvement of a mechanism that
suppresses anterior limb enhancer activity under endoge-
nous conditions (Figure 6D).

Sequence conservation of the —186 kb element
throughout mammals and canary is significant with a
number of cis-elements including MEF2, TBX2, 3, and
5 motifs that exhibit complete or near complete conser-
vation among species (Figure 7). MEF2 transcription
factors play critical roles in defining numerous tissues
including smooth, and skeletal muscle.®® T-box tran-
scription factors are well established in limb develop-
ment”’ and Thx3 has an established genetic interplay
with Hand2.>® Moreover, TBX5 mutations are causative
of Holt Oram syndrome affecting forelimbs and heart.>
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The Hand2 —186 kb element displays anterior limb enhancer activity. (A) 1.6 kb of conserved non-coding sequence (mm10,
chr8:57133607-57135181) located 186 kb upstream to the Hand2 and Uph TSSs (arrows) was cloned and inserted upstream of a Hsp68-LacZ
transgenic reporter cassette. Hand2 non-coding (gray) and coding sequence (blue) are denoted. Uph exons (only up to exon 3) are denoted in

orange and conserved non-coding sequence shown in red within the yellow box. (B) Embryos from 11 transgenic mouse lines were assayed

and n = 4/11 were showing consistent limb expression starting at E11.5. Embryos from n = 6 mouse lines exhibited no or inconsistent

expression. Scale bars, 1000 pm. (C) All five independent lines showing limb specific expression (arrowheads) are shown. Line 801 was used
for the remainder of this study. (D) DNase hypersensitivity from fore- and hindlimbs (FL, HL: green tracks) at E11.5 along with H3K27ac
profiles across multiple stages (yellow tracks) from ENCODE (SCREEN). The blue bar demarcates the 1.6 kb sequence interval selected for
reporter transgenesis in this study. Placental conservation track is shown below.
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v | WILEY

Mouse == -CTTTCTTGCCAACATTG! BMAAACTCCAGATTGTTTCTGGTTTTCACCTAAGTTT
Algerian mouse -- TTTCTTGCCAACATTG! WAAAACTCCAGATTGTTTCTGGTTTTCACCTAAGTTT
Gorilla = --=--—--—-- --TTTTGTTGCCCACATTGCY

Human TTTTGTTGCCCACATTG!

Chimpanzee EE TTTTGTTGCCCACATTGCH

Olive baboon TTTTCTTGACTACATTG! A AACCCCAGATTGTTTCTGCTTTTCACCTAAGTTT
Goat TTTCTTGCCTACATGG! TAA’ ~ACCCCAGATTGTTTCTGTTTTTCACCTAAGTTT
- e TTTCTTGCCTACATTGCIN I INRWAAAACTCCAGATTGTTTCTGTTTTTCACCTAAGTTT
Horse = = =—=------ GTTTCTTGCCTACATTG! AACTCCAGATTGTTTCTGTTTTTCACCTAAGTTT
Common canary - GTTTTTTGCCTATGTTGCT] \TAA GAATCCAGATTGTTTCTGTTTTTCACCTTCATTT
Mouse ACTGGCACCCAACAAAGCAGCCTACACTTTGATTTTAATCATGGCCAGACAGTATAAGACCCTTGTCTCACAGGCAGCGAGAGCAGCAAGTAGACACCCTGCTGGGTAATTTCAAAGCAA
Algerian mouse ACTGGCACCCAACAAAGCAGCCTACACTTTGATTTTAATCATGGCCAGACAGTATAAGACCCTTGTCTCACAGGCAGCAAGAGCAGCAAGTAGACACCCTGCTGGGTAATTTCAAAGCAA
Gorilla ACTGGCACCCAGCAAAGAAGCCTACACTTTGATTTTAATCATGACCAGACAATATAAGGCCCCTGTTTCAGAAGCAACAAGGGCAGCAAGCAGAAACCCTGCTGGGTAATTTCARAAGCCA
Human ACTGGCACCCAGCAAAGAAGCCTACACTTTGATTTTAATCATGACCAGACAATATAAGGCCCCTGTCTCAGAAGCAACAAGGGCAGCGAGCAGAAACCCTGCTGGGTAATTTCAAAGCCA
Chimpanzee ACTGGCACCCAGCAAAGAAGCCTACACTTTGATTTTAATCATGACCAGACAATATAAGGCCCC-GTCTCAGAAGCAACAAGGGCAGTGAGCAGAAACCCTGCTGGGTAATTTCARAGTCA
Olive baboon ACTGGCAGCCAGCAAAGAAGCCTACACTTTGATTTTAATCATGACCAGACAATATAAGGCCCCTGTCTCAGAACCAACAAGGGCAGCGAGCAGAAACCCTGCTGCGTAATTTCAAAGCCA
Goat ACTGGCACCCAGCAAAGAAGCCTCCACTTTGATTTTAATCATGGCCAGACGATGGAAAGCCTCTGTCTCAGAAGCAGCGAGAGCAGCGAGTGGARACCCTGCTGGGTAATTTCAAAGCAA
Pig ACTGGCACCCAGCAAAGAAGCCTCCACTTTGATTTTAATCATGGCCAGACGATGGAAGGCCTCTGTCTCAGAAGCAGCAAGAGCAGCAAGTAGARACCCTGCTGGGTAATTTCAAAGCAA
Horse ACTGGCACCCAGCAAAGAAGCCTACACTTTGATTTTAATCATGGCCAGACAATATAAGGCCCCCGTCTCAGAAGCAACAAGAGCAGCAAGCAGARACCCTGCTGGGTAATTTCAAAGCAA

Common canary ACTGGCACCCAGCAAAGAGGTCCACACTTTGATTTTAATCATGGCCAGACTGTATAAGACCTTGGCCTTAAAGGCAAGCAGAGCAACAAGCTGAAACCCTGCTGTGTAATTTCAAAGCAA

Mouse WNOACACATAAATTCATCTTGTGCCAATAGGCTCAGAAGAA
Algerian mouse TGTACTTCCTGCTGTTAGCCCTACAGTATGATTTCTGTTCTGCCAAGGGCACCAAGAGAAGGCAACTTCCAATH N8\ CACATAAATTCATCTTGTGCCAATAGGCTCAGAAGAA
Gorilla 7 N®ACACATAAATTCACATTATGCCAATAGGTTTCGAAGGA
Human ACCH] CACATAAATTCACATTATGCCAATAGGTTTCGAAGGA
Chimpanzee TGTACTTCCTGCTGCTAGCCCTACAGTATGATTTCTGTTCTGCCAAGGGCACCAGTAGAAGGTAACTTCCAATY . CACATAAATTCACATTATGCCAATAGGTTTCGAAGGA
Olive baboon TGTACTTCCTGCTGCTAGCCCTACAGTATGATTTCTGTTCTGCCACGGGCACCAGTAGAAAGCAACTGCCAAT INNElen §OACACATAAATTCACATTATGCCAATAGGTTTCGAAGGA
Goat TGCACTTCCTGCTGGTAGCCCTACAGTATGATTCCTGTTCTGCCAGGGGCACCAATAGAAGGCAACTGCCAATY WASOIN® CACATAAATTCACATTATGCCAATAGGCTTCGAAGAA
Pig TGCACTTCCTGCTGGTAGCCCTACTGTATGGTTTCTGTTCTGCCAAGGGCACCAATAGAAGGCAACTGCCAATINN §8ACACATAAACGCACATTATGCCAATAGGCTTCGAAGGA
Horse TGTACTTCCTGCTGCTAGCCCTACAGTATGATTTCTGTTCTGCCAAGGGCACCAATAGAAGGCAACTTCCAATHMN MO CACATAAATTCACATTATGCCAATAGATTTCGAAGGA
Common canary TGTACTTCATGCTGCTAACCCTACAGTATGATTTCTGTTCTGCCAATGGCTCCAATAGCAGACAACTTCCAATH BT TGCATAAATCCACATACTGCCAATAGGTTTAGAAGAA
Mouse AACCACAAGCTACCTAGCCCAGCCATCAGGGGTCTGTTAACAGACTTTAAACTATGATCTATTGTGCAGCAGGGTCTAAA-A-GACGCACACTGAGTCCCCCTTT-ATAGAGACCACGCT
Algerian mouse AACCACAAGCTACCTAGCCCAGCCATCAGGGGTCTGTTAACAGACTTTAAACTATGATCTATTGTGCAGCAGGGTCTAAA-A-GACGCACACTGAGTCCCCCTTT-ATAGAGACCACGCT
Gorilla AACCACAAGCTACCCAGCTCAGCCGTCAGAAGTCTGTTAACAGACCTTTAACTATGATCTATTGTGCAGCAGGACCTGAA-A-GACGCACACGGAGTCCCACTTT-CTAGAGCCTGCACT
Human AACCACAAGCTACCCAGCTCAGCCGTCAGAGGTCTGTTAACAGACCTTTAACTATGATCTATTGTGCAGCAGGACCTGAA-A-GACGCACACGGAGTCCCGCTTT-ATAGAGCCTGCACT
Chimpanzee AACCACAAGCTACCCAGCTCAGCCGTCAGAGGTCTGTTAACAGACCTTTAACTATGATCTATTGTGCAGCAGGACCTGAA-A-GACGCACACGGAGTCCCACTTT-ATAGAGCCTGCACT
Olive baboon AACCGCAAGCTACCCAGCTCAGCCGTCAGAGGTCTGTTAACAGACCTTTAACTATGATCTATTGTGCAGCAGGACCTGAA-A-GACGCTCACGGAGTCCCACTTT-ATAGAGCCTGCACT
Goat AACCACAAGCTTCCCAGCTCAGCCGTCAGAGGTCTGTTAACAGACCTTTAACTATGATCTATTGTACGGCAGGGCCTGAA-A-GACGCACACGGGGTC-CGCTTT-ATAGAGACTGCACT
Pig AACCACAAGCTACCCGGCTCAGCCGTCAGAGGTCTGTTAACAGACTTTTAACTATGATCTATTGTGCGCCAGGGCCTGAA-A-GACGCACGCGGGGTC-CGCTTT-ATGGAGACCGCGCT
Horse AACCACAAGCTACCCAGCTCAGCCGTCAGAGGTCTGTTAACAGACCTTTAACTATGATCTATTGTGCAGCAGGACCTGAA-A-GACGCACGCGGAGTCCCACTTT-ATAGAGACCGCACT
Common canary AACCACAAGCTGCCCAGTTCAGCAGTCAGAGGTCTGTTAACAGATCTTTAACTATGATCTATTGTGTAGGAAAGTCTGAA-ATTATGGATGCAGAGTTTCACTTT-ATAGAGCTCTCACT
Mef2 Tbx2
Mouse TGCCTAACACCGT--—-- TTTTCCTTGAGATAATTATAAEY ' TATTTAGCGTGTTTCTGTTTTGTCGTTGACTTCAATGGATACA-GA
Algerian mouse TGCCTAACACCGT- TTTTCCTTGAGATAATTATA ( i T - TATTTAGCGTGTTTCTGTTTTGTCGTTGACTTCAATGGATACA-GA

Gorilla TGCCTGACACCGT- TTTT-CTTCAGATAATTATA TATTTAGCATGTTGCTGTTTTGTCATCAAGTTAAACGAATACA-GA
Human TGCCTGACACCGT- TTTT-CTTGAGATAATTATA ( 5 TATTTAGCATGTTGCTGTTTTGTCATCAAGTTAAACGAATACA-GA
Chimpanzee TGCCTGACACCGT- TTTT-CTTGAGATAATTATA 'TATTTAGCATGTTGCTGTTTTGTCATCAAGTTAAACGAATACA-GA
Olive baboon TGCCCGACACCGT- TTTT-CTTGAGATAATTATA ( jifeleloby TATTTAGCATGTTACTGTTTTGCCATCAAGTTAAACGAATACA-GA
Goat TGCCCTACACCGT- TTTT-CTTGAGATAATTATAA 1 ¥ AAC. 7 WTTATTTAGCATGTTGCTGTTTTGCCTTTAAGTTAAATAAATGCA-GA
Pig TGCCTGACACCGT- TTTT-CTTGAGATAATTAT - - €his y TATTTAGCATGTTGCTGTTTTGCCATCAAGTTAAATAAATACA-GA
Horse TGCCTGACACCAT- TTTT-CTTGAGATAATTATAA SGCT WATTATTTAGCATGTTGCTGTTTTGTCATCAAGTTAAATGAATACA-GA

Common canary TG-GCTATGCAGG----- TTTT-CTTGAGATAATTATAAEH ] i i 'TATTTAGCATGTTCTGATTTTGTCACTGGGGCAACCA-TTAC---—

Mouse GTTCTTCTAGTAGTATCCAAG-AAACTGAAACACAAGG-AATT-- -TGCTTGATAGAGGGATACTACAGA----ATAGAAGTGATTAATTATATCAAAACTCCATTAATGCTAA-A
Algerian mouse GTTCTTCTAGTAGTATCCAAG-AAACTGAAACACAAGG-AATT-- -TGCTTGATAGAGGGATACTACAGA----ATAGAAGTGATTAATTATATCAAAACTCCATTAATGCTAA-A
Gorilla GTTCTCCCAAGAATTTCCCAG-AAACTTACACATAGGGTGGTT-~ ~TCAACAATGACAGGACCTAACATCTGAGATGGAGGTGGTCAATTACATCAAAGCTTCACGGATGCAAAGA
Human GTTCTCCCAAGAATTTCCCAG-AAACTTACACATAGGGTGGTT TCAACAACGACAGAACCTAACATCTGAGATGGAGGTGGTCAATTACATCAAAGCTTCACGGATGCAAAGA
Chimpanzee GTTCTCCCAAGAATTTCCCAG-AAACTTACACATAGGGTGGTT -~ —~TCAACAATGACAGAACCTAACATCTGAGATGGAGGTGGTCAATTACATCAAAGCTTCACGGATGCAAAGA
Olive baboon GTTCTCCCAAGAATTTCCCAG-AARACTTACATATAGGGTGGTT -~ -TCAACAATGACAGAACCTAACATCTGAGATGGAGGTGGTCAATTACATCAAAGCTTCATGGATGCAAAGA
Goat GTTCTTCTGAGAATGCTCCAC-AAGTTCACAGGTAGGGTGCTT -~ ~TCACCAAGGACA-AAGTCAAGGTATGAGATG---GTGGTTAATTTCGCCAAAGTTTCAGGTATTCAAGGA
Pig GTTCTCCTAAGAATGTTCCTA-AAACTCACTCATAGGGTGGTT-~

Horse GTTCTCCCAGGAATGTCCCAG-AAACTCACACATAGCATGGTT-~
Common canary —-—--——-—-——=—-—————————————

bx5
Mouse TGTTTT—CCTCAA—A -AAAACA: AGAAAAATATCCCATGCAACAGAG—A---ATTCCT—-AAATAAATG CTTCCTAATTAA-AGTAGCAC-
Algerian mouse TGTTTT-CCTCAA—A AAACA AGAAAAATATCCCATACAACAGAG—A---ATTCCT-AAATAAATG CTTCCTAATTAA-AGTAGCAC-

Gorilla CGTTTT—-CCTCAA—T-AAA-CAAGTAAGCAAACAAATTATATCATGCAACAGAG—A---ACTCCT—AAATGCAT. [TCTTTCTAATGAAAAATAGCAT -
Human CGTTTT—-CCTCAA—T-AAA-CAAGTAAGCAAACAAATTATATCATGCAACAGAG—A---ACTCCT—-GAATGCAT, [TCTTTCTAATGAAAAATAGCAT-
Chimpanzee CGTTTT—-CCTCAA—T-AAA-CAAGTAAGCGAACAAATTATATCATGCAACAGAG—A---ACTCCT—AAATGCAT. [TCTTTCTAATGAAAAATAGCAT-
Olive baboon TGTTTT—-CCTCAA—T-AAA-CAAGTAAGAAAACAAATTATATCATGCAACAGAG—A---ACTCCT—AAATGAAT. [TCTTTCTAATGAA-AATAGCAT-
Goat GGCTTC—CCTCCA—C-AAA-CATGTAGAC- AATTTATACCAAGAGACAGAG—A---ATTGCT—-GAAAGAAT. [TTGTTCTAATTAA-AATAGCAC-
Pig TGTTTC—CTGCCC—C-CCA-AAAGTGGGCAAACAAGTTATACARAGCAACAGAG—A---ATTCCT—AAAAGAAT, [TCTTTCTAATTAA-AATAGCAT-
Horse TGTTTC—CCTTCA—C-ARA-CAAGTAAGCAAACAAATTATGCCAAGCAACAGAG—A---ATTCCT-AAATGAAT, CRTCTTTCTAGTTAA-AAAAGCAT -
Common canary TGTAGCTCTTTTAA-TTAAAACTTTTTACAAGACAGTTTACA-AATGTAAAATCACTG---TCTCT-CTAGGTAC--~====—====—==— en----- AATACAGCATCCTGCTTTCAG
Mouse cg@ TECT—CECETTG- ATAGCAAATACAGCAGA

Algerian mouse CC TECT—ECREIE-— ATAGCAAATACAGCAGA

Gorilla -CGTC—CCTTTGCTTCGAGGTTCT---ATTTTCA-GT---GC-- -GATTC---ACAGTGAAGCCAGAGTT
Human -CGTC—CCTTTGCTTCGAGGTTCT---ATTTTCA-GT---GT-- -GATTC---ACAGTGAAGCCAGAGTT
Chimpanzee ACAGTGAAGCCAGAGTT
Olive baboon ACAGTGAAGCCGGAGTT
Goat ACAAGGAATCCTACAAA
Pig -CCTC—CCTTTGCTTCAAGTTTCC---ATTTTAT-GT---GG-- - -GGTTT---ACAAGGAATCCTGCGTA
Horse GC----TCTC-CCTTTGCTTTGAGGTTCT---GTTTTCA-GT---GG-~-----—--TTTAAT---GGTG-AAAGG-————~————=—=———————~—| GGTTT---ACAACGAATCCCACATA
Common canary T TTTACTC C---ATTTTAA-GT---GATTAAATATTCTGGAA---GTT-CAAGTAAAAGATGACTG-AAAAAGCATTTCAAAGCACAGAAAACAGAGAT
Mouse GGGTAGTGCCAGGAGCCAACGCGCCGCCAC- —-CACCATGGC-ACTGCC----ACCAA- --GATGACT—GTGTAATACAGAGAAAAGCTTCTCTGGGTTATCTAGAGTT
Algerian mouse GGGTAGTGCCAGGAGCCAACGCGCCGCCAC- --CACCATGGC-ACTGCC----ACCAA- --GATGACT—GTGTAATACAGAGAAAAGCTTCTCTGGGTTATCTAGAGTT
Gorilla ATGGTATGCAATAAATC-- --CTCGATGCCAAATGTT----GCTGA- --GATTACCATGTGGAATATAGAACAGCACTTCTCTGAGTTATCTAGAATT
Human ATGGTATGCAATAAATC- CTCGATGCCAAATGTT- ~GATTACCATGTGGAATATAGAACAGCACTTCTCTGAGTTATCTAGAATT
Chimpanzee ATGGTATGCAATAAATC-- --CTCGATGCCAAATGTT----GCTGA- --GATTACCATGTGGAATATAGAACAGCACTTCTCTGAGTTATCTAGAATT
Olive baboon ATGGTATGCAATAAATC- --CTCGATGCCAAATGTT----GCTGA- --GATTACCATGTGGAATACAGAACAGCACTTCTCTGAGTTATCTAGAATT
Goat ATGGTTTGCACC—ACC-- -TTTGATGGCAAATTTT----GCCGC-— ~AATTACCGTATGGAATACA—ATGGCACTTCTCTGAGTTATCTAGAACT
Pig ATG TC TTCCATGACAAATTTT----GCTGC— --AATTATCATGTGGAACACAGCACAGCACTTCTCTGAGTTATCTAGAATT
Horse TTGGCATGCAAC—GTC-—————————=—————————~ TTCAATGACAAATGTT----GCTGC-- ~AATTATCATGTAGAAAACAGAACAGCTCTTCCCTGAGTTATCTAGAATC
Common canary TGGGAG‘liIIETAfAz AAACACAGGGTCCAGTTAGGCCCTTCACTCAGTTATCCGAATTC
e

Mouse AG T RSNSOI T AGCTGATCACAAAG-GTCCTACAGTG---ACTGTTAACTCTAAGCAACTGTTGAAATGTCCTGCTGTGCCA-ATTGCGTCTGATGGTCCAATAACAGCAGAA
Algerian mouse AGEHNEWNVV: \A [TAGCTGATCACAAAG-GTCCTACAGTG---ACTGTTAACTCTAAGCAACTGTTGAAATGTCCTGCTGTGCCA-ATTGCGTCTGATGGTCCAATAACAGCAGAA
Gorilla STTT AR IO T AGCCAATCACTAACGGTTCTACAATC---ACTGTTAACTTGGAGCAACTGTGGAAACATCATGCTGTGCCAAATTGCATCTGATGGCCCAGTAATAGCAGAA
Human NPV VRSPV T AGCCAATCACTAAGGGTTCTACAATC---ACTGTTAACTTGGAGCAACTGTGGAAACATCATGCTGTGCCAAATTGCATCTGATGGCCCAGTAATAGCAGAA
Chimpanzee LYYV CNPVNSO T AGCCAATCACTAAGGGTTCTACAATC---ACTGTTAACTTGGAGCAACTGTGGAAACATCATGCTGTGCCARATTGCATCTGATGGCCCAGTAATAGCAGAA
Olive baboon NPVNSOL T AGCCAATCACTAAGGGTTCTACAATC---ACTGTTAACGTGGAGCAACTGTGGAAATATCGTGCTGTGCCAAATTGCATCTGACGGCCCAGTAATAGCAGAA
Goat AAA LY T AGCTGATCACAAAAGGTTCTGTAGTC---ACTGTTGAATT TGAGCAACTGTTGAAACATCATATTGTGCCAAACTGCACTTGATCGCCCAGTAACAGCGGAA
Pig 5 LYV VNV C TAGCTGATCACAAAGGGTTCTA-AGTC---CCTGTGAACTTGGAGCAACTGT TGGAACATCATATCGTGCCAAATGGCATTTGATCACCCAGTAATAGCAGAA
Horse 5 LYV VNV NWVNSOI T AGCTGATCACACAGGGTTCTATAGTC---ACTGTTAACTTCGAGCAACTGTTGAAACATCATGCTGTGCCAAATTGCATTTGATGGCCCAGTAATAGCAGAT
Common canary CAAJEE RSNSOI T GGCTGCCTGTAGAGAGTAATTCAGT - - -~ CTGTTAATTTCAGGCCACCATTTAAGTATCATGCTGTGCCAAATTGCATTTGATGGTTTTATAATGGCATGA

FIGURE 7 Legend on next page.
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Given that the reproducible activity of the —186 kb ele-
ment does not appear to overlap Hand2 expression in
early developing limbs,*>***® we compared —186 kb
reporter activity with Hand2 and Uph expression in
limbs at E11.5 using ISH (Figure 8). Results from
wholemount embryos corroborate that Hand2 and Uph
are predominantly expressed within the posterior
(p) fore- and hindlimb (fl and hl) mesenchyme includ-
ing the zone of polarizing activity (ZPA; Figure 8A, B,
D, E). This contrasts with the activity of the —186 kb
CNS localized strictly within the anterior (a) domain of
E11.5 fore- and hindlimbs (Figure 8C, F). These obser-
vations were confirmed by section ISH and X-gal stain-
ing of E11.5 embryos, respectively (Figure 8G-L),
demonstrating that both Hand2 and Uph mRNA are
detectable in posterior fore- and hind-limbs and show
expression that reaches the dorsal most portion of the
limb buds (Figure 8G, H, J, K). X-gal stained sections
containing more anterior regions of the limb buds from
embryos encoding the —186 kb LacZ reporter transgene
revealed that the enhancer activity is localizing to the
dorsal and ventral subectodermal limb mesenchyme but
does not reach the limb midline at the apical ectoder-
mal ridge (Figure 8I, L). Analysis of Hand2/Uph expres-
sion and —186 kb activity patterns in hindlimb sections
further corroborated the lack of pattern overlap
(Figure 87, K).

Although the Hi-C data from mESCs indicate minor
chromatin contacts between Hand2 and the nearest
cluster of downstream genes (Figure 1), correlation of
published expression data from E10.5 and E11.5 limbs
for the 3’ genes Sap30 and Hmgb2 identified from the
EMAGE and MGI databases®*™** indicates partial over-
lap of —186 kb element activity with the anterior
expression domain of these genes (Figure 9A). To inves-
tigate potentially differential chromatin interactions in
the developing limb, we mapped interaction counts
from Hi-C data of distal limb mesenchyme at the
Hand2 locus and neighboring TADs* (Figure 9B).
Analysis of these limb Hi-C interactions in comparison
to CTCF DNA occupancy data from mouse ES cells*
indicated only minor contacts of the —186 kb element
with Sap30 or Hmgb2 (blue arrowheads, Figure 9B),
similar to the domain structure and interactions in
mESCs (Figure 1A). In contrast, contacts with Hand2
appeared stronger in both datasets, suggesting that the
—186 kb element is more frequently contacting Hand2
in distal limbs.

3 | DISCUSSION

In this study, we identified two novel transcriptional
enhancer sequences within the Hand2 locus. The first,
located —106 kb upstream of the Hand2 TSS, drives spe-
cific expression within the antrum of the stomach within
smooth muscle and potentially enteric neural crest
derived neurons (Figures 2, 4, and 5). The stomach is
derived from the posterior foregut along with the esopha-
gus, liver, gallbladder, pancreas and intestine.®®®” Hedge-
hog signaling and the transcription factor GATA4 play
important roles in stomach smooth muscle forma-
tion.*>°” Interestingly, both GATA and SHH are estab-
lished as regulators of Hand2 expression within the
heart, and pharyngeal arches, limbs, and enteric neu-
rons.'>132249306% Congerved binding motifs are present
within the —106 kb sequence for GATA (open boxes), the
enteric neuron expressed SOX10 (gray boxes) and
PHOX2b (green boxes) (Figure 3). Hand2 is expressed
within post migratory neural crest cells as well as the lat-
eral plate mesoderm within the early embryo®*®*7° and
its continued expression within organ smooth muscle
and autonomic neurons is expected. The robust -106kb-
LacZ reporter activity observed in the mesenchymal
layers of the developing stomach (Figure 4) supports this
notion. Moreover, immunofluorescence data shows sig-
nificant overlap of p-galactosidase expression and that of
smooth muscle a Actin and Tubulin $2 (Figure 5) within
the restricted antrum domain of the enhancer. What
makes this observation most interesting is that this
region is responsible for mucus and gastrin secretion and
exhibits an absence of WNT signaling that is robust in
more rostral structures where Hand2 expression appears
excluded.”” Given that the entire stomach is innervated
and sheathed in a smooth muscle layer, it is intriguing
that this Hand2 stomach enhancer is active outside of the
established WNT signaling domain. We conclude that
this stomach enhancer is likely controlling Hand2 expres-
sion; however, without using gene editing to remove the
sequence and interrogate Hand2 stomach expression, we
cannot rule out participation of additional stomach
enhancers in other Hand2 cis-regulatory regions, for
example as part of partially redundant enhancer
systems.8

The most surprising of our findings was that the ele-
ment located 186 kb upstream to the Hand2 TSS
(—186 kb) drove activity in the Hand2-non overlapping
distal-anterior limb mesenchyme. Five of the 11 lines

FIGURE 7

Evolutionary conservation of the Hand2 —186 kb limb enhancer element. The sequence core is well conserved throughout

mammals and canary. The identification of conserved motifs for MEF2 (maroon shade), TBX3 (blue shade), TBX2 (green shade), and TBX5

(pink shade) indicate transcriptional enhancer identity of this sequence.
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FIGURE 8 Expression of the Hand2 —186 kb limb CNS does not overlap with Hand2 or Uph expression. (A) Whole-mount ISH at
E11.5 showing Hand2 expression within the pharyngeal arches (pa), fore- (fl) and hindlimbs (hl) and heart. (B) Whole-mount ISH at E11.5
revealing the Uph expression pattern which is similar to Hand2. (C) p-galactosidase staining in the anterior portion of the limb in —186 kb-
Hsp68-LacZ reporter embryos for comparison with Hand2 and Uph expression indicates mutually exclusive patterns. (D-F) Close-up images
of the forelimbs shown in A-C. (G-L) Section ISH and section p-galactosidase staining showing the lack of pattern overlap between Hand2
and Uph mRNA and —186 kb enhancer activity. a, anterior; p, posterior; nt, neural tube; at, atria; rv, right ventricle; lv, left ventricle; da,
dorsal aorta; cv, cardinal vein; sg, sympathetic ganglia; s, stomach; 1, liver; pan, pancreas; mg, midgut ua, umbilical artery. Red scale bars for
whole-mount embryos, 500 or 1000 pm. Scale bars for sections, 100 pm.
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FIGURE 9 (A) Comparison of the anterior limb enhancer activity of the Hand2 —186 kb CNS with the limb expression domains of the
Sap30 and Hmgb2 genes in mouse embryos. Sap30 whole mount ISH obtained from the Jaxson lab MGI database (E10.5 https://www.
informatics jax.org/image/MGI:5820626; E11.5 https://www.informatics jax.org/image/MGI:5820631 with permission from Steven
Vokes).*! Hmgb2 data for E10.5 was obtained from the mouse atlas EMAGE (https://www.emouseatlas.org/gxdb/dbImage/segment1/
2859/detail_2859.html with permission from Andrew McMahon).*>®* E11.5 was obtained from the mouse atlas EMAGE (https://www.
emouseatlas.org/gxdb/dbImage/segment6/28272/detail_28272.html with permission from Hiroshi Asahara) originally deposited at EMBRYS
(https://www.embrys.jp/embrys/html/MainMenu.html).**** E, embryonic day. White arrowheads point to embryonic limbs.

(B) Reprocessed Hi-C interaction counts in the distal limb mesenchyme® indicate chromatin contacts at the Hand2 locus and flanking
TADs (mm10, chr8:55521203-59121203). TAD calls (Hi-C) and CTCF profiles (ChIP-seq) from mouse embryonic stem cells (mESCs)* are
shown. General 7-group cCREs from ENCODE (https://screen.encodeproject.org) are listed to indicate promoter-like elements (red),
enhancer-like sequences (ELS, yellow), CTCF-only sequences (blue) and DNase-only sequences (green). Vertebrate conservation
(phyloP60way) is shown in blue. Heatmap values for —186 enhancer interaction with Hand2 (green arrow) and limb-expressed Sap30 and

Hmgb2 genes (blue arrows) are indicated.

generated exhibit reproducible expression within the
anterior dorsal and ventral surfaces of the developing
limb (Figures 6 and 8). The puzzle is that these domains

do not correspond to where Hand2 or the IncRNA Uph
are expressed within the forming limb (Figure 8). There
are a number of possible reasons for this observation.
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Perhaps the simplest possibility is that this enhancer reg-
ulates another gene. Sap30 and Hmgb2 are the closest
genes to Hand2 showing limb expression patterns over-
lapping the anterior limb activity domain of the —106 kb
element (Figure 9). Physical interaction between the
—106 kb element with these genes however appears more
unlikely when considering TAD structure at the Hand2
locus in both mESCs or distal limbs, indicating that the
upstream and downstream regulatory interactions of
Hand2 occur in largely partitioned domains (Figure 9).

It is also possible that this CNS is a dormant enhancer
in the mouse. Possible mechanisms for this lack of tran-
scriptional activity include chromatin remodeling, which
could result in limiting access of the enhancer to tran-
scription factor binding.”"”? In the context of a transgenic
insertion, the enhancer activity would be unmasked from
its endogenous chromatin context, similar to recent
observations of elements with hidden enhancer charac-
teristics near developmental genes.”’ Given that limb
development is one of the most dynamic developmental
processes throughout vertebrates, resulting in a wide
spectrum of phenotypic outcomes, it is surprising that
the transcriptional networks that drive limb morphogen-
esis in vertebrates are highly conserved. Previous
research shows that even minor mutations within highly
conserved enhancers can cause significant phenotypic
differences.”"””*”> In enhancer replacement studies where
the mouse PrxI limb enhancer was substituted with the
corresponding CNS enhancer sequences from bat, a sig-
nificant increase in forelimb length within the mutant
mice was observed, demonstrating enhancer evolution
among species.”® Although various mammalian limb
enhancers are highly conserved in the snake genome,
research has established that the loss of limbs throughout
snake evolution is associated with nucleotide mutations
in the ZRS, a long-distance enhancer required for poste-
rior Shh limb bud expression and normal limb develop-
ment.”””® When snake ZRS enhancers were knocked-in
to replace the endogenous ZRS in mice, normal limb
development was hobbled.”””® Sequence comparisons
identified a 17 bp deletion of a ETS1 motif in the snake
ZRS as compared with the ZRS of limbed lizards. When
the 17 bp sequence was reintroduced into the python
ZRS and used to replace the endogenous mouse
enhancer, normal limb development was observed in the
resultant mice.”””® Indeed, some conserved limb
enhancers occur in snakes but are not required for
limb development suggesting that they may have been
retained for gene regulatory networks of other develop-
mental processes. For example, when the Thx4 enhancer
HLEB is deleted from mice, it presents with defects in the
hindlimbs and genitalia. Further analyses in snakes
defines the loss of activity of HLEB in the hindlimbs but

Developmental Dynamics

enhancer activity in the phallus.” It has also been shown
that enhancers exhibiting high sequence identity can
have different functions, and can be expressed and play
essential roles in different tissues among species. For
instance, vertebrate-conserved Shh enhancers drive dif-
ferent neuronal expression patterns in zebrafish and
mice, suggesting the enhancer has diverged during evolu-
tion between the vertebrates.** If indeed the —186 kb
enhancer regulates Hand2, the observation that an ele-
ment with limb transcriptional enhancer activity remains
silent endogenously in mouse embryos could reflect that
it is active in other species potentially contributing to a
divergent limb phenotype. However, if the 186 kb
enhancer is regulating an unknown gene within a neigh-
boring TAD, likely beyond the one harboring Sap30 and
Hmgb2 genes, this could suggest a novel chromatin con-
text not yet associated with permissive transcription.

4 | EXPERIMENTAL PROCEDURES

41 | Cloning

To generate the —106 kb Hand2 CNS Hand2**™" trans-
gene, the genomic sequence including ENCODE
element EMI10E0878143 (mml0  chr8:57213987-
57214326) was amplified with the forward primer Peak
—106 kb (F) 5-GCTACTCGAGGCGGAGGAAAGTAG-
CAGCAT-3 and reverse primer Peak —106 kb (R) 5'-
GCTAGTCGACCGAGCAGAAGGGGCTAGTTC-3'. The
sequence was then cloned into the Xhol site within
the multiple cloning sites (MCS) sequence of the
Hsp68-lacZ  reporter  construct.** The —186kb
CNS including EM10E0878141 (mml0 chr8:57134745-
57135094) was amplified using forward primer Peak
—186 kb (F): 5-GTCACTCGAGTAGAAGTGGCAATGTC-
TAAG-3' and reverse primer Peak —186kb (R) 5
GTCACTGCAGCTAGTATTTACTCTTTAGGG-3'. The
sequence was then cloned into the Xhol site within the
multiple cloning sites (MCS) sequence of the same
Hsp68-lacZ reporter construct.

4.2 | Experimental mice

The University of Michigan Transgenic Animal Model
Core generated the founders of both the —106 and
—186 kb transgenic mouse lines on a C57BL/6 and SJL
mixed background. Genotyping of the -106kb-LacZ mice
was performed either via Southern blot using a 311 bp
LacZ-specific probe as described® or PCR using the
forward primer Hand2-106 kb 1.7 CNS(F) 5-CTACAA
GAACAAATGGCGGTGA-3' and the reverse primer
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Hsp63(R) 5-GCCTCTGACCTCATGGACTAATTT-3,
which produces a 592 bp amplicon that detects the pres-
ence of the transgene. After a 2 min incubation at 94°C,
the PCR run conditions are 94°C 60s, 60°C 30s, and
72°C 30s for 32cycles. Genotyping of the -186kb-
LacZ mice was performed via PCR using the forward
primer H2-186kb 5 CCTAATTAAAGTAGCACGCCTCC-
3’ and Hsp68(R) using the aforementioned PCR
conditions.

All animal maintenance and procedures were per-
formed in accordance with the Indiana University School
of Medicine protocol 20090, and University of Michigan
School of Medicine.

4.3 | X-gal staining and histology

X-gal staining and histological preparations were per-
formed as previously described for paraffin sections, cryo-
sections, and wholemounts.?!**143

4.4 | In-situ Hybridization

Section ISH was performed on 10-12 pm paraffin sec-
tions as previously described.'®*? Wholemount ISH was
carried out on whole embryos as described.®® Antisense
digoxygenin-labeled riboprobes were synthesized using
T7, T3, or SP6 polymerases (Promega) and DIG-Labeling
Mix (Roche, Basel, Switzerland) using plasmid templates
for: Hand2,** uppderhand,*® Phox2b,*® and Sm22.>>%

4.5 | Reprocessing of HiC-data

The mESC Hi-C map of the extended Hand2 TAD was
generated by filtering (MAPQ30) available valid read
pairs re-analyzed using HiCUP v.0.6.1 (GSE161259), orig-
inally derived from Bonev et al. (GSE96107).*> The reana-
lysis procedure and code wused to generate the
representation of the HiC map is available on https://
github.com/lldelisle/Hi—C_reanalysis_Bonev_ZO17.45 The
Hand?2 chromatin contact map from wildtype (WT) distal
mouse embryonic limbs (DL) at E12.0 was generated
using a published Hi-C dataset (GSE101715).°> Briefly,
raw.cool format Hi-C maps were generated through the
“cooler cload tabix” tool (Cooler v0.8.11), loading native
chromosome 8 genomic interval (mm10, chr8:55400000—
59200000 for mESC, chr8:55521203-59121203 for DL)
validated pairs® into a matrix of fixed bins (5 kb resolu-
tion for mESC, 30 kb for DL). For further normalization
and diagonal filtering, the Cooler matrix balancing tool®
was applied with the options “-mad-max 5 -min-nnz

10 —min-count 0 -ignore-diags 2 -tol 1e-05 —-max-iters
200 -cis-only”, resulting in balanced “cool” maps as final
output. The matrix heatmaps were plotted using
pygenometracks.®’
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