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ABSTRACT
Despite the incredible morphological diversity found within vertebrates, embryonic
development is often regulated by shared foundational mechanism maintained from a common
ancestor. For instance, the tetrapod limb displays tremendous variation in size and shape but
largely develops according to conserved gene regulatory networks, including signaling pathways,
transcription factors, and enhancers. The phallus of amniotes is also thought to share a basic
homology originating from their last common ancestor over 300 million years ago. The genital
tubercle (GT) of mammals — the embryonic precursor to the penis and clitoris — shows
similarities with the external genitalia of other amniotes prior to sexual differentiation. Many
genes and enhancers show a common role in both the limbs and the external genitalia, and
disruption of these loci can cause aberrant phenotypes in both structures. Among these shared
limb-genital genes is Isl1. The Isl1 gene encodes a homeodomain transcription factor that is
required for initiation of the hindlimb bud and for normal GT development. This dissertation
uses a combination of RNA-seq, ChIP-seq, and comparative genomics to identify potential
targets of ISL1 during both hindlimb initiation and GT outgrowth. ChIP-seq data from mouse,

chick, and other species reveals targets that are likely conserved from the last common ancestor



of amniotes. A subset of ISL1 targets are shared between the hindlimb and the external genitalia,
supporting the hypothesis that aspects of phallus development were coopted from the limb gene
regulatory network. This systematic investigation of ISL1 transcriptional targets expands our
knowledge of Isl1’s role in appendage development and generates further testable hypotheses

concerning the establishment of these structures.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Mechanisms of Limb Development

The tetrapod limb has long been studied as a model of embryonic development,
morphological evolution, and in more recent years of gene regulatory networks (Zuniga and
Zeller, 2020). The limb emerges from lateral plate mesoderm surrounded by ectoderm, with
signaling centers that coordinate development along each of its three axes: proximal-distal,
anterior-posterior, and dorsal-ventral. The organizing centers of the apical ectodermal ridge
(AER) and the zone of polarizing activity (ZPA) were described by the pioneering work of John
Saunders using the chicken embryo as a model system (Tickle, 2017). Saunders (1948)
discovered the importance of the AER by removing it at different stages, with earlier removal
resulting in greater truncation of the wing. Later grafting experiments identified the ZPA as
capable of inducing posteriorization of the anterior wing bud, resulting in a mirror duplication of
the digits (Maccabe et al., 1973).

Researchers would later search for the candidate molecular factors underlying these
organizing centers. Placement of retinoic acid (RA) in the anterior wing bud had a similar effect
as the ZPA grafts (Summerbell, 1983; Tickle et al., 1982). Riddle et al. (1993) showed that RA is
induced by the gene Sonic hedgehog (Shh), which encodes a secreted ligand protein. They found
that implanting cells expressing Shh is sufficient to induce similar mirror duplications as found in
ZPA grafts, thus identifying Shh as the crucial ZPA morphogen. Mouse knockout models

reinforce the necessity of Shh, showing severe truncations of the limbs (Chiang et al., 1996).



Vogel and Tickle (1993) found that removal of the posterior AER disrupts the ZPA, suggesting
interaction between the two signaling centers.

Fibroblast growth factor 2 (FGF2) or FGF4-soaked beads are able to replace the function
of the AER, pointing towards FGF proteins as important factors in limb development (Fallon et
al., 1994; Niswander et al., 1993; Vogel and Tickle, 1993). FGF1, FGF2, and FGF4 can induce
ectopic limb buds when implanted in the flank of chick embryos (Cohn et al., 1995; Ohuchi et
al., 1995). These are capable of developing into complete limbs with wing or leg identity
depending on the placement of the signal along the antero-posterior axis. The discovery that Fgf8
is expressed throughout the AER in mouse beginning at early stages of limb initiation made it the
best candidate for the major regulator of the AER (Crossley and Martin, 1995; Heikinheimo et
al., 1994; Mahmood et al., 1995; Ohuchi et al., 1994). This is also seen in chicks, where FGF8 is
capable of inducing ectopic limb buds, rescuing loss of the AER and sustaining Shh expression
(Crossley et al., 1996; Mahmood et al., 1995; Vogel et al., 1996).

Saunders and Reuss (1974) demonstrated the inductive power of the early chick wing bud
mesoderm. Stripped of ectoderm and placed under the flank ectoderm, this tissue results in the
formation of ectopic limbs with an AER. The lack of Fgf8 in the limb mesenchyme suggests
another FGF factor functions upstream of AER formation. Fgf10 becomes restricted to the chick
limb mesenchyme, preceding Fgf8 expression in the AER, and FGF10 can induce ectopic limbs
in the flank (Ohuchi et al., 1997). Furthermore, deletion of Fgf10 in mice results in total
disruption of forelimb and hindlimb formation (Min et al., 1998; Sekine et al., 1999).

Fgf10 is no longer able to activate Fgf8 in the AER when deleting the FGF
transmembrane receptor gene Fgfr2, thus ablating limb outgrowth and reducing mesenchymal

expression of Fgf10 (Xu et al., 1998). This identifies the mechanism by which mesenchymal



Fgf10 and ectodermal Fgf8 mutually reinforce each other in a positive feedback loop facilitating
outgrowth. Prior to limb initiation and the establishment of this feedback loop, the somatopleure
undergoes a transition from epithelial to mesenchymal identity at the level of the forelimb and
hindlimb field (Gros and Tabin, 2014). By reanalyzing the cellular dynamics of FGF10-induced
ectopic limbs in the chick and Fgf10-null mice, Gros and Tabin found that Fgf10 plays a role in
promoting this transition to a mesenchymal state.

The bone morphogenetic protein (BMP) signaling pathway also contributes to the
establishment of the AER during limb initiation. BMP ligand genes are expressed in the limb
field of both mouse and chick from early stages, with Bmp4 showing a broad mesenchymal
expression (Robert, 2007). BMP4 signals via the BMP receptor 1A, and early deletion of Bmprla
in the ectoderm can cause agenesis of the hindlimb or limbs that develop a defective AER (Ahn
et al., 2001; Pajni-Underwood et al., 2007). The transcription factor SMADA4 acts as the effector
of this pathway in the AER, and its deletion in these cells disrupts Fgf8 expression and causes
defective AER formation in the hindlimb (Benazet and Zeller, 2013). These studies show that the
effect of BMP signaling on the AER varies by time, as it inhibits Fgf8 during limb outgrowth
once the ZPA is established. Shh then activates the BMP inhibitor Gremlinl, thus maintaining
the AER which in turn maintains Shh (Bénazet et al., 2009; Zufiiga et al., 1999).

Retinoic acid (RA) is another signaling pathway found to play a crucial role in limb
initiation (Feneck and Logan, 2020). Classic embryonic chick experiments demonstrated the
inductive potential of the paraxial/somitic mesoderm taken from the level of the forelimb or
hindlimb field (Murillo-Ferrol, 1965; Pinot, 1970). Murillo-Ferrol (1965) also described that
placement of an impermeable barrier between the paraxial and lateral plate mesoderm could

disrupt limb development, suggesting the “presence of a factor arising from the somites” which



can diffuse into the limb. RA is found in the chick limb bud, and its inhibition using disulphiram
disrupts forelimb initiation (Stratford et al., 1996). Deletion of Raldh2 in mouse, which encodes
an enzyme for RA synthesis, disrupts forelimb development before causing embryonic lethality
(Niederreither et al., 1999).

Nishimoto and colleagues found that blocking RA with an impermeable barrier in chick
disrupts hindlimb as well as forelimb initiation, preventing expression of Fgf10, Fgf8, and Shh
(Nishimoto et al., 2015). Both FGF and RA soaked beads are capable of rescuing limb initiation
in either the forelimb or hindlimb, and RA induces Fgf10 expression in the LPM. Raldh2 is
expressed normally in the forelimb LMP following barrier insertion, suggesting RA produced
locally in the limb is insufficient. RA secreted from the somites thus appears to be the essential
paraxial signal. RA regulates gene expression by binding to RA receptors (RAR) that bind to RA
response elements (RARE) on the genome (Berenguer and Duester, 2021). RA is degraded by
CYP26 enzymes, and the Cyp26b1 gene is expressed in the distal limb bud following initiation
(YYashiro et al., 2004). RA promotes Meis1/2 expression, and thus Cyp26b1 indirectly represses
these genes and restricts them to the proximal limb bud. Meis1/2 encode transcription factors that
are required early for hindlimb initiation and later for the development of proximal structures
(Delgado et al., 2020, 2021).

Nishimoto and coauthors additionally demonstrated that removal of the WNT-signaling
factor B-catenin in mouse results in truncated forelimbs (Nishimoto et al., 2015). At the posterior
level, B-catenin removal causes a more severe hindlimb agenesis phenotype (Kawakami et al.,
2011). These results are consistent with the finding that particular WNT genes are sufficient to
induce ectopic budding and Fgf10 expression in the chick (Kawakami et al., 2001). Lefl and

Tcf7 encode transcription factors that interact with (3-catenin in response to WNT signaling.



Compound deletion of these genes in mouse does not prevent limb initiation, but causes

defective outgrowth and the absence of the AER (Galceran et al., 1999).

Factors Specific to the Forelimb or Hindlimb

As revealed by studies of these crucial signaling pathways, the serially homologous
structures of the forelimb and hindlimb share various major mechanisms of development (Duboc
and Logan, 2011). Hamburger (1938) found that transplants of forelimb or hindlimb primordia
onto the flank maintained the limb identity from the donor cells. Peebles (1911) is credited as the
first to attempt heterotopic grafts, placing the forelimb bud in place of the hindlimb and vice-
versa, albeit to inconclusive results. Saunders et al. (1959) reported that early hindlimb bud
mesenchyme grafted under the forelimb AER differentiated into leg parts. These experiments
suggest that the factors underlying limb identity are within the mesenchyme of the limb
primordia starting from early stages of development.

When researchers later examined expression patterns of T-box transcription factors, they
found that Thx5 and Thx4 are expressed from early stages in the forelimb and hindlimb
mesenchyme, respectively, in both mouse (Gibson-Brown et al., 1996) and chick (Gibson-Brown
etal., 1998; Isaac et al., 1998; Logan et al., 1998). Ectopic limbs induced in the flank express the
T-box factor associated with the type of limb formed (Gibson-Brown et al., 1998; Isaac et al.,
1998; Logan et al., 1998; Ohuchi et al., 1998). Heterotopic grafts between limbs maintain
expression of the T-box factor expressed from the donor graft (Gibson-Brown et al., 1998; Isaac
et al., 1998). Deletion of Thx5 in the mouse prevents development of the forelimb and initiation

of Fgf10 expression (Agarwal et al., 2003; Rallis et al., 2003). Blocking RA from the somites,



however, shows that Thx5 is not sufficient for forelimb initiation or Fgf10 activation without RA
signaling (Nishimoto et al., 2015).

Tbx4 is also not sufficient for hindlimb initiation in the absence of somitic RA secretion.
Furthermore, deletion of Tbx4 in mice shows that it is not strictly necessary for the initiation of
hindlimb budding or Fgf10 expression, though development is severely ablated and Fgf10 is not
maintained (Naiche and Papaioannou, 2003). Later conditional deletion does not result in the
same Fgf10 deficiency, showing a crucial early role (Naiche and Papaioannou, 2007). Thx4 can
replace Thx5 function and rescue forelimb development, suggesting the differing roles of these
paralogs may not be intrinsic to their structure, but rather because of differences in the regulatory
network of forelimbs and hindlimbs (Minguillon et al., 2005). Contrary results were found in the
chick, where misexpression of Thx4/5 can alter limb identity (Rodriguez-Esteban et al., 1999;
Takeuchi et al., 1999), and ectopic limbs induced in the flank by Tbx4 or Tbx5 differ in their
morphology (Takeuchi et al., 2003). Cis-regulatory changes near Thx5 are associated with
feathered feet in certain breeds of pigeons and chickens, and these birds exhibit ectopic Thx5
expression in the embryonic hindlimb (Domyan et al., 2016). These findings suggests that Thx4
and Thx5 may have different roles in limb identity between birds and mammals.

PITX1 is another transcription factor with a hindlimb-restricted expression domain
beginning prior to hindlimb initiation in both mouse and chick (Lanct6t et al., 1997; Szeto et al.,
1996). Deletion of Pitx1 in mouse shows that it is not required for hindlimb initiation, though
these hindlimbs exhibit lower Thx4 expression and deficiencies in skeletal development (Lanctot
etal., 1999; Szeto et al., 1999). In addition, misexpression of Pitx1 in the chick forelimb bud
results in morphological changes consistent with a partial shift towards hindlimb identity, along

with increased Thx4 expression (Logan and Tabin, 1999; Szeto et al., 1999). Overexpression in



the mouse forelimb also causes a shift towards hindlimb identity, increased Thx4 expression,
reduction of Shh expression and loss of posterior digits (DeLaurier et al., 2006). Together, these
results suggest Pitx1 is upstream of Thx4 and promotes hindlimb identity.

Ouimette and colleagues confirmed the loss of hindlimb identity and Thx4 expression in
Pitx1-null mice (Ouimette et al., 2010). Restoring normal Thx4 levels in these mutants rescues
some features of hindlimb skeletal and muscular development, while driving Tbx5 expression
does not. Using a luciferase reporter construct with T-box binding elements, they found that
Tbx5 acts as an activator while Thx4 can act as a repressor in vitro. They identified a repressor
domain specific to Thx4 that may account for its ability to partially induce hindlimb identity. A
recent study by Duboc and colleagues nonetheless shows that Thx5 can completely rescue
hindlimb development in Tbx4 knockouts (Duboc et al., 2021). Thus, in the mouse, while Thx4
appears to have some ability to control limb identity, this does not appear essential in the
presence of Pitx1. This study also finds that compound deletion of Thx4 and Pitx1 completely
ablates hindlimb budding, showing that they act in parallel during hindlimb initiation.

These genes also play a role during paired fin development in jawed fish, whose last
common ancestor with birds and mammals lived over 400 million years ago (Brazeau and
Friedman, 2015). Knockdown or mutations of the tbx5a gene in zebrafish show its requirement
for pectoral fin development (Ahn et al., 2002; Garrity et al., 2002; Ng et al., 2002), and a
naturally-occurring mutation in the nuclear localization signal of Tbx4 in zebrafish causes loss of
pelvic fins (Don et al., 2016). Populations of threespine stickleback lacking a pelvic spine show a
loss of pelvic Tbhx4 and Pitx1 expression (Cole et al., 2003). Trait mapping points towards a
deletion of a Pitx1 enhancer underlying this morphological evolution (Chan et al., 2010; Shapiro

et al., 2004). While functional tests have not been carried out in the more distantly-related



cartilaginous fish, similar expression domains of Thx4 and Thx5 are found in the shark (Tanaka
etal., 2002).

Thus some mechanisms of tetrapod limb development — including differences between
the forelimb and hindlimb — appear to have arisen during the evolution of paired fins.
Phylogenetic analysis suggests that genome duplication resulted in pairs of T-box genes
including Thx5 and Thx4, which arose from a single ancestral gene still found in the finless
Amphioxus (Ruvinsky et al., 2000). This AmphiTbx4/5 gene can rescue forelimb development in
Tbx5-null mice (Minguillon et al., 2009) and acts as an activator in vitro like Thx5 (Ouimette et
al., 2010). During the evolution of paired fins, these genes may have acquired differences in their
cis-regulatory landscapes allowing for specific functions in the pelvic or pectoral fins, along with
the gain of a repressor domain in Thx4. Conserved domains of activity are also seen with some
limb enhancers like the Thx4 enhancer HLEB, which shows hindlimb-specific activity in reporter

assays using the mouse or stickleback sequence (Menke et al., 2008).

Transcriptional Requlation by Enhancers

Enhancers are a type of cis-regulatory element that are essential for controlling
transcription in different cell types during development (Long et al., 2016). Enhancers can be
activated in particular cells by pioneer factors that bind to closed DNA wrapped in nucleosomes.
These pioneer factors can both facilitate the eviction of nucleosomes and the recruitment of
histone modifying enzymes, thus opening chromatin and allowing binding of non-pioneer
transcription factors (TFs). These TFs bind preferentially to particular short sequence motifs
found within the open DNA and cooperate with coactivators which can then influence the

activity of RNA polymerase. Active enhancers are characterized by clustered binding of multiple



TFs and are surrounded by the histone modifications H3K27ac and H3K4mel. H3K27ac in
particular distinguishes active enhancers from poised enhancers marked by H3K4me1l alone
(Creyghton et al., 2010). Distal, non-promoter H3K27ac enrichment is highly variable between
cell types and is positively associated with transcription of proximal genes.

Chromatin looping in the nucleus allows these distal enhancers to regulate genes that
appear distant in the linear genome. Looping of DNA was hypothesized in the 1980s as an
explanation for the ability of proteins to seemingly regulate genes from a distance in bacteria
(Ptashne, 1986). Researchers from this era also elucidated enhancer function in animal cells,
showing they can function in different orientations or distances, upstream or downstream of a
gene (Schaffner, 2015). The dynamics of eukaryotic 3D chromatin architecture in particular
contexts can now be probed using various chromosome conformation capture techniques (Yu
and Ren, 2017). This reveals that chromatin loops occur within large chromosomal
compartments called topologically associating domains (TADs), which are widely conserved
between mouse and human. Some are also known to be conserved beyond mammals, as with the
TADs regulating the Hoxd locus in both mouse and chick (Yakushiji-Kaminatsui et al., 2018).
Looping is facilitated by the DNA-binding protein CTCF and the cohesin protein complex.
Chromatin looping allows for very long-range interactions between enhancers and promoters, as
with the Shh limb enhancer ZRS located ~1 Mb from Shh’s promoter (Lettice et al., 2003).

ZRS also provides an example of enhancer conservation, as multi-species alignments of
this locus show orthology across jawed vertebrates (Kvon et al., 2016; Lettice et al., 2003). ZRS
sequences from different species show similar activity in mouse transgenic assays except from
snakes, suggesting enhancer decay following limb loss (Kvon et al., 2016). The Thx4 hindlimb

enhancer HLEB shows a similar pattern of vertebrate conservation along with snake-specific



divergence in activity (Infante et al., 2015; Menke et al., 2008). Following the accumulation of
whole genome sequences, conservation has become a criterion in searching for functional
elements due to negative selection applying more constraint to these loci (Birney et al., 2007).

While enhancers are typically more conserved than the background non-functional
sequence, they are still generally much more evolutionarily labile than protein-coding regions.
This relates to the concept of enhancer modularity, whereby tissue-specific enhancers are
thought to be a major source of phenotypic evolution, while TFs are more pleiotropic and thus
constrained in evolution by their multi-faceted necessity during embryonic development.

Genes can also be regulated by multiple enhancers, providing redundancy and buffering the
effects of mutations (Kvon et al., 2021). The role of coding changes in evolution is a subject of
debate, and TFs can exhibit their own forms of modularity (Cheatle Jarvela and Hinman, 2015).
Additionally, examples of enhancer pleiotropy have been identified in both flies and vertebrates,
thus complicating the traditional paradigm of enhancer modularity (Sabaris et al., 2019).

The advent of high-throughput sequencing and thus ChIP-seq has allowed genome-wide
binding profiles of TFs to be identified within certain cells or tissues (Johnson et al., 2007;
Robertson et al., 2007). ChIP-seq on two liver TFs in different species of mammals and chicken
shows that most peaks are not conserved, suggesting widespread turnover of TF binding sites
(Schmidt et al., 2010). Known functional targets of these factors were however enriched for
conserved binding events. ChIP-seq data from PITX1 in the mouse hindlimb shows binding at
putative limb enhancers indicated by H3K27ac (Infante et al., 2013). HLEA is a Thx4 hindlimb
enhancer conserved in mammals, though not across vertebrates like HLEB (Menke et al., 2008).

PITX1 binds most clearly to HLEA, and possibly also acts via HLEB. Moreover, ChIP-seq on

10



PITX1 in the hindlimb of the Anolis lizard reveals conserved binding at HLEB, as well as other
non-conserved binding loci near Tbx4 (Wang et al., 2018).

Combining ChiP-seq and RNA-seq suggests that PITX1 directly targets genes involves in
chondrogenesis and myogenesis (Wang et al., 2018). Two RNA-seq analyses confirm the
previous finding that Tbx4 is downstream of PITX1 (Nemec et al., 2017; Wang et al., 2018).
These results suggest that a conserved function of PITX1 across amniotes is the direct activation
of Thx4. ChlP-seq data from TBX4 and HOXC10 in the hindlimb reveals hundreds of putative
instances of co-binding at limb enhancers, identifying a composite T-box-Hox motif enriched at
these sites (Jain et al., 2018). Most of these TBX4-HOXC10 sites also overlap with PITX1
peaks. MEIS1 ChlP-seq in the mouse forelimbs and hindlimbs also finds that it often binds
alongside T-box and Hox binding loci (Delgado et al., 2021).

ChlIP-seq data from histone modifications can survey enhancers independent of particular
TFs. Andrey and colleagues combined ChlP-seq on multiple histone marks with Capture-C in
order to identify over 1000 putative limb enhancers at three different stages (Andrey et al.,
2017). H3K27ac and H3K4mel mark putative enhancers, while Capture-C associates promoters
of hundreds of limb genes with these enhancers. This method identifies the spatially-restricted
ZRS enhancer and many other loci that previously showed limb activity in transgenic mouse
assays. Extensive overlap in gene expression and enhancer activity is seen in forelimbs and
hindlimbs at the same stage, while greater differences are seen at different stages.

ATAC-seq is a technique that more directly identifies open chromatin genome-wide,
allowing putative active enhancers to be systematically surveyed (Buenrostro and Giresi, 2013;
Buenrostro et al., 2015). Young and colleagues used this to find enhancers with differential

activity in the early emu forelimb bud as compared to the chick to identify possible mechanisms
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of emu wing reduction (Young et al., 2019). The many thousands of ATAC-seq peaks found in
these datasets were filtered to find only dozens of loci active in the hindlimbs of both species, the
forelimb of chick, but not the forelimb of the emu or the flank of either species. Two of these
loci occur near Fgf10 and Sall1, genes which are underexpressed in the emu forelimb as shown
by RNA-seq, while the Salll locus drives reporter activity in the chick forelimb bud.

A recent analysis used a combination of RNA-seq and ATAC-seq to characterize gene
expression and chromatin accessibility at three different stages of forelimb development in both
mouse and chick (Jhanwar et al., 2021). This allows for the identification of differentially
expressed genes (DEG) and differentially accessible chromatin (DAC) modules, which show
significant correspondence with each other in mouse. For example, loci with a more open
chromatin state at E9.75 than at E10.5 or E11.5 tend to occur near genes that also show a higher
expression at E9.75. The same clear correspondence between DEG and DAC modules is not seen
in the chick, although limb development genes show similar temporal dynamics between the two

species, including genes in the Hox family and the BMP and FGF pathways.

Isl1 in Hindlimb Initiation

The Isl1 gene — also called Isletl — was first identified in cDNA from an insulin-
producing cell line derived from rat pancreatic islet cells (Karlsson et al., 1990). Electrophoretic
mobility shift assays suggest its ability to bind insulin gene enhancers via the homeodomain
motif TAAT. ISL1 has a cysteine-rich LIM domain, which is a protein-protein interaction
domain named after Isl1 and two other genes identified in C. elegans that share this domain —
Linl1, Isl1, and Mec3 (Freyd et al., 1990). Isl1 is expressed during motor neuron differentiation

(Ericson et al., 1992), and Isl1-null mice show a lack of motor neuron development prior to
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embryonic lethality (Pfaff et al., 1996). Isl1 and its paralog Isl2 are among the 12 LIM-
homeodomain genes identified in the mammalian genome, including Lhx and Lmx genes (Hunter
and Rhodes, 2005).

Combinations of these proteins — along with the Ldb genes that lack DNA-binding
domains — are thought to constitute a “LIM code” which can specify different cell fates (Gadd et
al., 2011). Expression of Ngn2 with Isl1 and Lhx3 is sufficient to drive spinal motor neuron
differentiation in embryonic stem cells, while replacement of Lhx3 with Phox2a causes cranial
motor neuron fate (Mazzoni et al., 2013). ISL1 forms complexes with LHX3 and possibly the
non-LIM homeodomain factor PHOX2A in these contexts, and ChlP-seq indicates that many
ISL1 binding loci depend on the presence of these partners. These context-dependent binding
loci are associated with differentially expressed genes between the two fates, as well as
somewhat different sequence motifs (Mazzoni et al., 2013). In the context of cardiac
differentiation, ISL1 can be found in complexes with the histone acetyltransferase p300 (Yu et
al., 2013), the H3K27 demethylase JIMJD3 (Wang et al., 2016), and the chromatin remodeling
BRG1-BAF60C-based SWI/SNF complex (Gao et al., 2019).

Shiga and colleagues found ISL1 protein (though not ISL2) in a transient expression
domain of the chick hindlimb field mesenchyme, while it does not appear in the forelimb
mesenchyme (Shiga et al., 2002). This hindlimb expression is found during limb initiation at
Hamburger-Hamilton (HH) stage 17, persists in the HH20 hindlimb bud, but largely is not found
by HH24. This analysis also found ISL1 expressing cells in the AER of both forelimbs and
hindlimbs, which persists through HH24 after mesenchymal expression diminished. A hindlimb-
restricted domain of Isl1 transcript is also found in mouse, and Isl1-Cre shows that Isl1-

expressing cells broadly contribute to the hindlimb mesenchyme, though not to the ectoderm
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(Yang et al., 2006). Isl1-null mice show heart defects and arrest by E9.5 (Cai et al., 2003; Pfaff et
al., 1996), thus precluding their use for studying appendage development. Use of a T-Cre allele
allows for conditional knockout (cKO) of Isl1 around E7.5, resulting in a complete failure to
initiate hindlimb budding (Kawakami et al., 2011; Narkis et al., 2012).

In situ hybridizations performed in these studies show a dramatic loss of Fgf10/8
expression, more modest reduction in Thx4 expression, but no apparent disruption of Pitx1.
Deletion of the LIM co-regulators Ldb1/2 also completely prevents hindlimb initiation and Fgf10
expression (Narkis et al., 2012). These Ldb mutants survive longer than the Isl1 T-Cre cKOs and
show that hindlimbs fail to emerge by E14.5, suggesting this is not merely caused by a delay in
development. Kawakami et al. (2011) also found that these Isl1 cKOs show a disruption of
nuclear localization of B-catenin, suggesting a role upstream of the WNT signaling pathway.
Conditional deletion of Ctnnb1 — the gene which encodes p-catenin — reveals a similar
requirement for hindlimb initiation and Fgf10/8, though not for Pitx1. The Isl1 and Ctnnbl
mutants both show a significant reduction in cell proliferation. While p-catenin is not required
for initial Isl1 expression, it appears to play a role in maintaining its expression.

Itou and colleagues used Hoxb6-Cre mice to conditionally delete Isl1 later, thus allowing
hindlimb buds to form but eliminating ISL1 to a variable degree by E9.25-E9.5 (ltou et al.,
2012). This causes varied loss of the posterior-most digits, as well as zeugopod and pelvic bones
(Fig. 1.1). There is a corresponding loss of Shh expression, variable reduction of its downstream
target markers Glil and Ptchl, reduced posterior cell cycle gene expression, and expansion of
the anterior genes Alx4 and Irx3. Hand2 expression is also reduced, which encodes a TF that

activates Shh expression in the ZPA (Galli et al., 2010), suggesting a potential link through
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which ISL1 activates Shh. In addition, this mutant model shows reduction of genes involved in
pelvic development like Twistl, Prrx1, and Pax1.

Deletion of Pitx1, Thx4, or compound deletion of both does not disrupt Isl1 expression in
the hindlimb field (Duboc et al., 2021). This suggests that Isl1 is not downstream of either of
these factors, but acts in parallel with them and possibly upstream of Thx4. Gdf11 encodes a
secreted TGFp factor that is involved in the trunk-to-tail transition and is a strong candidate for
an upstream activator of Isl1. Gdf11 deletion in mouse causes the hindlimbs to emerge in a
substantially more posterior position, whereas precocious activation of GDF signaling using a
transgene results in anteriorization of the hindlimbs and truncated axial development (Jurberg et
al., 2013). Using the same transgene to precociously drive Isl1 expression causes a similarly
anteriorization phenotype.

Putative binding sites of SMAD2 — a downstream effector of GDF11 signaling — are
found in the Isl1 enhancer CR2 that was initially identified in cardiac cells (Jurberg et al., 2013).
This enhancer drives expression in the lateral plate mesoderm of the presumptive hindlimb field,
though its activity is abolished upon deletion of multiple SMAD motifs. This indicates a
mechanism by which Gdf11 from the posterior paraxial mesoderm activates Isl1 in the
surrounding lateral plate mesoderm, thus terminating axial elongation and initiating development
of the hindlimbs and external genitalia at this juncture. This relationship between Gdf11 and Isl1
in the hindlimb field is conserved in chicks, and modulation of Gdf11 provides a mechanism for

tetrapods to evolve different axial lengths (Matsubara et al., 2017D).
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Genetics of External Genital Development

The genital tubercle (GT) is the embryonic precursor to the penis and clitoris, which is
found not only in mammals but in other groups of amniotes (Fig. 1.2). The mouse GT forms by
day E11.5 and undergoes the early phase of ambisexual development (Georgas et al., 2015).
Sexual dimorphism does not become anatomically evident until E16.5 (Suzuki et al., 2002),
although the male-specific pattern of androgen receptor (AR) distribution becomes apparent by
E15.5 (Zheng et al., 2015). In males, AR responds to androgen hormones by localizing to the
nucleus to regulate gene expression, thus inducing masculinization and penile development. Like
the limb, the GT emerges as an outgrowth consisting of mesoderm surrounded by ectoderm,
although additionally the urethral plate is derived from the cloacal endoderm (Cohn, 2011;
Seifert et al., 2008). Many genes and signaling pathways involved in limb development also
appear to be involved in development of the GT, including the hedgehog, WNT, BMP, and FGF
pathways (Tarulli et al., 2021).

Compound deletion of Hoxal3 and Hoxd13 in mice causes a failure to form both the
digits and the GT (Kondo et al., 1997; Warot et al., 1997), while human mutations in each gene
are associated with limb and penile defects (Roux et al., 2019; Tiizel et al., 2007). Wnt5a-null
mice show truncation of the limbs and GT with variable penetrance (Seifert et al., 2009a;
Yamaguchi et al., 1999), while human mutations are associated with Robinow syndrome which
includes limb and genital defects (Person et al., 2010). Fgf8 is expressed in the distal urethral
epithelium (DUE), somewhat akin to its narrow epithelial domain in the AER, although in a
different germ layer (Haraguchi et al., 2000). Fgf10 is expressed in the mesenchyme and Fgfr2 in

both layers. In contrast to the limbs, deletion of Fgf10 does not prevent GT outgrowth or DUE
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Fgf8 expression, though it causes more subtle defects later. Removal of the DUE or inhibition of
FGF8 inhibits outgrowth in cultured GTs, while addition of FGF8 can restore growth.

Canonical WNT/B-catenin signaling also functions in the DUE, and conditional
inactivation in these cells results in a failure of proper GT formation along with increased
apoptosis and decreased proliferation (Lin et al., 2008). This also results in loss of Fgf8 in the
DUE, while overexpression causes both increased growth and Fgf8 expression. Lin and
colleagues also performed comparable loss and gain-of-function experiments in the limb
ectoderm, showing a similar dependence of AER Fgf8 on B-catenin signaling. The DEU
signaling center appears to be upstream of Bmp4 and Wnt5a in the surrounding mesenchyme, as
well as Shh in the urethral endoderm. Disruption of B-catenin in the mesenchyme or ectoderm
also results in defective GT development. Miyagawa and colleagues also conditionally removed
[-catenin in the mesenchyme or endoderm, showing its requirement for GT outgrowth and for
Shh and Fgf8 expression, thus reinforcing its importance in GT development (Miyagawa et al.,
2009).

Shh expression occurs in the cloacal endoderm prior to GT formation, persisting
throughout the urethral plate endoderm during GT outgrowth (Haraguchi et al., 2001; Perriton et
al., 2002). The gene plays a crucial role in promoting cell proliferation and inhibiting apoptosis.
Shh-null mice show severe ablation of GT development and suggest that the pathway lies
upstream of Fgf10, Fgf8, Bmp2, Bmp4, and Wnt5a. Conditional deletion at a later stage of the
sexually indifferent phase allows the GT to develop with less severe defects, confirming Shh’s
role upstream of these pathways and also showing underexpression of Hoxal3 and Hoxd13 (Lin
et al., 2009). B-catenin signaling is also severely disrupted in the endoderm of Shh mutants

(Miyagawa et al., 2009). Manipulation of the hedgehog pathway receptor smoothened using
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conditional Cre drivers specific to the mesenchyme or endoderm suggests that Shh signals
largely via the GT mesenchyme (Lin et al., 2009). Disrupting smoothened in the ectoderm also
shows a role of Shh signaling to this layer to promote urethral tube closure (Seifert et al., 2009b).

From these disruption experiments, the 3-catenin/Fgf8 DUE domain and the broader
underlying urethral plate Shh domain appear to mutually reinforce one another, as with the
interaction of the ZPA and AER in the limb. In contrast to the earlier experiments inhibiting
FGF8 protein, genetic removal of Fgf8 in the DUE does not disrupt GT outgrowth or gene
expression, suggesting that it is dispensable (Miyagawa et al., 2009; Seifert et al., 2009a).
Furthermore, while Fgf8 transcript is detectible in the DUE of mouse, pig, and opossum, it is not
seen in in the turtle or alligator (Seifert et al., 2009a). To address possible redundancy of Fgf
ligands, Lin and colleagues inactivated the receptor genes Fgfrl and Fgfr2 (Lin et al., 2013).
Inactivation throughout the GT causes substantial underdevelopment and disruption of Shh,
while removal from the urethral plate results in normal overall outgrowth.

Furthermore, this study found that overexpression of Fgf8 in the urethral endoderm and
in the AER causes overgrowth of the GT and the limb, respectively. Restoring Fgf8 expression
also rescues GT development from agenesis following B-catenin removal, and can play a similar
role in partially rescuing the limb. By contrast, Fgf8 is not capable of rescuing loss of Shh in
either appendage. These results suggest that both appendages share a common B-catenin-Fgf8
pathway and a Shh signaling center, and while these pathways reinforce each other, they have
non-redundant functions. The TF-encoding gene Sp8 also appears to play a common role in the
DUE and AER, partially mediating the activation of Fgf8 downstream of B-catenin.

While the mouse model has been enormously useful for probing the genetics of GT

development (Haller and Ma, 2019; Hashimoto et al., 2019), the external genitalia are highly
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diverse across amniotes. For example, non-mammalian amniotes do not undergo urethral tube
closure, squamates develop paired hemipenes rather than a midline phallus, while the tuatara and
most birds lack an intromittent phallus altogether following development (Gredler et al., 2014).
This led to different hypotheses about the evolutionary origin of the phallus, including a common
origin in the last common ancestor or separate evolution in mammals, squamates, and the clade
containing turtles and archosaurs. In recent years, the accumulation of evidence based on early
embryonic initiation of genital budding and gene expression suggests a common origin from the
last common ancestor of amniotes over 300 million years ago (Gredler, 2016).

Genital initiation begins with paired genital swellings in all amniote lineages, including
even the tuatara which lacks a phallus (Sanger et al., 2015). While these swellings remain
separate and grow into paired hemipenes in squamates, in other groups they merge at the midline
to form the GT. Furthermore, many genes show similar expression domains in different amniote
clades, which is consistent with shared ancestral functions. In situ hybridization shows Shh
expression in the urethral endoderm and Hoxd13 broadly in the GT of turtles (Larkins and Cohn,
2015), alligators (Gredler et al., 2015a), and birds (Herrera et al., 2013). Birds like the chicken,
however, later undergo phallic regression as a result of increased apoptosis. While Hoxal3 and
Hoxd13 are both found in the hemipenes of snakes (Leal and Cohn, 2014), Shh is initially found
only in the cloacal region of snakes and Anolis lizards (Gredler et al., 2015b). The sulcus of each
hemipene is derived from the ectoderm and not from cloacal endoderm like the urethra of other
amniotes, raising questions of how the Shh center regulates hemiphallus development.

In addition to comparisons of gene expression, analyses of enhancer activity can show
overlapping functions between these appendages. Lonfat et al. (2014) identified digitand GT

enhancers of the Hoxal3 and Hoxd13 regulatory landscapes using 4C and transgenic reporter
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assays, finding both pleiotropic and tissue-specific enhancers. Guerreiro et al. (2016) tested the
activity of some of these Hoxd13 enhancer sequences from snake, lizard, and chick, finding both
conservation and divergence of their expression domains. For example, both the mouse and
snake version of the enhancer GT2 show genital-specific activity, consistent with a conserved
function from their last common ancestor. By contrast, while the mouse Island-1 enhancer shows
digit-specific activity, the lizard sequence drives limb and genital activity, suggesting a possible
gain of function. While the mouse Prox enhancer shows limb-GT activity, the snake version
shows only GT activity, consistent with a loss of function following limb loss.

Infante and colleagues used H3K27ac ChlP-seq to systematically compare the enhancer
landscapes of mouse limb and genital buds across the genome (Infante et al., 2015). By
associating these regions with the nearest genes and performing gene ontology analysis, the
active GT enhancers appear enriched near genes involved in limb development. Furthermore,
there is extensive overlap between active limb and GT enhancers as compared to other tissues.
These enhancers can thus be divided into limb-only, limb-GT, and GT-only groups. In addition
to being enriched near limb genes, the limb-GT and GT-only enhancers are both enriched near
genes expressed in mouse penis development. De novo motif analysis of the GT-only enhancers

shows that one of the most enriched motifs is somewhat similar to the known ISL1 motif.

Isl1 in Genital Development

An Isl1 expression domain occurs in the developing genitalia starting from early stages
(Ching et al., 2018; Draaken et al., 2015; Kaku et al., 2013). In contrast to the transient
expression in the limb, Isl1 expression in the GT persists throughout the sexually indifferent

phase of development. It appears prior to GT formation in the peri-cloacal mesenchyme and
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diminishes around the onset of sexual differentiation (Ching et al., 2018; Draaken et al., 2015).
Tschopp and colleagues used RNA-seq to find transcriptomic differences between the hindlimb
and genitalia of mouse and Anolis lizard, finding genes with higher expression in either
appendage (Tschopp et al., 2014). In mouse, this was based on hindlimb buds at E10.0 and E11.5
— shortly after Isl1 is known to diminish (Itou et al., 2012) — and the GT at E11.5 and E13.5.

From these and comparable stages in the lizard, Isl1 shows significantly greater
expression in the genitalia than the hindlimb of both species, singling it out as a marker of genital
development. These results also incidentally suggest that Isl1 expression likely diminishes
rapidly in lizard hindlimb development as in mouse, while persisting in the hemiphallus through
the ambisexual phase. Furthermore, these researchers carried out experiments in the chick in
which they grafted cloacal endoderm to the hindlimb bud or the tail. This results in ectopic
budding and induces ISL1 expression at the site of the graft, suggesting that the Shh-expressing
cloacal endoderm acts as a signaling center upstream of mesenchymal Isl1. The fact that Isl1
expression occurs not only in the genitalia of mice, but also of chickens and lizards suggests that
this is a conserved expression domain among amniotes.

Conditional deletion of Isl1 using Hoxa3-IRESCre (Zhang et al., 2017) or with Tbx4-Cre
(Ching et al., 2018) results in substantial hypoplasia of the GT. Hoxb6-Cre Isl1 cKOs were
analyzed for their kidney defects and also appeared to have severe GT reduction, although
further examination of this phenotype was not discussed (Kaku et al., 2013). Ching and
colleagues performed functional tests of Isl1 in the mouse GT using a combination of cKOs,
ChlP-seq, and in situ hybridization (Ching et al., 2018). The Thx4-Cre allele ablates Isl1 in
mesenchymal cells. In addition to overall hypoplasia, these mutants show patterning defects

including enlarged urethral openings and reduced preputial swellings. In situ hybridizations
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suggest that Fgf10, Wntba, and Bmp4 are underexpressed in the Isl1 cKOs, and ChIP-seq shows
that ISL1 binding events occur near these genes, suggesting they could be direct targets.

There is also a marked reduction of apoptosis in the GT mesenchyme of Isl1 mutants,
consistent with Bmp4’s role in apoptosis. This research did not, however, detect significant
changes in the proportion of proliferating cells, although it is possible that subtle changes were
not detected by this analysis. While the bulk of Isl1 expression in the GT occurs in the more
abundant mesenchymal cells, there is also an expression domain within the endodermally-
derived urethral epithelial cells (Ching et al., 2018; Su et al., 2019). Isl1 deletion in this layer
using a tamoxifen-inducible Cre causes urethral hypoplasia (Su et al., 2019). Single-cell RNA-
seq analysis of the GT at E14.5 clustered the mesenchyme into 10 groups, showing Isl1 enriched
in a cluster that also shows enrichment of Ptchl and Hoxd13 (Armfield and Cohn, 2021).
Epithelial cells were also subdivided into 4 clusters, with Isl1 showing enrichment in the

presumptive preputial gland epithelial cluster alongside Wnt5a and Thx4.
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Figure 1.1. Hindlimb defects in Isl1 conditional knockouts using Hoxb6-Cre. Embryos collected

at three stages of development. Recapitulation of the phenotype described in greater detail by

Itou et al. (2012) using the same knockout method.
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Figure 1.2. Genital tubercle of the American alligator prior to sexual dimorphism. Ventral view

of the posterior portion of the embryo with the tail removed and the GT marked by the arrow.
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CHAPTER 2
ISL1 DIRECTLY ACTIVATES KEY LIMB GENES DURING HINDLIMB INITIATION IN

MOUSE AND CHICK !

Minchey S.G., et al., to be submitted to Development.
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Abstract

The initiation of limb outgrowth from the lateral plate mesoderm involves the interaction
of various transcription factors and signaling molecules within a gene regulatory network. Some
key aspects of this limb initiation network are shared between the forelimbs and hindlimbs, such
as the establishment of an Fgf10-Fgf8 feedback loop and later the Shh-expressing zone of
polarizing activity. Other factors are restricted to the forelimbs or hindlimbs, such as Thx5 in the
forelimb and Thx4, Pitx1, and Isl1 in the hindlimb. While Tbx5 is required for forelimb initiation
and Fgf10 expression, Isl1 is notable for being the only hindlimb specific factor with this strict
requirement. To expand our understanding of its role in hindlimb development, we disrupted Isl1
expression in the mouse hindlimb field and performed RNA-seq to find downstream genes with
perturbed expression. We combined this with ChIP-seq in early mouse and chick hindlimb fields
to find which genes are potential direct targets of ISL1. Our results not only confirm the previous
findings that Thx4 is partially dependent on Isl1, but suggest this is due to direct binding at the
enhancer HLEB in both mouse and chick. We also find potential conserved roles in the
activation of Bmp4, Hoxd10, and other pathways with known functions in limb development.
Some ISL1 targets also appear to be shared during its role in the development of the external

genitalia.
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Introduction

The emergence of forelimb and hindlimb buds from the lateral plate mesoderm involves
many common mechanisms (Royle et al., 2021). For example, Fgf10 is capable of initiating
budding in the embryonic chick flank (Ohuchi et al., 1997) and is required for formation of the
forelimbs and hindlimbs in mice (Min et al., 1998; Sekine et al., 1999). Its roles include the
induction of an epithelial-to-mesenchymal transition in the flank (Gros and Tabin, 2014) and the
establishment of a positive feedback loop with Fgf8 in the overlying apical ectodermal ridge
(AER) (Ohuchi et al., 1997; Xu et al., 1998). Following initiation, the forelimbs and hindlimbs
each rely on Shh in the posterior zone of polarizing activity (ZPA) to control both limb
outgrowth and patterning of the anterior-posterior axis (Chiang et al., 1996; Riddle et al., 1993;
Yang et al., 1997).

Differences between the mechanisms of forelimb and hindlimb development are apparent
upstream of these signaling pathways. Thx5 encodes a forelimb-specific transcription factor
which is required for forelimb bud initiation and Fgf10 expression (Agarwal et al., 2003; Rallis
et al., 2003). The paralogous Thx4 gene is expressed specifically in the hindlimb, though it is not
strictly required for hindlimb initiation, and small limb buds with lower Fgf10 expression still
form in its absence (Naiche and Papaioannou, 2007). The hindlimb-specific factor Pitx1 is also
not required for hindlimb initiation, though it appears to activate Thx4 expression in both the
mouse and chick (Lanctot et al., 1999; Logan and Tabin, 1999; Szeto et al., 1999; Wang et al.,
2018). A recent compound knockout of Thx4 and Pitx1 resulted in the absence of hindlimbs and
Fgf10 expression, though did not have any effect on Isl1 expression (Duboc et al., 2021).

Isl1 is a LIM-Homeodomain transcription factor (TF) that is expressed transiently in the

hindlimb but not the forelimb of both mouse and chick (Shiga et al., 2002; Yang et al., 2006).
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Early conditional deletion of Isl1 using a T-Cre allele has shown its requirement for hindlimb
initiation and for normal Tbx4 and Fgf10 expression (Kawakami et al., 2011; Narkis et al., 2012).
These mutants also show disruption of the Wnt pathway, with -catenin failing to localize to the
nucleus (Kawakami et al., 2011). Later deletion using a Hoxb6-Cre allele allows the hindlimb to
develop, but disrupts the ZPA genes Hand2 and Shh, causing a loss of posterior skeletal
elements. Isl1 also appears to be restricted to the posterior hindlimb by Gata6, which possibly
represses its anterior expression via binding to the cis-regulatory elements CR1 and CR2 (Tahara
etal., 2018).

Neither of these Isl1 knockout models show diminished Pitx1 expression, suggesting that
Isl1 and Pitx1 act in parallel to activate Thx4. Hindlimb expression of Tbx4 in the mouse is
regulated by the enhancers HLEA and HLEB, with HLEB showing high conservation across
tetrapods (Menke et al., 2008). PITX1 hindlimb ChIP-seq shows binding to both HLEA and
HLEB in the mouse and HLEB in the Anolis lizard (Infante et al., 2013; Wang et al., 2018). In
the mouse, deletion of HLEB causes reduced Thx4 expression during the early hindlimb stages
E9.5 and E10.5, while expression recovers at later stages (Infante et al., 2015). HLEA deletion
affects transcription most dramatically from E10.5 to later stages.

This timing of HLEB’s transcriptional impact aligns well with the early transient
expression of Isl1, which in mouse shows sharply diminishing expression between E9.75 and
E10.0 as the hindlimb bud emerges (Itou et al., 2012). Expression in the chick seems to persist
somewhat later, with ISL1 protein showing clear expression at Hamburger-Hamilton (HH) stage
20, after hindlimb buds have formed (Shiga et al., 2002). To comprehensively find the
downstream roles of Isl1 in directing hindlimb initiation, we performed RNA-seq in the E9.75

hindlimb fields of Hoxb6-Cre conditional knockout (cKO) mice. We also performed ChIP-seq on
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ISL1 in both the mouse and chick hindlimb fields/buds to find what enhancers and genes may be
directly targeted by ISL1. We find evidence of conserved binding to the HLEB enhancer, as well
as conserved putative enhancers of Bmp4 and Hoxd10. Many ISL1 targets also appear to be

shared during its role in the development of the genital tubercle (GT).

Results

Isl1 cKOs show differential expression of limb development genes in the hindlimb field

We used the Hoxb6-Cre allele (Lowe et al., 2000) to conditionally delete exon 2 of Isll in
the hindlimb field and performed RNA-seq to find differentially expressed genes (Fig. S2.1). We
found 149 genes that were underexpressed in the cKOs and 77 that were overexpressed based on
an FDR-adjusted p-value cutoff of 0.05 (Fig. 2.1, Table S2.1). We used DAVID to perform gene
ontology analysis and found that the underexpressed set is enriched for genes known to be
involved in limb development. Consistent with published in situ hybridization findings
(Kawakami et al., 2011; Narkis et al., 2012), we see an underexpression of Tbx4, Fgf10, and
Fgf8, while Pitx1 and Hoxc10 are not differentially expressed. Some underexpressed genes may
be downstream consequences of disrupting the FGF feedback loop. This could include Spry1/2/4,
which coincide with and negatively regulate FGF-signaling (Minowada et al., 1999), and Etv4/5,
which are activated by FGF-signaling and repress Shh in the anterior limb bud (Lettice et al.,
2012; Mao et al., 2009; Zhang et al., 2009).

Another underexpressed gene which was not previously reported in Isl1 cKOs is Bmp4,
which plays a role in establishing the AER by signaling through the BMP receptor 1A and the TF
SMAD4 (Ahn et al., 2001; Benazet and Zeller, 2013; Pajni-Underwood et al., 2007). We do not

see underexpression of Smad4, although this gene is expressed broadly in the mesenchyme
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(Bénazet et al., 2012) and thus we cannot disentangle its AER-specific expression levels. Our
ability to detect reduced Fgf8 expression, however, suggests sufficient sensitivity to detect some
ectodermally-restricted genes. Examples of this include the ectodermally-expressed Fgf20
(Hajihosseini and Heath, 2002), and DIx2/5 which are restricted to the AER (Ferrari et al., 1999;
Robledo et al., 2002; Thomas et al., 1998).

Other underexpressed genes known to be involved in limb development include Hoxd10,
Cyp26b1l, Wnt5a, Sall1/3, and Zbtb16 (also called Plzf). We do not find underexpression of
Hand? at this stage in contrast to a prior in situ hybridization experiment suggesting Hand2 was
underexpressed as early as E9.75 (Itou et al., 2012). Shh transcripts were not detected in either
the cKO or control embryos, and thus this stage may be too early to detect alterations in the ZPA.
Glil was also not differentially expressed at this stage, although we did detect underexpression
of Ptchl. We find underexpression of Ets2, which was previously observed in Hand2 mutants
(Osterwalder et al., 2014). These ETS TFs are thought to activate Shh expression by binding to
the ZRS enhancer (Kvon et al., 2016; Lettice et al., 2012).

In addition to the Thx4-Fgf pathway and the Hand2-Shh pathway, another important
aspect of Isl1’s requirement in the hindlimb field appears to be its role upstream of WNT/p-
catenin signaling (Kawakami et al., 2011). We do not find differential expression of Ctnnbl
itself, which encodes the B-catenin protein that lies downstream of Isl1. Although Wnt-signaling
GO terms are not among the most enriched for the underexpressed genes (Fig. 2.1), there are
several genes from this pathway that are underexpressed. This includes the WNT-ligand gene
Wnt5a, the membrane receptor gene Frzb, and the TF genes Lefl and Tcf7.

As indicated by the top gene ontology terms (Fig. 2.1), WNT-pathway genes are also

found among the overepxressed set, including the ligand genes Wnt2 and Wnt4. In contrast to the
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underexpressed FGF ligands, we see an overexpression of the FGF-receptor genes Fgfr2 and
Fgfr3 and the membrane glycoprotein gene Gasl which positively regulates Fgf10 expression
(Liu et al., 2002). We also see overexpression of the TF genes 1rx3/5, which repress the ZPA
possibly by activating Gli3 (Li et al., 2014), and of Alx4 which similarly plays a role in anterior
limb identity (Kuijper et al., 2005; Matsubara et al., 2017a). As with the underexpression of
posterior factors, overexpression of these anterior genes was previously detected in Hand?2

mutants (Galli et al., 2010; Osterwalder et al., 2014).

ISL1 binds near limb genes in the hindlimb field of mouse and chick

We performed ChIP-seq on ISL1 in the mouse hindlimb field at E9.75 and in the
hindlimb field/buds of the chick from HH18-20 using the same antibody. This resulted in 1,485
reproducible peaks in the mouse and 5,509 in the chick (Table S2.2). We also performed ChIP-
seq on H3K27ac in the mouse hindlimb field at the same stage and retreived a published
H3K27ac ChlP-seq dataset in the chick HH19 hindlimb (Yakushiji-Kaminatsui et al., 2018). We
used HOMER (Heinz et al., 2010) to determine the top de novo motifs within the central 100 bp
around ISL1 peak summits and used GREAT (McLean et al., 2010) to associate peaks with
nearby genes and perform gene ontology analysis (Fig. 2.2 and 2.3).

In the mouse, we find that ISL1 binding sites tend to be flanked by H3K27ac (Fig. 2.2A)
and to occur far from transcription start sites (Fig. 2.2C), which is characteristic of binding to
active, distal enhancers. In the mouse E11.5 hindlimb (Infante et al., 2015) we find apprently
reduced activity of these enhancers, suggesting a possible transient role during hindlimb
initiation (Fig. 2.2A). In the chick we find a similar enhancer binding pattern (Fig. 2.3A,C),

although these enhancers seem to exhibit a similar activity during later limb development. In
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mouse, the top de novo motif resembles the known ISL1 motif (Fig. 2.2B). The top motif in the
chick shows the highest match score with a different homeobox factor, though this motif appears
very similar to the one found in mouse (Fig. 2.3B).

In both species we find enrichment of a HOX13-like motif (Fig. 2.2B and 2.3B),
suggesting that ISL1 binding sites may occur near those of HOX factors binding at the same
developmental stage or in other contexts. We also find similarities between the two species when
looking at gene ontology enrichement terms for the mouse peaks (Fig. 2.2D) and the chick peaks
that occur on orthologous loci converted to the mouse genome (Fig. 2.3D). Both suggest that
ISL1 tends to occur nearest genes expressed during mouse limb development and genes whose
human orthologs are implicated in limb disorders. In addition, we find a subset of 70 peaks that
are conserved in both species, occuring on orthologous sequence and showing enrichment in
both datasets. Depsite being a small sample, these conserved ISL1 binding loci show similar

patterns in gene ontology and motif enrichment as the larger peak sets (Fig. S2.2).

Directly activated targets of ISL1 in the hindlimb field

Many of the differentially expressed genes are expected to be indirect downstream effects
of Isl1 deletion. We used Cistrome-GO (Li et al., 2019) to integrate the mouse differential
expression data with the mouse ChiIP-seq data and find what types of genes may be direct targets
of ISL1. We find appendage and limb development terms highly enriched among the
underexpressed genes, but not the overexpressed genes (Fig. 2.4A,B), similarly to what we found
in the RNA-seq data alone. There is also a greater association between the ChlP-seq data and the
underexpressed genes than with the overexpressed genes as measured using a precision-recall

curve (Fig. 2.4C), consistent with ISL1 acting primarily as an activator.
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The Cistrome-GO approach ranks all genes based on the composite strength of ChlP-seq
signal and differential expression, but does not delineate a cutoff for genes that are considered
putative targets. To produce a more discrete set of target genes, we used the same FDR p-value
cutoff that was used for the RNA-seq analysis and associated each ChlP-seq peak with the
nearest gene. We did this using both the mouse peaks and the chick peaks, separately for the
underexpressed and overexpressed genes (Table S2.3). Using this approach, we identify 44
putative directly activated targets from the mouse ChlP-seq data, 61 from the chick data, and 25
that overlap between the two species. For putative directly repressed genes, we find 15 in mouse,
31 in chick, and 9 genes in common.

The directly activated target list contains notable genes in limb development, including
Tbx4, Bmp4, Prrx1, Wnt5a, Cyp26b1, and Mecom (Fig. 2.7). Prrx1 is considered a marker for
the mesenchyme starting from limb initiation (Logan et al., 2002; Nohno et al., 1993), and
Prrx1-null mice show shortened zeugopods (Martin et al., 1995). Cyp26b1 encodes an enzyme
that degrades retinoic acid (RA), and Cyp26b1-null mice show severly truncated limbs (Yashiro
et al., 2004). Wnt5a-null mice show truncated limbs (Yamaguchi et al., 1999) and Mecom-null
mice show complete absence of the hindlimb (Hoyt et al., 1997). The activation of Tbx4 and
Bmp4 both provide possible pahways via which ISL1 can induce the mesenchymal-AER FGF

feedback loop.

ISL1 activates Thx4, Bmp4, and Hoxd10 via conserved limb enhancers
Most of the above putative direct targets are not bound via the same conserved enhancers
in mouse and chick. Using only the 70 conserved ISL1 peaks, we find that one of these peaks

occurs on the known limb enhancer of Thx4 HLEB, (Fig. 2.5). PITX1 is known to bind to HLEA
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in the hindlimb, an enhancer that is not well-conserved across amniotes (Infante et al., 2013;
Menke et al., 2008). We do not see evidence of ISL1 binding to HLEA, which is consistent with
the finding that the mouse HLEB affects Thx4 expression more during early hindlimb
development while HLEA exerts its influence later (Infante et al., 2015). Our H3K27ac data at
E9.75 nevertheless suggests that HLEA is active during hindlimb initiation, and thus ISL1
appears to have a conserved function in activating Tbx4 specifically via HLEB.

Another conserved peak occurs within a locus near Bmp4 called CONS3.8 (Fig. 2.6)
which shows both mesenchymal and ecterdomal activity in the forelimbs and hindlimbs as well
as orofacial activity (Jumlongras et al., 2012). Jumlongras and colleagues found that this locus is
conserved between human and mouse, found a potential MSX motif, and showed that MSX2 can
bind to the enhancer in vitro. They also found that mutation of this motif inhibits the ability for
MSX2 to bind to the enhancer and results in a loss of its limb activity. Interestingly, this motif
also matches the canonical ISL1 motif and is conserved not just across mammals, but other
tetrapods as well (Fig. S2.3A,B).

Distal enhancers frequently do not associate with the nearest gene in the linear genome,
thus posing a problem for ChlP-seq peak-to-gene associations. 5C analyses of human cells lines
found that fewer than half of distal elements associate with the nearest TSS even when using
only actively transcribed genes (Sanyal et al., 2012). An example in limbs is seen in the Hoxd
cluster which is regulated during early budding by the telomeric domain (T-DOM) in both mouse
and chick (Andrey et al., 2013; Yakushiji-Kaminatsui et al., 2018). This domain is divided into
two sub-TADs by a chromatin boundary marked by the conserved elements CS38-40. CS39
drives expression in the mouse forelimb and hindlimb fields, and deletion or inversion of the

CS38-40 region reduces Hoxd11 expression in the forelimb (Rodriguez-Carballo et al., 2020).
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We find conserved ISL1 binding at CS38 as well as binding at CS39 in the chick during
hindlimb initiation (Fig. S2.4). This could be related to the underexpression of Hoxd10, and
possibly also of Hoxd1 which is within the T-DOM boundary. This region and others within this
TAD appear active at this stage based on H3K27ac, though this activity diminishes in the later
hindlimb buds. As with the Bmp4 enhancer, we find a conserved ISL1 motif within the CS38
peak (Fig. S2.3C). Furthermore, the conserved CS38 peak falls near a lincRNA in mouse which
is one of four underexpressed INcCRNAs identified in a separate analysis of our RNA-seq data,
known as ENSMUSG00000087333.1 or Gm13652 (Table S2.1). In the chick this peak overlaps
with another INcRNA known as LOC107053812. It is thus possible that ISL1 has a conserved

function in activating Hoxd10 and/or uncharacterized IncRNAs in the tetrapod hindlimb.

Shared targets of ISL1 in the hindlimbs and the genital tubercle

The genital tubercle (GT) is known to express many of the same genes involved in limb
development (Cohn, 2011) and also shows widespread sharing of enhancers (Infante et al.,
2015). For example Hox13 genes are involved in both digit and GT development, and certain
enhancers show activity in both appendages (Amandio et al., 2020; Lonfat et al., 2014). We
performed an analysis of ISL1 in the GT, finding that that it binds to many known limb
enhancers (Chapter 3). Consistent with expectations, we find many shared ISL1 binding loci
between the hindlimb field and GT in both mouse and chick (Fig. S2.6). In the mouse, this
represents over a third of the hindlimb field peaks, while in chick it is over half, although far
more GT-specific peaks were identified in both species.

Common target genes between the two tissues could be activated via these shares binding

loci or through different loci. In the mouse, we find 22 genes that are putative directly activated
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targets in the hindlimb field and GT, representing 50% of target genes in the former and 5.7% of
target genes in the latter (Table S2.4). 7 genes are putative directly repressed targets in the mouse
hindlimb field and GT, comprising 47% of targets in the former and 2.7% in the latter. 16 of the
22 shared activated targets are associated with shared peaks, and 4 of 7 repressed targets.

We also find many shared target genes by combining the chick ChIP-seq data with the
mouse differentially expressed genes. 28 directly activated targets are shared, representing 45.9%
of hindlimb targets and 6.6% of GT targets, and 23 of these are associated with shared peaks. 14
directly repressed genes are shared, comprising 45.2% of hindlimb targets and 4.2% of GT
targets, with 12 of these associated with shared peaks. We find 5 genes that are underexpressed
in the hindlimb field and GT and associated with peaks that are both conserved and shared —
Uncbc, Mab2111, Evx1, Thx4, and Bmp4. Of these genes, Thx4 and Bmp4 are both bound via
known limb enhancers that may have been coopted during the evolution of the amniote phallus.
The only putative directly repressed gene in both the hindlimb field and GT associated with a

shared, conserved peak is Rarb.

Discussion
Prior Isl1 knockout and in situ hybridization experiments revealed essential roles for Isl1
during hindlimb initiation, which our work expands upon using high-throughput experiments. By
analyzing overall transcriptomic changes in Isl1 cKOs, our results provide a top-down approach
for identifying potential downstream target genes. Our ChIP-seq data then allows us to identify
which of these genes may be direct targets, identify enhancers of interest, and find targets that
may be conserved across amniotes. Our work both confirms and extends upon our previous

understanding of Isl1’s role upstream of Thx4 and Fgf10/8. Consistent with previous findings,
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Tbx4 but not Pitx1 is underexpressed in Isl1 cKOs, and our ChIP-seq data suggest the former is
controlled through ISL1 binding to HLEB.

This finding supports a model in which ISL1 activates Thx4 early in its expression when
HLEB is most active, whereas HLEA remains active later in hindlimb development and
continues to be bound by PITX1 in mouse (Infante et al., 2013, 2015). HLEA is mostly not
conserved outside of mammals, so it is unclear whether this temporal pattern holds in other
amniotes. Parallel research on ISL1 in the external genitalia finds conservation of three ISL1
motifs within HLEB across amniotes, except for snakes in which these motifs have undergone
progressive decay (Chapter 3, Fig S3.5). The king cobra version of HLEB is no longer able to
drive hindlimb expression in transgenic mouse assays, although restoration of multiple mutated
bases rescued this domain of hindlimb activity (Fig. 3.6).

Earlier deletion of Isl1 prior to hindlimb initiation shows that Thx4 is reduced though not
eliminated, while Fgf10 expression is more thoroughly ablated (Kawakami et al., 2011; Narkis et
al., 2012), suggesting that ISL1 may influence Fgf10 via other pathways. As in these early Isl1
cKOs, Duboc et al. (2021) found that compound deletion of Thx4 and Pitx1 causes complete
disruption of hindlimb initiation and Fgf10 expression. These mutants still show normal Isl1
expression, leading to a model in which Isl1 and Tbx4+Pitx1 act in parallel to activate Fgf10.
While our data strongly indicate that ISL1 is directly upstream of Thx4, it is less clear whether it
directly activates Fgf10. The chicken ChIP-seq data identify Fgf10 as a putative direct target
gene, while the mouse data do not (Table S2.3). Our mouse ChlIP-seq reveals far fewer peaks
than in the chick, and weaker signal likely limits our ability to find true binding loci.

Separately, ISL1 may indirectly activate Fgf10 through the additive effects of multiple

target genes and pathways that have not been thoroughly characterized. The WNT/B-catenin
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pathway is known to be essential for hindlimb initiation and Fgf10 expression, and Isll is
required for nuclear localization of B-catenin (Kawakami et al., 2011). In the chick, Wnt2b in the
forelimb and Wnt8c in the hindlimb appear to act via f-catenin to induce limb outgrowth and
Fgf10 expression, though this is not found in the mouse (Agarwal et al., 2003; Kawakami et al.,
2001). We do not find ISL1 binding near Wnt8c (called Wnt8a in the galGal6 annotation) during
chick hindlimb initiation, though we do find evidence that ISL1 activates Wnt5a. Limb
outgrowth is inhibited in Wnt5a mutants, although limbs still develop with normal AER Fgf8
expression until E12.5 (Gao et al., 2018; Yamaguchi et al., 1999). This implies that Wnt5a is not
required for limb initiation or establishment of the Fgf10-Fgf8 feedback loop.

In addition, Wnt5a is commonly though to act via non-canonical WNT pathways
(Geetha-Loganathan et al., 2008). During limb outgrowth Wnt5a acts via the INK/planar cell
polarity pathway to promote mesenchymal cell elongation and division along the proximo-distal
axis (Gros et al., 2010). During digit development, Wnt5a is even known to promote (3-catenin
degradation and inhibit the canonical pathway (Topol et al., 2003), as well as acting via the Ca®*
pathway (Farrera-Hernandez et al., 2021). We also find evidence that Lefl and Tcf7 are
downstream of ISL1 and could be direct targets in mouse based on broader association rules. The
TFs encoded by these genes affect canonical signaling by forming complexes with B-catenin, and
deletion of both Lefl and Tcf7 results in smaller limb buds (Galceran et al., 1999), though they
do not show the complete ablation found in Ctnnbl knockouts (Kawakami et al., 2011). It thus
remains unclear from our analyses how ISL1 plays its indespensible role in activating nuclear 3-
catenin translocation.

We find evidence of direct activation of Bmp4, possibly via a known limb enhancer

conserved across tetrapods. Early signaling through the BMP receptor IA in the ectoderm is
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essential for hindlimb outgrowth, AER formation, and maintenance of Fgfl10 expression (Ahn et
al., 2001; Pajni-Underwood et al., 2007). This provides another potential pathway via which
ISL1 can impact AER Fgf8 expression and maintenance of the FGF feedback loop. Bmp7
encodes another BMP ligand that is expressed during early limb development, thus possibly
compensating for loss of Bmp4 (Ahn et al., 2001; Robert, 2007). Accordingly, conditional
deletion of Bmp4 alone using an Isl1-Cre does not result in hindlimb agenesis or loss of Fgf8,
though loss of midline/pelvic tissue results in a hindlimb fusion phenotype (Suzuki et al., 2012).

Another essential role of Isl1 is its establishment of ZPA Hand2-Shh expression. While
Itou et al. (2012) found a dramatic loss of Hand2 by E10.0 using the same Isl1 cKO as in our
study, we do not find significant underexpression at E9.75 in our RNA-seq data. Using our ChlIP-
seq data from chick however, we find ISL1 binding at putative Hand2 enhancers, including near
a tested limb enhancer mm1689, though we don’t see this signal in the mouse (Fig. S2.5).
Another uncharacterized putative enhancer shows possible ISL1 binding in both species,
although ISL1 enrichment at this locus was not consistent enough between replicates to pass the
reproducibility threshold and thus enter our peak set. This locus contains an ISL1 motif
conserved across tetrapods (Fig. S2.3D). Thus while Hand2 is not a candidate for a direct target
based on our approach, it is possible that ISL1 exerts a delayed effect on Hand2 expression, and
limitations of our mouse ChlP-seq data prevent us from detecting true binding loci.

Hoxd10 expression can upregulate Shh in the chick limb bud (Matsubara et al., 2017a)
and activate the mouse ZRS enhancer via sites deleted in python (Leal and Cohn, 2016). ISL1
potentially activates Hoxd10 via a conserved enhancer, along with a lincRNA of uncharacterized
function. This may contribube to the establishment of the ZPA, though paralogs like Hoxa/c10

and Hoxd11 remain normally expressed, and Hox genes are known to be highly redundant
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(Wellik and Capecchi, 2003). ISL1 may also repress genes that inhibit the ZPA, such as Alx4 and
Irx3, a finding consistent with Itou et al. (2012). Another component of the ZPA that is disrupted
are the ETS factors Ets2 and Etv4/5, which regulate the boundaries of the ZPA.

Our results also suggest a possible role of ISL1 in repressing the retinoic acid (RA)
pathway, which may be shared in the GT. RA secreted from the somites is essential for hindlimb
initiation and Thx4/Fgf10 expression (Nishimoto et al., 2015). Cyp26b1 encodes an enzyme that
degrades RA, while Rarb encodes a retinoic acid receptor which binds RA, enters the nucleus
and regulates gene expression (Berenguer and Duester, 2021). We find both that Cyp26b1 is a
putative directly activated target, while Rarb is a directly repressed target, which would thus be
expected to reduce RA activity. The effect of RA signaling on posterior mesenchymal Isl1
expression has not been tested, and it is unknown what role RA plays during outgrowth of the
external genitalia.

GDF11 signaling also emanates from the posterior paraxial mesoderm, and is known to
activate Isl1 expression in the hindlimb field and cloacal region (Jurberg et al., 2013; Matsubara
et al., 2017b). This suggests that Isl1 is responsive to paraxial signals in both contexts, though it
is unclear why Isl1 expression persists in the external genitalia while rapidly clearing from the
hindlimb bud. A crucial difference may be the link between the GT and the Shh expressing
cloacal endoderm, which appears to be upstream of Isl1 unlike the ZPA, and may maintain its
expression following GT formation (Tschopp et al., 2014). While we find many common target
genes between the hindlimb field and GT, we find far more in the latter, and this may be partly
due to the complexity of the GT at this more advanced stage (Armfield and Cohn, 2021). In the
limbs, the transcriptome and cis-regulatory landscapes vary substantially across different stages

(Andrey et al., 2017; Jhanwar et al., 2021). The role of Isl1 in the cloacal region prior to genital
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budding is unexplored, and it is conceivable that additional commonalities between hindlimb and

genital initiation might be found during this more primordial state.

Methods
Mouse lines
Isl1 cKO mice were generated by crossing Hoxb6-Cre mice (Lowe et al., 2000) with
Isl1+/- mice, followed by crossing Hoxb6-Cre; Isl1+/- mice with Isl1flox/flox on a C57BL/6
background. Embryos with the Hoxb6-Cre; Isl1-/flox genotype were used as the conditional

knockouts, while Hoxb6-Cre; Isl1+/flox embryos were used as controls.

RNA-seq

Dissections were performed in the late afternoon of the ninth day following observation
of a vaginal plug to target E9.75 in the C57BL/6 mice, which tend towards a more delayed
development. Embryos that appeared too early (E9.5) or too late (E10.0) on the basis of hindlimb
field development and overall embryo size were excluded. Left and right hindlimb fields from
the appropriate embryos were carefully dissection and pipetted together using a wide orifice
pipette tip directly into mirVVana lysis buffer. This was then stored at -80C until cKO and control
individuals were determined by genotyping using DNA from the remaining anterior portion of
each embryo.

We collected total RNA separately from 6 female mutant and 6 female control mice using
the mirvVana miRNA Isolation Kit (ThermoFisher Scientific). mRNA libraries were prepared
using the TruSeq Stranded mRNA Library Prep Kit (Illumina), generating 6 biological replicates

from each genotype. These were then sequenced at the Georgia Genomics and Bioinformatics
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Core to generate 50 bp single-end reads. Reads were aligned to the mm10 genome using STAR
(v. 2.7.3a) and transcripts were counted using HTSeq (v. 0.13.5). We used mm10 refGene
transcripts for the main analysis, and separately used the GENCODE annotation of IncCRNAs.

Differentially expressed genes were determined using DESeq2 (Galaxy v. 2.11.40.6).

Chromatin immunoprecipitation

Left and right hindlimb fields were dissected from ICR mice in the early afternoon to
target E9.75, which tended to occur earlier in these mice. Chicken (Cobb500 breed) hindlimb
fields/buds were dissected from Hamburger-Hamilton stage 18 to 20 (Hamburger and Hamilton,
1992). Samples were crosslinked in 1% formaldehyde for 20 minutes at room temperature and
frozen at -80C for later use. These were later suspended in lysis buffer and briefly homogenized
using a probe sonifier (Branson 450). They were then placed in a bath sonifier (Diagenode
Bioruptor 300) and sheared for a total of 45 cycles of 30 seconds on/30 seconds off. Each ChIP
experiment was performed in duplicate, except for the mouse ISL1 ChIP in which we performed
3 replicates and later combined reads from two of the replicates before performing IDR analysis.

The chick samples were processed with an older ChIP protocol which used PureProteome
Protein G magnetic beads (Millipore) incubated with the antibody and ~500 pg of chromatin for
ISL1 ChIP as measured by Nanodrop. The mouse experiments were performed using a modified
protocol using Protein G Agarose Columns (Active Motif), targeting at least ~50 ug of chromatin
for ISL1 ChlIP, and ~25 pg for H3K27ac ChIP. For ISL1 ChIP we used 5 pg of anti-ISL1 rabbit
monoclonal antibody (Abcam EP4182). For H3K27ac ChIP we used 3 ug of mouse monoclonal

antibody CMA309 (previously from Millipore, subsequently from Cosmo Bio).
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Libraries were prepared using the NEBNext Ultra 11 Library Prep Kit. Library
amplification was done for 15 cycles. One-sided size selection was performed to remove primer
and adapter fragments using Sera-Mag SpeedBeads. Libraries were sequenced by the Georgia
Genomics and Bioinformatics Core (GGBC) to generate single-end 75 bp reads, except for one
replicate of the mouse H3K27ac experiment which were sequenced by Genewiz to generate

paired-end 150 bp reads.

ChlP-seq data analysis
The GGBC provided pre-trimmed reads with adapter sequence removed. The one mouse
H3K27ac paired-end replicate was trimmed using cutadapt using the settings —O 1, -m 25 so that

even one base of adapter overhang was trimmed. Adapter sequences used were as follows:

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT

We used the AQUAS Transcription Factor and Histone ChlP-seq processing pipeline
starting from trimmed reads (https://github.com/kundajelab/chipseq_pipeline). We used the
pipeline’s default bwa aligner to align mouse data to GRCM38/mm10 (UCSC) and chick to
galGal6 (UCSC). We set the fragment size to 175 (-speak _spp 175 —extsize_macs2 175). For the
mouse H3K27ac ChIP, we used the default histone ChlIP setting, which calls peaks using
MACS?2 and performs naive overlap between the two replicates. The same IDR pipeline was
used to analyze the ISL1 ChIP-seq data from the mouse and chick GT. We also performed ISL1
ChlP-seq in the E10.5 mouse forelimb and generated IDR peaks as a control experiment to filter
out potential false positives from the other datasets.

For both ISL1 and H3K27ac ChIP, the pipeline uses MACS2 to generate bigWig plots

displaying fold-enrichment over the input. The pooled replicate display of these fold-enrichment
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plots were used in our figures. We used LiftOver on the UCSC genome browser to convert
mouse bed coordinates to the chicken genome using default settings. UCSC Table Browser was

then used to find overlapping peaks between mouse and chick.

Public data used

Mouse H3K27ac data from E11.5 hindlimbs performed by Infante et al. (2015) under
accession GSE64055 was reprocessed in mmZ10 using fastq files and the above ChlP-seq
pipeline. We similarly re-analyzed the raw mouse ISL1 ChIP-seq data from cardiac cells (Wang
et al., 2016) under accession GSE79701 and from pancreatic 3 cells (Ediger et al., 2017) under
accession GSE84759. One replicate of chick HH19 hindlimb H3K27ac ChlP-seq data
(Yakushiji-Kaminatsui et al., 2018) was taken from accession GSE115563. We used Bowtie2 v.
3.5.1 to map these reads to galGal6, the callpeak function in MACS2 (v. 2.7.1) to call peaks, and
the bdgcmp function to generate a fold enrichment plot. Mouse hindlimb PITX1 ChiP-seq data
was processed in mm10 by Nemec et al., (2017) and thus processed data was used directly from

accession GSE100734.

Motif analysis

We used HOMER v4.11 to perform de novo motif analysis using the central 100 bp
around ISL1 peaks summits, using 100k random genomic sequences as the background (-N
100000), searching for motifs 8 bp in length (-len 8). For the conserved archosaur peaks, we used

the summit coordinates from the chicken peaks and performed the motif analysis in that genome.
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Gene ontology analyses

For RNA-seq data, we used DAVID (v. 6.8). Underexpressed or overexpressed genes
were identified with an FDR-adjusted p-value cutoff of 0.05. For ChlIP-seq data, mm10 peak
coordinates were used as input to GREAT (v. 3.0.0) (http://great.stanford.edu/great/public-
3.0.0/html/). We used the default “basal plus extension” association rule, which assigns each
gene a regulator domain up to 1000 kb unless it reaches another gene’s proximal domain (5 kb
upstream, 1 kb downstream). For the Cistrome-GO analysis, we used the mm10 genome and
input the mouse ISL1 ChIP-seq peaks as well as the DESeq?2 output file with a half-decay
distance of 50 kB. For the precision-recall curve, we set DE gene cutoffs at O for logFoldChange

and 0.05 for FDR.

Assignment of putative direct target genes

For mouse, we used the same mm210 TSSs used by GREAT (https://great-
help.atlassian.net/wiki/spacessf GREAT/pages/655445/Genes). For chick, we extracted TSSs from
the longest transcript isoform of each coding gene in the galGalé NCBI RefSeq annotation. To
reduce false negatives based on naming differences between species, we used gProfiler orth
(Galaxy v. 0.1.7) to find synonymous gene names. We then used the bedtools ClosestBed
function (Galaxy v. 2.30.0) to assign each mouse or chick ISL1 peak to the nearest TSS in the
respective annotations. These genes were then filtered using the mouse RNA-seq results to find

genes that are both differentially expressed and have at least one associated peak.
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Heatmap visualization

For the RNA-seq data, we used the normalized counts output by DESeq?2 for
differentially expressed genes, sorted the underexpressed genes alphabetically on top and the
overexpressed genes below. We used the Galaxy tool heatmap2 (v3.0.1.0.0), scaling the data by
row because of extreme differences in expression levels between genes. For ChlP-seq, we used
the bed files centered on peak summits and the bigWig signal files as inputs for computeMatrix
(Galaxy v. 3.3.2.0.0), using the scale-regions setting with windows of 1 kb and the bin size set to

1 bp. We used plotHeatmap (Galaxy v. 3.3.2.0.1) to generate the heatmaps from the matrix files.
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Figure 2.1. Differentially expressed genes in the mouse hindlimb field. Comparison of Isl1
conditional knockout (cKO) and control (ctl) mice. DAVID gene ontology analysis shows the
top GO Biological Processes categories enriched in the 149 underexpressed genes (top) and the

77 overexpressed genes (bottom).
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Figure 2.2. ISL1 ChIP-seq in the mouse hindlimb field. (A) ISL1 and H3K27ac signal in the

mouse hindlimb field, as well as E11.5 hindlimb buds (Infante et al., 2015), centered on ISL1

peak summits. (B) De novo motif analysis showing the top motifs enriched in the central 100 bp

around peak summits. (C) Distribution of ISL1 peaks relative to the nearest associated genes

based on GREAT. (D) GO analysis showing top 10 terms based on mouse embryonic gene

expression (top) and on human phenotypes (bottom).
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Figure 2.3. ISL1 ChlIP-seq in the chick hindlimb field. (A) ISL1 and H3K27ac (Yakushiji-
Kaminatsui et al., 2018) signal in the chick hindlimb field, as well as HH25 hindlimb buds,
centered on ISL1 peak summits. (B) De novo motif analysis showing the top motifs enriched in
the central 100 bp around peak summits. (C) Distribution of ISL1 peaks converted to the mouse
genome relative to the nearest transcription start sites (TSS) based on GREAT. (D) GO analysis
showing top 10 terms based on mouse embryonic gene expression (top) and on human

phenotypes (bottom).
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Figure 2.4. Putative direct targets of ISL1 in the mouse hindlimb field based on Cistrome-GO.

(A) Top 10 GO Biological Process terms for underexpressed putative direct targets. (B) Top 10

GO Biological Process terms for overexpressed putative direct targets. (C) Precision-recall

curves showing the association between the ChlP-seq data and underexpressed genes (blue) vs

overexpressed genes (red).

50



A 85,880 85,900 85,920 85,940 85,960 (Kb)

" HLEA A L S e — HLEB
ISL1 E9.75 hindlimb field
'\‘ 4 i l
5 H3K27ac E9.75 hindlimb field
s uL LL a - - ik s ' A TSI | Y PR

3 PITX1 E11.5 hindiimb
1 L A - . " M ..L.. A -a A
19 | I | HaK27ac E11.5 hindiimb
1
B 7.770 7,760 7,750 7,740 7.730 7.720 7,710
s « HLEA » T L A e HLEB

ISL1 HH18-20 hindlimb field
\ S . N
15 H3K27ac HH19 hindlimb field
1“@@@@%
" II'.IIII H3K27ac HH25 hindiimb
FINO ARy | | SRV WU T U AA_A‘L.M;AL, o caali s e A adad .|

Figure 2.5. ISL1 binding at the hindlimb Thx4 enhancer HLEB in mouse and chick. (A) Mouse
ISL1 and H3K27ac signal in the hindlimb field, as well as PITX1 (Nemec et al., 2017) and

H3K27ac signal in the later hindlimb bud. mm10 coordinates chr11:85,869,165-85,970,165. (B)
Chick ISL1 and H3K27ac signal in the hindlimb field, as well as H3K27ac in the later hindlimb

bud. galGal6 coordinates chr19:7,702,496-7,777,496.
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Figure 2.6. ISL1 binding at the limb Bmp4 enhancer CONS3.8 in mouse and chick. (A) Mouse

ISL1 and H3K27ac signal in the hindlimb field, as well H3K27ac signal in the later hindlimb
bud. mm10 coordinates chr14:46,382,664-46,442,664. (B) Chick ISL1 and H3K27ac signal in
the hindlimb field, as well as H3K27ac in the later hindlimb bud. galGal6 coordinates

chr5:58,711,396-58,741,396.
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Figure 2.7. Isl1’s role in a proposed gene regulatory network for hindlimb initiation. Blue genes
are underexpressed in Isl1 cKOs, while red genes are overexpressed. Grey genes are not
differentially expressed, while Shh transcripts are not detected at this stage. Putative direct
targets of ISL1 based on ChIP-seq data in mouse and chick are represented with solid lines,
while dashed lines are used for Fgf10 and Hand2 based on peaks found specifically in chick.
pAM: posterior/paraxial mesoderm; LPM: lateral plate mesoderm; AER: apical ectodermal

ridge.
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Figure S2.1. Isl1 mRNA transcripts in control and conditional knockout mouse hindlimb fields.
H3K27ac ChlP-seq enrichment in the hindlimb field and later hindlimb bud are shown below.

mm310 coordinates chr13:116,291,619-116,316,534.
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Figure S2.2. Conserved ISL1 peaks found in mouse and chick. (A) ISL1 signal in mouse,

centered on mouse peak summits, as well as phastCons conservation scores, and ISL1 signal in

chick at orthologous loci. (B) Top de novo motifs from conserved peaks. (C) Distribution of

conserved peaks relative to the nearest associated genes based on GREAT. (D) GO analysis

showing top 10 terms based on mouse embryonic gene expression (top) and on human

phenotypes (bottom).
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1. Mus musculus
2. Dipodomys ordii
3. Sciurus carolinensis

. Homa sapiens
5. Pan trogolodytes
6. Carlito syrichta
7. Microcebus murinus
8. Bos taurus
9. Canis lupus
10. Chrysochloris asiatica
11. Equus caballus
12. Galeapterus variegatus
13, Heterohyrax brucei
14, Loxodonta africana
15. Manis pentadactyla
16. Myotis lucifugus
17. Myrmecophaga tridactyla
18. Ochatana princeps
19. Orycteropus afer
20. Sorex araneus
21, Tupaia belangeri
22, Phascolarctos cinereus
23. Ornithorhynchus anatinus
24, Chelydra serpentina
25. Dermatemys mawii
26, Pelusios castaneus
27. Alligator sinensis
28 Crocedylus porosus
29, Gavialis gangeticus
30. Gallus gallus
31. Panpusana beccarii
32. Aptenodytes foresteri
33 Arenaria interpres
34, Branta canadensis
35. Bubo bubo
36. Cariama cristata
37. Centropus bengalensis
38, Caradrius vociferus
39. Ciconia beyciana
40, Falco peregrinus
41, Grus americana
42. Haliaeetus albicilla
43, Melanerpes aurifrons
44, Nyctibius bracteatus
45. Opisthocomus hoatzin
46, Phaethen lepturus
47. podiceps cristatus
48, Struthio camelus
49, Anolis sagrei
50, Gekko japonicus
51. Podarcis muralis
52. Pogona vitticeps
53, Varanus komodoensis
54, Zootaca vivipara
55. Salvator merianae
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Figure S2.3. Multi-species alignments of three putative enhancers bound by ISL1. (A) Sample of

species representing (from top to bottom) mammals, turtles, crocodilians, birds, lizards, tuatara,

and two frog species. (B) Potential ISL1 binding site within the CONS3.8 enhancer. (C) ISL1

motif within a putative Hoxd10 enhancer. (D) ISL1 motif within a putative Hand2 enhancer.
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Figure S2.4. Conserved ISL1 binding at putative Hoxd10 enhancer CS38 in mouse and chick.
(A) Mouse ISL1 and H3K27ac signal in the hindlimb field, as well H3K27ac signal in the later
hindlimb bud. mm10 coordinates chr2:74,664,335-75,164,335. (B) Chick ISL1 and H3K27ac
signal in the hindlimb field, as well as H3K27ac in the later hindlimb bud. galGal6 coordinates

chr7:16,047,440-16,347,440.
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Figure S2.5. Equivocal evidence of ISL1 binding at putative Hand2 enhancers. (A) Mouse ISL1

and H3K27ac signal in the hindlimb field, as well H3K27ac signal in the later hindlimb bud.

mm10 coordinates chr8:56,977,333-57,327,333. (B) Chick ISL1 and H3K27ac signal in the

hindlimb field, as well as H3K27ac in the later hindlimb bud. galGal6 coordinates

chr4:43,381,409-43,531,409.
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Figure S2.6. Shared ISL1 binding loci between the hindlimb field and genital tubercle. (A)

Mouse ISL1 peaks shared with the GT (top, blue line plot) and specific to the hindlimb field

(bottom, red line). Signal from ISL1 ChiP-seq in cardiac (Wang et al., 2016) and pancreatic cells

(Ediger et al., 2017) show a lack of enrichment in these shared limb-GT regions. (B) Chick ISL1

peaks shared with the GT (top) and specific to the hindlimb field (bottom).
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Table S2.1. Differentially expressed genes in the mouse hindlimb field. Genes are sorted by
adjusted p-values (padj) with a 0.05 cutoff.

refGene transcripts

Gene baseMean | log2FoldChange | IfcSE stat pvalue padj

1110032F04Rik | 133.87304 -1.045099118 | 0.107211 | -9.74804 | 1.88E-22 | 2.65E-18
Galnt5 115.84669 -1.020762393 | 0.108365 | -9.4197 | 4.52E-21 | 3.18E-17
Pdlim3 94.395849 -1.060674491 | 0.116157 | -9.13137 | 6.76E-20 | 3.17E-16
Etvb 839.1243 -0.728260001 | 0.080278 | -9.07168 | 1.17E-19 | 4.13E-16
Prdm1 252.85109 -1.031122624 | 0.115877 | -8.89846 | 5.66E-19 | 1.59E-15
Lrrn3 90.942849 -1.022639052 | 0.115871 | -8.8257 | 1.09E-18 | 2.55E-15
Capn6 1618.0742 -0.933744745 | 0.106852 | -8.73866 | 2.36E-18 | 4.74E-15
Dsc? 723.31803 -0.786798849 | 0.093603 | -8.4057 | 4.25E-17 | 7.49E-14
Popdc2 179.38015 -0.808760358 | 0.098547 | -8.20684 | 2.27E-16 | 3.55E-13
Parml 515.82765 0.713838052 | 0.089392 | 7.985497 | 1.40E-15 | 1.79E-12
Tle4 1350.6949 -0.742532946 | 0.092984 | -7.98556 | 1.40E-15 | 1.79E-12
Pdhal 2713.7826 -0.504645928 | 0.063471 | -7.95079 | 1.85E-15 | 2.01E-12
Unc5c 1016.8794 -0.857029176 | 0.107754 | -7.95354 | 1.81E-15 | 2.01E-12
Bace2 23.191124 -0.813516161 | 0.111679 | -7.28444 | 3.23E-13 | 3.25E-10
Dusp6 2865.9485 -0.744389103 | 0.102929 | -7.23209 | 4.76E-13 | 4.46E-10
Spry4 230.74024 -0.724220431 | 0.108907 | -6.64988 | 2.93E-11 | 2.58E-08
DIx2 129.56101 -0.712998813 | 0.108633 | -6.56335 | 5.26E-11 | 4.36E-08
Steap2 955.54004 0.647304611 | 0.09895 | 6.541764 | 6.08E-11 | 4.76E-08
Ints6l 822.13159 -0.603515344 | 0.092899 | -6.49647 | 8.22E-11 | 6.09E-08
Apcddl 2416.0722 -0.631641592 | 0.098552 | -6.40924 | 1.46E-10 | 1.03E-07
Sall3 473.11171 -0.675327501 | 0.105721 | -6.38784 | 1.68E-10 | 1.13E-07
Angpt2 93.150021 -0.700004968 | 0.110373 | -6.34218 | 2.27E-10 | 1.39E-07
Etv4 507.01792 -0.660480508 | 0.10409 | -6.34531 | 2.22E-10 | 1.39E-07
Adamts5 33.378315 -0.670199133 | 0.108383 | -6.1836 | 6.27E-10 | 3.68E-07
Wnt2 922.74079 0.625588833 | 0.101339 | 6.17324 | 6.69E-10 | 3.77E-07
Dtx4 299.58841 -0.665587392 | 0.108678 | -6.12437 | 9.10E-10 | 4.93E-07
Chst15 224.26477 -0.588949951 | 0.097008 | -6.07112 | 1.27E-09 | 6.62E-07
Elovl7 21.289499 -0.669202695 | 0.110959 | -6.03108 | 1.63E-09 | 8.19E-07
Frzb 843.18106 -0.488590576 | 0.081598 | -5.98777 | 2.13E-09 | 1.03E-06
Nfam1l 153.80681 -0.647357957 | 0.10837 | -5.97359 | 2.32E-09 | 1.09E-06
Mab21I1 20.678387 -0.547779816 | 0.092778 | -5.9042 | 3.54E-09 | 1.61E-06
Tcf7 1654.5623 -0.408384109 0.0694 | -5.8845 | 3.99E-09 | 1.76E-06
Gask1b 531.8063 -0.542062832 | 0.093104 | -5.82214 | 5.81E-09 | 2.48E-06
Tril 2812.9532 -0.668665936 | 0.116249 -5.752 | 8.82E-09 | 3.65E-06
Spryl 354.02356 -0.564128009 | 0.098509 | -5.72668 | 1.02E-08 | 4.12E-06
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Hoxdl 244.28914 -0.651532076 | 0.11485 | -5.67288 | 1.40E-08 | 5.34E-06
Hsd11b2 376.76828 -0.631247701 | 0.111194 | -5.67699 | 1.37E-08 | 5.34E-06
Gasl 6691.9331 0.502908585 | 0.089012 | 5.649927 | 1.61E-08 | 5.95E-06
1117rd 1367.9024 -0.567964528 | 0.101193 | -5.61267 | 1.99E-08 | 7.19E-06
Dgkk 351.89357 -0.640846238 | 0.114367 | -5.60343 | 2.10E-08 | 7.40E-06
B4galt6 1026.581 -0.532929603 | 0.09597 | -5.5531 | 2.81E-08 | 9.41E-06
Lmo7 259.81807 -0.540366699 | 0.097294 | -5.55398 | 2.79E-08 | 9.41E-06
DpyslI3 2781.9166 -0.482776828 | 0.08723 | -5.53454 | 3.12E-08 | 1.02E-05
Rspol 540.39344 0.570044844 | 0.103163 | 5.525659 | 3.28E-08 | 1.05E-05
Amph 278.07447 -0.598205151 | 0.108562 | -5.51025 | 3.58E-08 | 1.12E-05
Evx2 50.518844 -0.599583009 | 0.109568 | -5.47223 | 4.44E-08 | 1.36E-05
Fmnl 151.21129 -0.606986771 | 0.111177 | -5.45966 | 4.77E-08 | 1.43E-05
Hs3st3b1 355.77435 -0.550165004 | 0.101116 | -5.44091 | 5.30E-08 | 1.55E-05
Nfatc4 1910.4342 0.422126496 | 0.077652 | 5.436109 | 5.45E-08 | 1.56E-05
NIrp6 143.37069 -0.628998652 | 0.116359 | -5.40566 | 6.46E-08 | 1.82E-05
Nsg2 99.320308 0.598243021 | 0.112953 | 5.296378 | 1.18E-07 | 3.26E-05
Rail4 2441.4364 -0.396985351 | 0.075594 | -5.25154 | 1.51E-07 | 4.08E-05
Pcdh7 1213.3575 -0.471733916 | 0.090053 | -5.23842 | 1.62E-07 | 4.30E-05
Whntba 1521.8097 -0.487122363 | 0.093793 | -5.19358 | 2.06E-07 | 5.38E-05
Irx3 2245.4346 0.457679209 | 0.088186 | 5.189923 | 2.10E-07 | 5.39E-05
Chrna6 13.241619 -0.442043631 | 0.085715 | -5.15714 | 2.51E-07 | 6.30E-05
Lgi2 296.24514 -0.485650023 | 0.095503 | -5.08518 | 3.67E-07 | 9.07E-05
Slitrk6 450.96935 0.581107084 | 0.115113 | 5.048156 | 4.46E-07 | 0.000108
Atplbl 112.83292 -0.559824609 | 0.112156 | -4.99147 | 5.99E-07 | 0.000141
Cnksr2 289.81187 -0.509143693 | 0.101998 | -4.99172 | 5.98E-07 | 0.000141
Lratd2 368.12757 -0.443553641 | 0.089328 | -4.96544 | 6.85E-07 | 0.000158
Cspg4 72.931163 0.567684106 | 0.114558 | 4.955419 | 7.22E-07 | 0.000164
Fofr3 559.47117 0.49478878 | 0.100032 | 4.946314 | 7.56E-07 | 0.000166
Zhx3 154.88774 -0.52938579 | 0.106985 | -4.94824 | 7.49E-07 | 0.000166
Rxfpl 9.9633826 -0.4229302 | 0.085598 | -4.94091 | 7.78E-07 | 0.000168
Jun 1150.157 0.43257736 | 0.088269 | 4.900671 | 9.55E-07 | 0.000204
Lmo2 444.5884 -0.43342798 | 0.088701 | -4.88638 | 1.03E-06 | 0.000216
Zbtb16 532.62797 -0.487868864 | 0.100519 | -4.85349 | 1.21E-06 | 0.000251
6530402F18Rik | 253.66498 -0.500489032 | 0.103877 | -4.81811 | 1.45E-06 | 0.000296
Ppp2r2b 422.89031 0.539046681 | 0.112081 | 4.809443 | 1.51E-06 | 0.000304
Bclol 1419.8831 0.306020474 | 0.064001 | 4.781481 | 1.74E-06 | 0.000345
Clgn 32.117546 -0.53146273 | 0.111341 | -4.7733 | 1.81E-06 | 0.000354
Ncald 385.21428 0.42259802 | 0.08916 | 4.739774 | 2.14E-06 | 0.000411
Prkci 3926.5171 -0.358338155 | 0.075673 | -4.73534 | 2.19E-06 | 0.000411
Tspanl2 313.04999 -0.492750327 | 0.104019 | -4.73713 | 2.17E-06 | 0.000411
Ets2 2603.8719 -0.489228883 | 0.104092 | -4.69998 | 2.60E-06 | 0.000482
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Col3al 9183.7032 0.435396032 | 0.092862 | 4.688647 | 2.75E-06 | 0.000503
Zhx2 188.98494 -0.472207225 | 0.101662 | -4.64486 | 3.40E-06 | 0.000614
Hopx 37.89513 -0.483161666 | 0.104405 | -4.62778 | 3.70E-06 | 0.000659
Abca8b 204.99103 -0.49069377 | 0.10667 | -4.6001 | 4.22E-06 | 0.000743
Ndnf 781.70513 0.435950929 | 0.095456 | 4.567049 | 4.95E-06 | 0.00086
Tmem30b 122.06621 0.529556544 | 0.116314 | 4.552808 | 5.29E-06 | 0.000909
Prep 3440.1588 -0.224222929 | 0.049521 | -4.52784 | 5.96E-06 | 0.001011
Handl 1197.0569 0.472217409 | 0.104607 4.5142 | 6.36E-06 | 0.001065
Cttnbp2 267.38575 0.460229576 | 0.102223 | 4.502212 | 6.72E-06 | 0.001114
Igfbp3 346.78842 -0.488924742 | 0.108908 | -4.48935 | 7.14E-06 | 0.00117
Adcy5 67.541513 0.512140384 | 0.114809 | 4.460813 | 8.16E-06 | 0.001321
4930481A15Rik | 13.962596 0.437954645 | 0.098485 | 4.446909 | 8.71E-06 | 0.001385
Pdgfra 3940.727 0.395750144 | 0.089016 | 4.445822 | 8.76E-06 | 0.001385
Mybpcl 231.94783 0.516714318 | 0.116351 | 4.440989 | 8.95E-06 | 0.001401
Adamts17 158.23889 -0.479580323 | 0.108407 | -4.42389 | 9.69E-06 | 0.001484
Phidb2 2491.6346 -0.457364365 | 0.103336 | -4.42598 | 9.60E-06 | 0.001484
Vegfa 1257.7914 -0.391699231 | 0.088852 | -4.40846 | 1.04E-05 | 0.001576
Galnt4 335.0625 -0.446349434 | 0.10142 | -4.40098 | 1.08E-05 | 0.001614
Dusp4 505.05716 -0.481945526 | 0.109898 | -4.3854 | 1.16E-05 | 0.001716
Lamc3 46.361401 0.506786585 | 0.115699 | 4.38022 | 1.19E-05 | 0.001739
Mdfic 184.23539 -0.454129311 | 0.104317 | -4.35337 | 1.34E-05 | 0.001946
Adam19 1280.1995 -0.376001905 | 0.086805 | -4.33156 | 1.48E-05 | 0.002127
Vegfc 746.61595 0.336016046 | 0.077824 | 4.317616 | 1.58E-05 | 0.002243
Psd2 387.54113 0.419524449 | 0.097788 | 4.290144 | 1.79E-05 | 0.002514
0610040J01Rik 114.6981 -0.47939625 | 0.112323 | -4.26802 | 1.97E-05 | 0.002641
Col26al 1703.3127 0.326696233 | 0.07653 | 4.26888 | 1.96E-05 | 0.002641
Isml 200.24156 0.43997421 | 0.102926 | 4.274654 | 1.91E-05 | 0.002641
Mpped?2 474.07638 0.435189125 | 0.101807 | 4.274665 | 1.91E-05 | 0.002641
Rcn3 1586.1729 0.319252718 | 0.074833 | 4.266227 | 1.99E-05 | 0.002641
Wnt4 520.01449 0.412193538 | 0.096579 | 4.267939 | 1.97E-05 | 0.002641
Fgf20 28.5458 -0.412722495 | 0.096877 | -4.26029 | 2.04E-05 | 0.002662
Lrig3 794.69575 0.388138452 | 0.091094 | 4.260877 | 2.04E-05 | 0.002662
Maspl 294.53286 -0.432279756 | 0.101869 | -4.24349 | 2.20E-05 | 0.002843
Gjal 4624.6492 -0.334297703 | 0.079001 | -4.23157 | 2.32E-05 | 0.002943
Hoxd10 783.10141 -0.362634372 | 0.085656 | -4.23362 | 2.30E-05 | 0.002943
Rnf128 133.48293 -0.473031029 | 0.111838 | -4.2296 | 2.34E-05 | 0.002943
Notum 239.98113 0.448868818 | 0.106196 | 4.226813 | 2.37E-05 | 0.002953
Lefl 2302.7842 -0.333216212 | 0.078911 | -4.22268 | 2.41E-05 | 0.002982
Pdzd2 82.454868 -0.480818675 | 0.114105 | -4.21381 | 2.51E-05 | 0.003074
Pthir 987.13641 0.36541565 | 0.087036 | 4.198429 | 2.69E-05 | 0.003262
Dll4 70.118392 -0.487245678 | 0.116233 | -4.19198 | 2.77E-05 | 0.003328
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Spred2 943.19298 -0.294750111 | 0.070589 | -4.17557 | 2.97E-05 | 0.003547
Bves 217.86464 -0.464303891 | 0.111482 | -4.16484 | 3.12E-05 | 0.003687
Bncl 824.06282 0.408113087 | 0.098047 | 4.16241 | 3.15E-05 | 0.003695
Evxlos 228.11891 -0.466181323 | 0.112765 | -4.13411 | 3.56E-05 | 0.004146
Pink1 206.98911 0.445175223 | 0.107858 | 4.127435 | 3.67E-05 | 0.004234
Cdon 1656.0522 0.411116556 | 0.10058 | 4.087447 | 4.36E-05 | 0.004952
Sorbs2 70.649401 -0.474658355 | 0.116124 | -4.08752 | 4.36E-05 | 0.004952
Bmp4 1185.8359 -0.37234907 | 0.091199 | -4.08282 | 4.45E-05 | 0.005012
Nptx2 53.766573 -0.471468389 | 0.116121 | -4.06014 | 4.90E-05 | 0.00548
Parp9 38.654819 -0.469822545 | 0.115776 | -4.05802 | 4.95E-05 | 0.005487
I11rap 74.300799 -0.468138449 | 0.116046 | -4.03408 | 5.48E-05 | 0.00603
Col5al 3122.4213 0.295347438 | 0.073639 | 4.010761 | 6.05E-05 | 0.006606
Cpedl 160.49252 -0.46243353 | 0.115542 | -4.00231 | 6.27E-05 | 0.006794
Ankrd6 257.81803 0.355425136 | 0.088954 | 3.995595 | 6.45E-05 | 0.006936
Snai2 610.00278 0.378477965 | 0.095331 | 3.970157 | 7.18E-05 | 0.007661
Pkp2 372.86898 -0.424993499 | 0.107342 | -3.95926 | 7.52E-05 0.0079
Steapl 271.3553 0.460710753 | 0.11635 | 3.959692 | 7.50E-05 0.0079
Dok4 2600.2375 -0.343574878 | 0.086972 | -3.9504 | 7.80E-05 | 0.008096
LOC101055843 | 56.127896 -0.444634722 | 0.11262 | -3.94809 | 7.88E-05 | 0.008096
Spry2 240.8192 -0.396842573 | 0.10048 | -3.94948 | 7.83E-05 | 0.008096
Cyp26b1 87.70355 -0.44219142 | 0.112424 | -3.93324 | 8.38E-05 | 0.008551
Colec12 1026.8158 -0.285188683 | 0.072563 | -3.93022 | 8.49E-05 | 0.008597
Fut8 521.03331 -0.317852845 | 0.081029 | -3.92272 | 8.76E-05 | 0.008806
Ifrdl 977.70941 -0.312973888 | 0.080123 | -3.90617 | 9.38E-05 | 0.009364
Dtx3l 69.890817 -0.453754915 | 0.116356 | -3.89971 | 9.63E-05 | 0.00955
Nrp2 3142.5835 0.288639312 | 0.074063 | 3.897205 | 9.73E-05 | 0.009581
Stx3 168.3538 -0.409785976 | 0.105307 | -3.89133 | 9.97E-05 | 0.009748
Fgf10 354.84732 -0.391422522 | 0.100943 | -3.87765 | 0.000105 | 0.010242
Cd44 81.961224 -0.417634167 | 0.108286 | -3.85677 | 0.000115 | 0.011005
Prrxl 3643.154 -0.398080769 | 0.103213 | -3.85688 | 0.000115 | 0.011005
Cdol 128.10242 -0.44312991 | 0.115293 | -3.84353 | 0.000121 | 0.011531
Gabrad 34.040384 -0.426866411 | 0.111118 | -3.84157 | 0.000122 | 0.011531
Rarb 774.05559 0.290025667 | 0.07552 | 3.840383 | 0.000123 | 0.011531
Celf3 137.98062 0.435190783 | 0.11368 3.8282 | 0.000129 | 0.012036
Chx8 80.571485 0.437361205 | 0.114484 | 3.820271 | 0.000133 | 0.012348
Cldn10 51.429196 -0.437659431 | 0.115173 | -3.80001 | 0.000145 | 0.013229
Cpz 122.40912 0.429098491 | 0.112892 | 3.800976 | 0.000144 | 0.013229
Serinch 441.5734 -0.394274286 | 0.10387 | -3.79583 | 0.000147 | 0.013367
Col5a2 2536.139 0.26891533 | 0.070881 | 3.793925 | 0.000148 | 0.013384
Thx18 27.149199 -0.327782499 | 0.086873 | -3.77312 | 0.000161 | 0.014458
Linsl 451.6708 -0.263141728 | 0.06995 | -3.76183 | 0.000169 | 0.015031
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Nkdl 1420.6578 0.235877595 | 0.062811 | 3.755352 | 0.000173 | 0.015328
Evxl 328.50511 -0.434387478 | 0.115896 | -3.74808 | 0.000178 | 0.01568
Ptx3 105.29977 0.427291715 | 0.11409 | 3.745211 | 0.00018 | 0.01568
Tmem200c 29.569283 -0.429764527 | 0.114757 | -3.74498 | 0.00018 | 0.01568
Bmf 641.90768 0.386181725 | 0.103286 | 3.738965 | 0.000185 | 0.015864
S1pr3 1091.5754 0.350923938 | 0.093841 | 3.739565 | 0.000184 | 0.015864
Irx5 772.75172 0.339966742 | 0.090992 | 3.736217 | 0.000187 | 0.015941
Cd248 705.2825 0.317630279 | 0.08523 | 3.726754 | 0.000194 | 0.016364
Thx4 1192.8304 -0.422593981 0.1134 | -3.72658 | 0.000194 | 0.016364
DIx1 25.6212 -0.421694208 | 0.113693 | -3.70906 | 0.000208 | 0.017435
DIx5 77.993093 -0.421528382 | 0.114032 | -3.69659 | 0.000219 | 0.018206
Salll 2057.0163 -0.374385841 | 0.10174 | -3.67983 | 0.000233 | 0.019331
Aff2 247.13283 0.426837929 | 0.116057 | 3.677816 | 0.000235 | 0.019369
Slc22al7 416.90463 0.37052816 | 0.100909 | 3.671911 | 0.000241 | 0.019707
F2r 3460.9595 -0.249213909 | 0.067912 | -3.66967 | 0.000243 | 0.019766
Cdh1l 1604.0052 -0.340452663 | 0.092852 | -3.6666 | 0.000246 | 0.01989
Pde4d 235.32157 0.342857252 | 0.093683 | 3.659755 | 0.000252 | 0.020312
Irx4 50.204662 0.424897027 | 0.116342 | 3.652133 | 0.00026 | 0.020806
Cygb 88.545637 -0.421559346 | 0.116095 | -3.63116 | 0.000282 | 0.022445
Slc22a3 31.01879 0.411088272 | 0.113329 | 3.627385 | 0.000286 | 0.022526
St6gal2 193.60578 -0.418745137 | 0.115442 | -3.62732 | 0.000286 | 0.022526
Cftr 70.613359 0.419788401 | 0.115828 | 3.624228 | 0.00029 | 0.022671
Grebl 2419.0423 -0.383992848 | 0.106187 | -3.61621 | 0.000299 | 0.023128
Zmym3 744.51178 0.250637374 | 0.069289 | 3.617295 | 0.000298 | 0.023128
Nuakl 466.66733 -0.319483809 | 0.088881 | -3.5945 | 0.000325 | 0.025007
Faml107a 68.079074 0.415260679 | 0.115713 | 3.588723 | 0.000332 | 0.025311
Lin28b 3307.4931 -0.351866685 | 0.09812 | -3.58609 | 0.000336 | 0.025311
Nkd2 527.78125 -0.349705889 | 0.097454 | -3.58842 | 0.000333 | 0.025311
Ripor3 95.492861 0.417150511 | 0.116337 | 3.585711 | 0.000336 | 0.025311
Irs2 830.83081 -0.291281771 | 0.081347 | -3.58072 | 0.000343 | 0.025584
Mtx2 1853.3786 -0.189438036 | 0.052914 | -3.58014 | 0.000343 | 0.025584
Semash 68.646655 -0.411400182 | 0.115096 | -3.57441 | 0.000351 | 0.026013
PIxna2 2222.8342 0.374872166 | 0.105431 | 3.555616 | 0.000377 | 0.027798
Tshz2 448.85606 -0.285082563 0.0803 | -3.5502 | 0.000385 | 0.028228
Trib2 287.59687 -0.339632922 | 0.095821 | -3.54447 | 0.000393 0.0287
Emp2 168.0856 0.386293398 | 0.109088 | 3.541125 | 0.000398 | 0.028917
Ctsh 52.925142 -0.408041851 | 0.115868 | -3.52162 | 0.000429 | 0.03097
Msi2 2977.0888 -0.32448702 | 0.092195 | -3.51959 | 0.000432 | 0.031049
Cpvl 6.7692152 -0.273548568 | 0.077919 | -3.51067 | 0.000447 | 0.031946
Gnal 254.39359 -0.398941704 | 0.113792 | -3.50587 | 0.000455 | 0.032295
Lrpl2 597.80026 -0.224291814 | 0.06399 | -3.5051 | 0.000456 | 0.032295
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Smim10I2a 94.30305 -0.397745422 | 0.113685 | -3.49866 | 0.000468 | 0.032919

Pdpn 430.7314 0.332004661 | 0.095158 | 3.488995 | 0.000485 | 0.033963

Slc6a6 2954.2743 -0.194213554 | 0.055794 | -3.48088 0.0005 | 0.034835

Sncaip 248.87206 0.35974701 | 0.103488 | 3.476217 | 0.000509 | 0.035218

Sox12 2510.9235 0.237473286 | 0.068332 | 3.475308 | 0.00051 | 0.035218

Haglr 113.48567 -0.398341433 | 0.114859 | -3.4681 | 0.000524 0.036

Ptchl 1104.3664 -0.312946052 | 0.090436 | -3.46042 | 0.000539 | 0.036863

Alx4 3559.8358 0.30267215 | 0.087928 | 3.442292 | 0.000577 | 0.039234

Fgfr2 2304.1071 0.277384324 | 0.080757 | 3.434806 | 0.000593 | 0.040011

Psatl 4094.7248 -0.203845851 | 0.059355 | -3.43438 | 0.000594 | 0.040011

Lpar6 680.45993 -0.284622546 | 0.082921 | -3.43247 | 0.000598 | 0.040101

Gnpnatl 366.71425 -0.26459191 | 0.077179 | -3.42828 | 0.000607 | 0.040532

Abi3bp 38.187533 0.390693782 | 0.114016 | 3.426656 | 0.000611 | 0.040584

Prrt4 407.06657 0.355769326 | 0.103893 | 3.424374 | 0.000616 | 0.040734

Mecom 828.1278 -0.381473556 | 0.111512 | -3.42092 | 0.000624 | 0.041063

Cdhrl 107.95284 -0.387734215 | 0.113617 | -3.41265 | 0.000643 | 0.042132

Cdh24 746.76367 0.309541712 | 0.090793 | 3.409303 | 0.000651 | 0.042454

Klhl5 536.12011 -0.299191849 | 0.087932 | -3.40253 | 0.000668 | 0.043122

Pck?2 322.82624 0.335690121 | 0.098639 | 3.403207 | 0.000666 | 0.043122

Coll6al 119.2473 0.388125603 | 0.114207 | 3.398429 | 0.000678 | 0.043179

Fgf8 22.864841 -0.260908803 | 0.076749 | -3.39951 | 0.000675 | 0.043179

Rubie 11.372148 -0.299098657 | 0.087968 | -3.40008 | 0.000674 | 0.043179

Mtss1 736.99928 -0.26588611 | 0.078504 | -3.38691 | 0.000707 | 0.044431

Ntng2 69.121277 -0.393820203 | 0.116273 | -3.38704 | 0.000707 | 0.044431

Runx1tl 564.50644 0.353950744 | 0.104438 | 3.389099 | 0.000701 | 0.044431

Syt9 60.471495 -0.386738709 | 0.11453 | -3.37675 | 0.000733 0.0459

Tvp23a 327.70002 0.269207353 | 0.079876 | 3.370321 | 0.000751 | 0.046776

IncRNA transcripts

Gene baseMean | log2FoldChange | IfcSE stat pvalue | padj
2.50E-

ENSMUSG00000087333.1 | 150.35096 -0.9973085 | 0.149446 | -6.6733727 11| 1.18E-07

ENSMUSG00000086938.8 | 13.592986 1.4008879 | 0.3005525 | 4.6610428 3.1556 0.0073949

ENSMUSG00000100426.1 | 7.2704368 1.4353152 | 0.3215319 | 4.4639894 8.0456 0.0126061

ENSMUSG00000079499.9 | 279.80327 -0.6113139 | 0.1395343 | -4.3810996 1.1855 0.0138776

ENSMUSG00000086126.1 | 223.6862 -0.6995146 | 0.1720999 | -4.0645858 4.8155 0.0377003

ENSMUSG00000105628.1 | 6.0034272 -1.3202836 | 0.3222404 | -4.0972009 4.1855 0.0377003
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Table S2.2. Sample of reproducible peaks from ISL1 ChIP-seq in the hindlimb field.

Mouse

Chr Start End -log10pval summit

chrl4 16575143 | 16575493 210.15003 173
chrl3 44730948 | 44731313 198.836 233
chrb 1.04E+08 | 1.04E+08 174.49307 150
chrl4 69029168 | 69029489 166.81607 153
chrl2 82773858 | 82774104 157.42743 119
chrl 1.69E+08 | 1.69E+08 157.16892 129
chrl5 43389458 | 43389805 138.43967 155
chr5 3647059 | 3647313 137.39883 97
chrll 85963520 | 85963864 134.98508 184
chrll 1.1E+08 | 1.1E+08 134.32902 125
chr2 1.81E+08 | 1.81E+08 125.6544 103
chrl 9761333 | 9761573 123.97229 122
chrb 20744418 | 20744711 121.21907 120
chrl 37409254 | 37409539 120.18762 173
chrll 72407390 | 72407628 118.64928 107
chr4 49469887 | 49470097 118.19188 99
chr2 75138395 | 75138625 117.64711 113
chrl 73030863 | 73031074 114.92874 93
chr4 1.48E+08 | 1.48E+08 112.74374 132
chrX 7041682 | 7041917 111.8393 94
chr2 50793110 | 50793317 110.12545 96
chrl5 84809620 | 84809817 109.45888 98
chr4 94417280 | 94417518 108.43145 115
chr2 1.14E+08 | 1.14E+08 107.98111 120
chrl4 22205918 | 22206107 107.87766 99
chré 53912248 | 53912478 107.00833 118
chr2 1.06E+08 | 1.06E+08 106.87687 107
chrl0 27285521 | 27285747 106.80633 105
chr4 1.52E+08 | 1.52E+08 105.47782 129
chrl9 14424740 | 14424969 104.5949 117
chr3 1.59E+08 | 1.59E+08 103.43814 87
chrX 75750469 | 75750685 102.69333 94
chr7 99272877 | 99273101 102.2773 115
chr5 99522769 | 99522969 102.16497 117
chré 1.17E+08 | 1.17E+08 100.86545 126
chrl8 68194798 | 68195021 100.36441 128
chrl3 84063521 | 84063726 100.26561 91
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Chick

Chr Start End -log10pval summit
chrl4 5138608 5139136 352.6637 173
chr19 6668036 6668372 347.4077 172
chré 26949226 | 26949580 338.3124 183
chrl5 92043 92388 315.2161 171
chr3 52401584 | 52401910 313.9496 164
chr23 2097447 2097780 309.8664 168
chr2 1.49E+08 | 1.49E+08 309.4445 173
chrl5 6816878 6817186 303.9449 152
chr4 1863132 1863456 302.4651 157
chr2 43628879 | 43629177 293.0417 140
chré 21954581 | 21954878 281.2626 142
chrl4 451125 451413 273.9812 143
chr9 19987877 | 19988388 265.4523 176
chrl 48748722 | 48749069 259.4798 168
chr3 31160906 | 31161251 254.5021 187
chr26 4177014 | 4177322 248.304 161
chrl 51128106 | 51128386 245.5928 144
chr4 89132184 | 89132504 244.9877 170
chr2 1.32E+08 | 1.32E+08 242.6487 221
chr2 37693632 | 37693936 241.5692 133
chrl2 10777291 | 10777605 241.426 156
chr7 17339407 | 17339687 239.6053 138
chr3 39776025 | 39776316 239.3416 130
chr19 10133209 | 10133625 234.9881 147
chrUn_NW_020110167v1 864776 865061 232.5759 147
chr4 77442718 | 77443013 229.3742 153
chrl 2572517 2572842 226.059 165
chrz 20211566 | 20211890 223.2031 190
chr3 25456680 | 25456959 222.6992 144
chr33 3315218 3315524 222.3056 157
chrl 53897862 | 53898156 215.3223 168
chr22 3763481 3763776 215.2589 150
chr3 16246599 | 16246927 214.5717 164
chr20 5019457 5019752 214.5372 121
chr2 1.38E+08 | 1.38E+08 213.3568 134
chr4 20575393 | 20575839 204.2353 242
chrz 66692580 | 66692890 202.437 196
chr7 9068146 9068489 200.992 182
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Conserved

Chr Start End -log10pval summit
chrl4 16575143 | 16575493 210.15 173
chrl3 44730948 | 44731313 198.836 233
chrl4 69029168 | 69029489 166.8161 153
chrll 85963520 | 85963864 134.9851 184
chr2 75138395 | 75138625 117.6471 113
chré 53912248 | 53912478 107.0083 118
chrl3 84063521 | 84063726 100.2656 91
chr3 1.41E+08 | 1.41E+08 93.25476 78
chr2 46547679 | 46547857 81.36342 83
chrl3 48066886 | 48067031 80.89652 84
chrl 1.21E+08 | 1.21E+08 72.09069 208
chrl 16229889 | 16229993 71.646 43
chr8 1.15E+08 | 1.15E+08 63.98542 77
chrl6 74216908 | 74217324 62.84598 208
chrl9 55743415 | 55743831 62.08653 208
chrll 1.09E+08 | 1.09E+08 60.67002 208
chrl7 51398635 | 51398749 59.95253 55
chrl? 62701321 | 62701435 55.32519 59
chr8 26718830 | 26718965 54.45256 89
chr2 1.05E+08 | 1.05E+08 53.88262 42
chrl9 59690655 | 59691071 53.09065 208
chré 99013592 | 99014008 51.75037 208
chré 51961102 | 51961518 49.99922 208
chrl7 25593809 | 25594225 48.1189 208
chrl4 46436529 | 46436945 46.2499 208
chr3 67036665 | 67037081 45.75337 208
chr3 30304112 | 30304528 45.14953 208
chrl4 22760323 | 22760739 44.74737 208
chr3 55685631 | 55686047 44.39775 208
chrl3 78862863 | 78863279 43.85344 208
chrl4 72295071 | 72295487 42.991 208
chrl4 22794614 | 22795030 42.84497 208
chrl3 42709247 | 42709663 42.62092 208
chr2 1.37E+08 | 1.37E+08 42.33899 208
chr2 93738659 | 93739075 41.94231 208
chrl8 38483685 | 38484101 41.81141 208
chrl4 69029314 | 69029730 41.52025 208
chr2 1.34E+08 | 1.34E+08 38.80175 208
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Table S2.3. Putative direct targets of ISL1 in the hindlimb field.

Mouse directly activated

Gene baseMean | log2FoldChange | padj

Lrrn3 90.94285 -1.02264 | 2.55E-15
Dsc2 723.318 -0.7868 | 7.49E-14
Popdc?2 179.3801 -0.80876 | 3.55E-13
Tle4 1350.695 -0.74253 | 1.79E-12
Unc5c 1016.879 -0.85703 | 2.01E-12
Spry4 230.7402 -0.72422 | 2.58E-08
Angpt2 93.15002 -0.7 | 1.39E-07
Mab21l1 20.67839 -0.54778 | 1.61E-06
Tcf7 1654.562 -0.40838 | 1.76E-06
Dpysl3 2781.917 -0.48278 | 1.02E-05
Fmnl 151.2113 -0.60699 | 1.43E-05
Pcdh7 1213.357 -0.47173 | 4.30E-05
Whnt5a 1521.81 -0.48712 | 5.38E-05
Cnksr2 289.8119 -0.50914 | 0.000141
Atplbl 112.8329 -0.55982 | 0.000141
Rxfpl 9.963383 -0.42293 | 0.000168
Abca8b 204.991 -0.49069 | 0.000743
Prep 3440.159 -0.22422 | 0.001011
Phldb2 2491.635 -0.45736 | 0.001484
Mdfic 184.2354 -0.45413 | 0.001946
Fgf20 28.5458 -0.41272 | 0.002662
Maspl 294.5329 -0.43228 | 0.002843
Gjal 4624.649 -0.3343 | 0.002943
Pdzd2 82.45487 -0.48082 | 0.003074
Dll4 70.11839 -0.48725 | 0.003328
Bmp4 1185.836 -0.37235 | 0.005012
Cyp26b1 87.70355 -0.44219 | 0.008551
Fut8 521.0333 -0.31785 | 0.008806
Prrx1 3643.154 -0.39808 | 0.011005
Cdol 128.1024 -0.44313 | 0.011531
Evx1 328.5051 -0.43439 | 0.01568
Tmem200c | 29.56928 -0.42976 | 0.01568
Thx4 1192.83 -0.42259 | 0.016364
Grebl 2419.042 -0.38399 | 0.023128
Nuakl 466.6673 -0.31948 | 0.025007
Lin28b 3307.493 -0.35187 | 0.025311
Mtx2 1853.379 -0.18944 | 0.025584
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Semashb 68.64666 -0.4114 | 0.026013
Cpvl 6.769215 -0.27355 | 0.031946
Gnal 254.3936 -0.39894 | 0.032295
Psatl 4094.725 -0.20385 | 0.040011
Mecom 828.1278 -0.38147 | 0.041063
Cdhrl 107.9528 -0.38773 | 0.042132
Ntng2 69.12128 -0.39382 | 0.044431

Chick directly activated

Gene baseMean | log2FoldChange | padj

Etvb 839.1243 -0.72826 | 4.13E-16
Prdm1l 252.8511 -1.03112 | 1.59E-15
Tle4 1350.695 -0.74253 | 1.79E-12
Unc5c 1016.879 -0.85703 | 2.01E-12
Dusp6 2865.949 -0.74439 | 4.46E-10
DIx2 129.561 -0.713 | 4.36E-08
Apcddl 2416.072 -0.63164 | 1.03E-07
Sall3 473.1117 -0.67533 | 1.13E-07
Adamts5 33.37832 -0.6702 | 3.68E-07
Chst15 224.2648 -0.58895 | 6.62E-07
Nfam1l 153.8068 -0.64736 | 1.09E-06
Mab21I1 20.67839 -0.54778 | 1.61E-06
Gasklh 531.8063 -0.54206 | 2.48E-06
Tril 2812.953 -0.66867 | 3.65E-06
Spryl 354.0236 -0.56413 | 4.12E-06
Hoxd1 244.2891 -0.65153 | 5.34E-06
1117rd 1367.902 -0.56796 | 7.19E-06
Fmnl 151.2113 -0.60699 | 1.43E-05
Hs3st3b1 355.7743 -0.55017 | 1.55E-05
Rail4 2441.436 -0.39699 | 4.08E-05
Pcdh7 1213.357 -0.47173 | 4.30E-05
Whnt5a 1521.81 -0.48712 | 5.38E-05
Cnksr2 289.8119 -0.50914 | 0.000141
Zbtb16 532.628 -0.48787 | 0.000251
Prkci 3926.517 -0.35834 | 0.000411
Zhx2 188.9849 -0.47221 | 0.000614
Prep 3440.159 -0.22422 | 0.001011
Igfbp3 346.7884 -0.48892 | 0.00117
Vegfa 1257.791 -0.3917 | 0.001576
Mdfic 184.2354 -0.45413 | 0.001946
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0610040J01Rik | 114.6981 -0.4794 | 0.002641
Fgf20 28.5458 -0.41272 | 0.002662
Gjal 4624.649 -0.3343 | 0.002943
Hoxd10 783.1014 -0.36263 | 0.002943
Pdzd?2 82.45487 -0.48082 | 0.003074
Bmp4 1185.836 -0.37235 | 0.005012
Cpedl 160.4925 -0.46243 | 0.006794
Pkp2 372.869 -0.42499 0.0079
Spry2 240.8192 -0.39684 | 0.008096
Cyp26b1 87.70355 -0.44219 | 0.008551
Colec12 1026.816 -0.28519 | 0.008597
Fgfl10 354.8473 -0.39142 | 0.010242
Prrx1 3643.154 -0.39808 | 0.011005
Thx18 27.1492 -0.32778 | 0.014458
Evx1 328.5051 -0.43439 | 0.01568
Thx4 1192.83 -0.42259 | 0.016364
Salll 2057.016 -0.37439 | 0.019331
Cdh11 1604.005 -0.34045 | 0.01989
Grebl 2419.042 -0.38399 | 0.023128
Nuakl 466.6673 -0.31948 | 0.025007
Lin28b 3307.493 -0.35187 | 0.025311
Mtx2 1853.379 -0.18944 | 0.025584
Irs2 830.8308 -0.29128 | 0.025584
Sema5bb 68.64666 -0.4114 | 0.026013
Tshz2 448.8561 -0.28508 | 0.028228
Trib2 287.5969 -0.33963 0.0287
Gnal 254.3936 -0.39894 | 0.032295
Lrpl2 597.8003 -0.22429 | 0.032295
Slc6a6 2954.274 -0.19421 | 0.034835
Psatl 4094.725 -0.20385 | 0.040011
Mecom 828.1278 -0.38147 | 0.041063
Mouse + chick directly activated

Gene baseMean | log2FoldChange | padj

Tled 1350.695 -0.74253 | 1.79E-12
Unc5c 1016.879 -0.85703 | 2.01E-12
Mab2111 20.67839 -0.54778 | 1.61E-06
Fmnl 151.2113 -0.60699 | 1.43E-05
Pcdh7 1213.357 -0.47173 | 4.30E-05
Wntba 1521.81 -0.48712 | 5.38E-05
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Cnksr2 289.8119 -0.50914 | 0.000141
Prep 3440.159 -0.22422 | 0.001011
Mdfic 184.2354 -0.45413 | 0.001946
Fgf20 28.5458 -0.41272 | 0.002662
Gjal 4624.649 -0.3343 | 0.002943
Pdzd2 82.45487 -0.48082 | 0.003074
Bmp4 1185.836 -0.37235 | 0.005012
Cyp26bl | 87.70355 -0.44219 | 0.008551
Prrx1 3643.154 -0.39808 | 0.011005
Evx1 328.5051 -0.43439 | 0.01568
Thx4 1192.83 -0.42259 | 0.016364
Grebl 2419.042 -0.38399 | 0.023128
Nuakl 466.6673 -0.31948 | 0.025007
Lin28b 3307.493 -0.35187 | 0.025311
Mtx2 1853.379 -0.18944 | 0.025584
Semabhb 68.64666 -0.4114 | 0.026013
Gnal 254.3936 -0.39894 | 0.032295
Psatl 4094.725 -0.20385 | 0.040011
Mecom 828.1278 -0.38147 | 0.041063
Mouse directly repressed

Gene baseMean | log2FoldChange | padj

Gasl 6691.9331 0.5029086 | 5.95E-06
Irx3 2245.4346 0.4576792 | 5.39E-05
Slitrk6 450.96935 0.5811071 | 0.0001083
Ppp2r2b | 422.89031 0.5390467 | 0.0003044
Bcl9l 1419.8831 0.3060205 | 0.0003451
Col3al 9183.7032 0.435396 | 0.0005029
Handl 1197.0569 0.4722174 | 0.0010653
Mpped2 | 474.07638 0.4351891 | 0.0026407
Pthir 987.13641 0.3654156 | 0.0032624
Nrp2 3142.5835 0.2886393 | 0.0095812
Rarb 774.05559 0.2900257 | 0.0115308
Ptx3 105.29977 0.4272917 | 0.0156797
Fam107a | 68.079074 0.4152607 | 0.025311
Pdpn 430.7314 0.3320047 | 0.0339629
Alx4 3559.8358 0.3026721 | 0.0392341
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Chick directly repressed

Gene baseMean | log2FoldChange | padj

Wnt2 922.74079 0.6255888 | 3.77E-07
Gasl 6691.9331 0.5029086 | 5.95E-06
Irx3 2245.4346 0.4576792 | 5.39E-05
Fgfr3 559.47117 0.4947888 | 0.0001664
Bclol 1419.8831 0.3060205 | 0.0003451
Col3al 9183.7032 0.435396 | 0.0005029
Ndnf 781.70513 0.4359509 | 0.0008598
Handl 1197.0569 0.4722174 | 0.0010653
Cttnbp2 | 267.38575 0.4602296 | 0.001114
Adcy5 67.541513 0.5121404 | 0.0013214
Vegfc 746.61595 0.336016 | 0.0022432
Mpped2 | 474.07638 0.4351891 | 0.0026407
Isml 200.24156 0.4399742 | 0.0026407
Lrig3 794.69575 0.3881385 | 0.0026617
Bncl 824.06282 0.4081131 | 0.0036949
Cdon 1656.0522 0.4111166 | 0.0049524
Snai2 610.00278 0.378478 | 0.0076614
Steapl 271.3553 0.4607108 | 0.0078998
Nrp2 3142.5835 0.2886393 | 0.0095812
Rarb 774.05559 0.2900257 | 0.0115308
Col5a2 2536.139 0.2689153 | 0.0133836
Nkd1 1420.6578 0.2358776 | 0.0153284
S1pr3 1091.5754 0.3509239 | 0.015864
Irx5 772.75172 0.3399667 | 0.015941
Aff2 247.13283 0.4268379 | 0.0193694
Irx4 50.204662 0.424897 | 0.0208057
Alx4 3559.8358 0.3026721 | 0.0392341
Fgfr2 2304.1071 0.2773843 | 0.0400114
Abi3bp 38.187533 0.3906938 | 0.0405838
Pck2 322.82624 0.3356901 | 0.0431221
Runx1tl | 564.50644 0.3539507 | 0.0444306
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Mouse + chick directly repressed

Gene baseMean | log2FoldChange | padj

Gasl 6691.9331 0.5029086 | 5.95E-06
Irx3 2245.4346 0.4576792 | 5.39E-05
Bclol 1419.8831 0.3060205 | 0.0003451
Col3al 9183.7032 0.435396 | 0.0005029
Handl 1197.0569 0.4722174 | 0.0010653
Mpped2 | 474.07638 0.4351891 | 0.0026407
Nrp2 3142.5835 0.2886393 | 0.0095812
Rarb 774.05559 0.2900257 | 0.0115308
Alx4 3559.8358 0.3026721 | 0.0392341
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Table S2.4. Shared putative direct targets in the hindlimb field and genital tubercle.

Mouse directly activated Chick directly activated Conserved directly activated
Gene shared peak(s)? Gene shared peak(s)? Gene shared peak(s)?
Uncbc Y Uncbc Y Uncb5c Y
Tle4 Y Tled Y Mab21I11 Y
Mab2111 Y Fmnl Y Evx1 Y
Whnt5a Y Mah21I1 Y Thx4 Y
Pdzd2 Y Cnksr2 Y Bmp4 Y
Pcdh7 Y Whnt5a Y
Cyp26b1 Y Pdzd2 Y
Evx1 Y Pcdh7 Y
Thx4 Y Cyp26b1 Y
Sema5h Y Evx1 Y
Grebl Y Thx4 Y
Bmp4 Y Sema5hb Y
Lrrn3 Y Grebl Y
Dsc2 Y Bmp4 Y
Dpysl3 Y Gjal Y
Fut8 Y Prdml Y
Fmnl Dusp6 Y
Cnksr2 Etvb Y
Prrx1 Tril Y
Lin28b Apcddl Y
Gjal Zhx2 Y
Spry4 Thx18 Y

Irs2 Y
Gnal

Prrx1

Lin28b

Chst15

Rail4
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Mouse directly repressed Chick directly repressed Conserved directly repressed

Gene shared peak(s)? Gene shared peak(s)? Gene shared peak(s)?
Slitrk6 Y Gasl Y Rarb Y
Ppp2r2b Y Irx3 Y Irx3
Mpped?2 Y Rarb Y
Rarb Y Abi3bp Y
Gasl Aff2 Y
Irx3 Fgfr2 Y
Col3al Isml Y
Lrig3 Y
Pck2 Y
Slpr3 Y
Snai2 Y
Wnt?2 Y
Col3al
Mpped2
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CHAPTER 3
ISL1 TARGETS CONSERVED APPENDAGE ENHANCERS DURING DEVELOPMENT OF

THE AMNIOTE PHALLUS ?

2 Minchey, S.G., et al., to be submitted to Development.
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Abstract

The development of the genital tubercle (GT) — the embryonic precursor to the penis and
clitoris — involves expression of many genes that play a role in limb development. Similarities in
early genital budding across amniotes suggest a shared evolutionary origin of the external
genitalia from their last common ancestor over 300 million years ago. Prior studies have shown
that many limb enhancers are active during phallus development, raising the possibility that limb
regulatory elements were coopted during the evolution of the phallus. However, patterns of
transcription factor binding during GT development remains largely unexplored. The Isl1 gene
encodes a transcription factor required for normal GT outgrowth. Using a combination of RNA-
seq and ChlP-seq, we have identified putative direct targets of ISL1 during mouse GT
development. Limb genes are overrepresented among these targets, and many appear to be
activated via known limb enhancers. Incorporating ISL1 ChlP-seq analyses from embryonic
genitalia of other amniotes such as chick and alligator reveals deeply conserved ISL1 binding
events at some of these enhancers, possibly highlighting targets of functional importance that
have been maintained for hundreds of millions of years. A notable example of a conserved target
is Thx4 and its enhancer HLEB, which is known to be an active enhancer during hindlimb
development. Another important limb-GT gene, Hoxd13, appears to be targeted by ISL1 via
multiple conserved enhancers, some of which are GT-specific. Our results suggest that many
ISL1 target enhancers in the GT are well-conserved, including both enhancers that may have

been coopted from limb development and those that do not show evidence of pleiotropy.
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Introduction

While the external genitalia of mammals, reptiles and birds display extensive diversity,
similarities in embryonic development suggest that the phallus evolved once in the last common
ancestor of amniotes over 300 million years ago (Gredler, 2016). The genital tubercle (GT) has
largely been studied in mouse models (Haller and Ma, 2019; Hashimoto et al., 2019), though
analyses of morphology and gene expression have been carried out in the embryonic genitalia of
birds (Herrera et al., 2013), squamates (Gredler et al., 2015b; Leal and Cohn, 2014), alligators
(Gredler et al., 2015a), and turtles (Larkins and Cohn, 2015). These reveal that some of the key
GT genes identified in mice show similar patterns of expression in other amniotes. Furthermore,
all amniote phallus development begins with the emergence of paired genital swellings, even in
the tuatara which lacks a phallus later in development (Sanger et al., 2015). Although these
swellings remain separate and develop into paired hemipenes or hemiclitores in squamates, in
other groups they merge at the midline to form the GT.

The mouse GT forms by day E11.5 and undergoes an ambisexual phase of development.
The androgen receptor shows a similar pattern of expression between males and females at
E13.5, but by E15.5 AR shows clear sexual dimorphism, localizing to the nuclei in males to
regulate gene expression (Zheng et al., 2015). The hormone-independent ambisexual phase
involves the expression of many genes known for their involvement in limb development (Cohn,
2011). For example, Shh signaling is required in mice for limb development as well as GT
initiation and outgrowth (Haraguchi et al., 2001; Lin et al., 2009; Perriton et al., 2002; Seifert et
al., 2009b). Mice that are homozygous double knockouts for Hoxal3 and Hoxd13 fail to develop
digits or the GT (Kondo et al., 1997; Warot et al., 1997), while human mutations in each gene

are associated with limb and penile defects (Roux et al., 2019; Tizel et al., 2007).
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Lonfat et al. (2014) found that not only are these Hox13 genes expressed in the limbs and
GT, but that there are shared limb-genital enhancers active in both appendages. ChIP-seq data
from H3K27ac — a histone modification associated with open chromatin — can reveal active
promoters and enhancers in a tissue (Creyghton et al., 2010). Infante et al. (2015) used this to
compare enhancer activity in mouse limb and genital buds on a genome-wide scale. Enhancers
active in the GT tend to occur near genes involved in limb development, and many are active in
the limbs and GT but not in other tissues. This includes HLEB — a known hindlimb enhancer of
Tbx4 which is well-conserved across amniotes. HLEB drives expression in the GT, and its
deletion in mice results in lower Thx4 expression and altered genital morphology.

The Isl1 gene encodes a LIM-homeodomain transcription factor (TF) that is known to
play a role in the GT as well as in limb development. In the context of limbs, Isl1 is expressed
transiently and plays a crucial role during the initiation of hindlimb budding, but is not found in
the forelimb (Itou et al., 2012; Kawakami et al., 2011; Narkis et al., 2012; Shiga et al., 2002). By
contrast, Isll is expressed for a much longer period of time in the mouse GT, starting in the
cloacal region prior to genital budding and persisting through the ambisexual phase of GT
development (Ching et al., 2018; Draaken et al., 2015). Zhang et al. (2017) identified Isl1 as a
major susceptibility gene for bladder exstrophy in humans, finding that conditional deletion of
Isl1 using a Hoxa3-Cre driver in mouse results in urogenital defects that included GT hypoplasia.
Ching et al. (2018) conditionally deleted Isl1 using a Thx4-Cre driver, also resulting in GT
hypoplasia. They found that ISL1 may be upstream of Bmp4, Wnt5a, and Fgfl10, noting ISL1
binding events near these genes and reduced expression following Isl1 deletion. Tschopp et al.
(2014) identified Isl1 as a marker of genital budding in lizards and chicks, suggesting

conservation of this expression domain among amniotes.
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Here we explore the role of Isl1 during amniote embryonic phallus development using
conditional deletion, transcriptomic profiling, and identification of ISL1 binding loci genome-
wide. We generate conditional knockouts (cKOs) of Isl1, resulting in severe deficiency of GT
development. Using RNA-seq we identify many genes downstream of Isl1 that display altered
transcription levels following Isl1 deletion. ChlIP-seq allows us to identify which of these genes
are putative direct targets of ISL1, and extending this across different species of amniotes reveals
enhancers that appear conserved from their last common ancestor. Many targets are known
appendage genes that are important for GT development. Some are bound via known limb
enhancers that may have been coopted during the evolution of the amniote phallus, and we
examine an intriguing example of this in HLEB. Other conserved phallus enhancers may have

evolved to regulate these genes in a tissue-specific manner.

Results

Isl1 cKOs show severe GT defects and underexpression of appendage genes

We used the Hoxb6-Cre allele (Lowe et al., 2000) to conditionally delete Isl1 in the
genitalia. While external genital budding still occurs in mutants, they show extreme GT
hypoplasia (Fig. 3.1A). This is consistent with previously reported Isl1 deletions using other Cre
drivers (Ching et al., 2018; Zhang et al., 2017), although the Hoxb6-Cre driver seems to produce
more severe hypoplasia than prior mutants. The GT normally forms from paired genital
swellings by E11.5, but in these mutants the paired swellings are still apparent at E12.5,
suggesting a delay in GT formation.

We used RNA-seq to find differences in gene expression between the genitalia of mutant

and control mice at E12.5. We identified 786 underexpressed genes and 687 overexpressed genes
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and used DAVID to perform gene ontology analysis (Huang et al., 2009). Genes involved in
embryonic limb morphogenesis are enriched among the underexpressed genes, but not the
overexpressed group (Fig. 3.1B). Other sets of genes underexpressed in the absence of Isl1 are
genes involved in the cell cycle/cell division, and genes involved in WNT-signaling. There are
also sets of underexpressed genes involved in transcriptional regulation, indicating that many
transcription factors (TFs) are directly or indirectly activated by ISL1.

We might expect a large portion of these differentially expressed genes to be indirect
effects because of the wide gap in time between when Isl1 was conditionally deleted and when
we observed the downstream transcriptomic impact. This corresponds with the substantial
phenotypic divergence at E12.5 between the mutant and control genitalia. The Jax Gene
Expression Database lists 173 genes whose expression have been identified in Theiler stage 20
GTs (close to E12.5). 49 of these genes are underexpressed in our data, 21 are overexpressed,
and the remaining 103 (~60%) are not differentially expressed. Thus, while there are many genes
that are differentially expressed, this does not appear to be merely the result of GT genes as a
whole being underexpressed as a result of delayed GT formation.

Among the underexpressed genes are Bmp4 and Wnt5a, confirming what was found in
E14.5 GTs of Tbhx4-Cre Isl1 cKOs (Ching et al., 2018). This study also found an underexpression
of Fgf10 in these mutants, although it is not significantly altered in our data. Msx1 and Msx2 are
downstream effectors of BMP signaling (Marazzi et al., 1997), and both are underexpressed in
our Isl1 cKO GTs. Sp6 and Sp8 are expressed in the urethral epithelium downstream of WNT/pB-
catenin signaling, and Sp8 was shown to act upstream of Fgf8 and Fgf9 (Lin et al., 2013). Our
data show that Sp6/7/8/9 and Fgf9 are underexpressed, while Fgf8 expression levels are too low

to detect significant differences. Furthermore, genes in the hedgehog pathway are
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underexpressed, which is considered a crucial part of the urethral plate organizing center
(Haraguchi et al., 2001; Lin et al., 2009; Perriton et al., 2002; Seifert et al., 2009b). These
underexpressed genes include Shh itself, Ptch1/2, and Glil/3.

The distal Hox genes Hoxal3 and Hoxd13 play important roles in GT development
(Kondo et al., 1997; Warot et al., 1997). While Hoxal3 is not differentially expressed, Hoxd13,
as well as Hoxd11, Hoxd12, and Evx2 are underexpressed, all of which are at the 5’ end of the
Hoxd cluster. Underexpressed genes of the T-box family include Thx2, Thx3, Tbx4, and Thx5.
While these genes were previously shown to be expressed in the mouse GT (Douglas et al.,
2012), their function has not been well-explored, though Thx3 mutations in humans are
associated with micropenis as part of Ulnar-Mammary Syndrome (Sasaki et al., 2002). DIx5/6
double knockouts exhibit defects in urethral formation (Suzuki et al., 2008), and these are among

the most significantly underexpressed genes in our data.

ISL1 binds near limb genes in the GT and targets conserved enhancers

To find which genes are potential direct targets of ISL1 in the GT, we performed ChlIP-
seq on ISL1 in the embryonic genitalia of mouse, chick, American alligator, red-eared slider
turtle, and the brown anole lizard. In the mouse, we identify 14,600 reproducible binding loci,
which mostly occur >50 kb away from transcription start sites (Fig. 3.2A), consistent with
binding to distal cis-regulatory elements. We used GREAT to associate these peaks with the
nearest genes and perform gene ontology analysis (McLean et al., 2010). This shows that ISL1
tends to bind near genes expressed in the embryonic mouse limb and penis (Fig. 3.2B, top) and
genes whose orthologs have been associated with digit defects when mutated in humans (Fig.

3.2B, bottom).
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Amandio et al. (2020) performed CUT-and-RUN on HOXA13 in the mouse GT at E13.5
— one day in development after our ChlP-seq data. We reanalyzed these data, finding that
roughly 38% of the ISL1 peaks overlap with a HOXAL13 peak, and de novo motif analysis using
HOMER (Heinz et al., 2010) finds that the top motif in these ISL1 sites resembles that of
HOXAL13 (Fig. 3.2C,D top). Motifs resembling ISL1 are nevertheless among the top 5 de novo
motifs for the ISL1+HOXA13 peaks. With the remaining ~62% of ISL1 peaks that do not
overlap a HOXA13 peak, the top de novo motif most resembles ISL1 (Fig. 3.2C,D bottom). Both
the ISL1+HOXA13 and the ISL1-only peaks also show enrichment of motifs matching TCF/LEF
— TFs in the Wnt-signaling pathway — as well as TWIST1.

Infante et al. (2015) identified enhancers that show limb-specific, GT-specific, and limb-
GT activity using H3K27ac ChlP-seq, filtering out enhancers that are not appendage-specific
using data from other tissues. Ching et al. (2018) performed ISL1 ChIP-seq in the GT at E14.5,
finding that it binds many of the limb-GT and GT-specific enhancers, but much less frequently
the limb-specific enhancers. Our ChlP-seq data from earlier in GT development (E12.5) are
consistent with these results (Fig S3.1A). Using vertebrate phastCons scores, we visualized the
degree of conservation around ISL1 summits within the limb-GT and GT-specific enhancers
(Fig. S3.1B). Comparing the central 100 bp around these summits, we find a significantly higher
mean conservation score within the limb-GT enhancers compared to the GT-specific ones.

To systematically explore ISL1 binding outside of mammals, we used the ISL1 GT data
from chick and alligator. Like most birds, the chicken ultimately lacks an external phallus,
undergoing GT reduction during embryonic development (Herrera et al., 2013). We performed
ChlP-seq before this occurs to avoid possible differences in the cis-regulatory landscape

associated with this change. In addition, to reinforce our confidence in ISL1 binding loci, we
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used the alligator which undergoes normal GT development (Gredler et al., 2015a). Crocodilians
are the most closely-related living outgroup to avians, both being members of the archosaur
clade. To identify ISL1 binding regions shared among these archosaurs, we used the UCSC
LiftOver tool to convert alligator ISL1 binding loci to the chicken genome. This resulted in 4,897
binding loci that are conserved between the two species (Fig. 3.3A).

As with the mouse, we find enrichment of motifs resembling those of HOXA13, ISL1/2,
TWIST1, and TCF7 (Fig 3.3B). The frequency of a HOX13 motif in both the mouse and
archosaur peaks raises questions regarding how ISL1 interacts with these sites. We used the
MEME-suite program CentriMo (Bailey and Machanick, 2012) to look at the distribution of
known motifs from a human and mouse database. In both the mouse and archosaur peaks, the top
two centrally-enriched motifs are the human HOXB13 and ISL2 motifs, which are similar to the
top motifs we find using HOMER (Fig. S3.2). 62% of the mouse peaks and 60% of the archosaur
peaks have one of these two motifs in their central region, but only 15% and 13% of each peak
set contain both. This suggests there are many ISL1 peaks that have a central HOX13 motif, but
not a central ISL1 motif.

Of the conserved archosaur peaks, 1,790 were converted to the mouse genome, allowing
us to analyze them using GREAT. As with the mouse, these peaks show a distal cis-regulatory
element pattern (Fig. 3.3C). They tend to occur near genes involved in limb development and
genes associated with abnormal genital morphology in humans (Fig. 3.3E). We see a similar
distribution among the subset of peaks that are conserved across mouse, chick and alligator,
which we consider conserved amniote peaks (Fig. 3.3D). These peaks are associated with genes
involved in mouse urethral development and genes associated with abnormal scrotum

morphology in humans (Fig. 3.3F).
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Conserved directly activated targets of ISL1 in the GT

To determine which genes are potential direct targets of ISL1, we used the program
Cistrome-GO (Li et al., 2019) to integrate the RNA-seq data with the conserved amniote ChlP-
seq peaks (Fig. 3.4A). We used only underexpressed genes because they show a more
appendage-like signal (Fig. 3.1B) and because they have a stronger association with ChlP-seq
peaks than do the overexpressed genes (Fig. 3.4B), consistent with ISL1 primarily acting as an
activator in the GT. Putative conserved, directly activated targets are enriched for genes involved
in appendage/limb morphogenesis (Fig. 3.4C) and genes involved in the cell-cycle and WNT-
signaling (Fig. 3.4D). Among the top-20 candidate genes are Msx1/2, Tbx2/4, Isl2, Wnt5a, and
Hoxd13 (Table S3.3).

Given that ISL1 appears to activate known appendage genes in the GT and that many
enhancers are known to be shared between the limbs and GT (Infante et al., 2015), we looked for
evidence that ISL1 may activate these genes via known limb enhancers. Andrey et al. (2017)
characterized enhancers active in embryonic mouse forelimbs and hindlimbs at three
developmental stages using a combination of histone ChIP-seq and Capture-C. The Capture-C
data allowed them to associate these enhancers with the genes they likely regulate. We find 250
mouse ChlP-seq peaks that occur within these limb enhancers, and 31 of these are conserved
amniote peaks (Fig. S3.3). Additionally, we find 42 conserved peaks that occur on putative
enhancers active only in the GT identified by Infante et al. (2015) (Fig S3.4).

H3K27ac ChlP-seq signal from the GT and limbs of mouse, chick, and alligator supports
the idea that these are shared limb-GT enhancers (Fig. S3.3A-C). This can be contrasted with
conserved ISL1 peaks that occur on the GT-specific enhancers (Fig S3.4A-C). While some of

these enhancers show limb activity in the chick and alligator, the overall limb activity is much
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lower than for the known limb enhancers, suggesting that many conserved enhancers have
maintained their tissue expression domains across these species. Combining ISL1 binding to
known limb enhancers with our differential expression data allows us to identify strong
candidate direct targets of ISL1, assuming the enhancers associate with the same genes in the
limbs and GT. Among the genes that are potentially directly regulated via known limb enhancers

are Wnt5a, Hoxd13, Thx2 and Tbx4 (Fig. S3.3D).

ISL1 activates Thx4 via the limb-GT enhancer HLEB

The limb enhancer associated with Thx4 identified by this analysis is HLEB, which was
previously shown to have both hindlimb and GT activity (Infante et al., 2015; Menke et al.,
2008). In addition to this ISL1 binding locus found in the mouse, chick, and alligator GT (Fig.
3.5A-C), we also find it in the turtle GT and the lizard hemiphallus (Fig. 3.5D-E). HOXA13 also
appears to bind to this enhancer in the mouse GT. We generated a multi-species alignment of the
core orthologous sequence of HLEB, including mammals, turtles, crocodilians, lizards and
snakes. This reveals three highly conserved ISL1 motifs that may be specific ISL1 binding sites,
as well as a HOX13-like motif (Fig. S3.5).

While the HOX13 motif remains intact in snakes, all 3 ISL1 motifs are mutated in at least
some species of snakes. The boa constrictor and king cobra HLEB sequence was previously
shown to exhibit reduced though not absent GT activity as compared to the mouse and Anolis
HLEB (Infante et al., 2015). Both of these show a mutation in one of the ISL1 motifs that
appears ancestral to all snakes (Fig. S3.5, left), whereas the king cobra (Ophiophagus hannah)
has an additional mutation that appears in more advanced snakes (right). We tested LacZ

constructs containing <1 kb of the wildtype king cobra HLEB sequence and one in which we
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restored the two bases associated with the ISL1 sites (Fig. S3.6). We also tested a construct with
26 bases restored that are conserved among our sample of limbed amniotes (excluding birds and
tuatara) but mutated in king cobra. The two ISL1 sites are a subset of these 26 bases.

The wildtype construct is able to recapitulate the ventral GT activity previously observed
with the cobra HLEB (Infante et al., 2015) in 3 of the 12 embryos (Fig. 3.6A, S3.7A-B, Table
S3.4). Another 2 embryos show strong expression throughout the GT, but these embryos also
show widespread non-specific activity (Fig. S3.7C-D). Restoration of two ISL1 sites does not
appear sufficient to rescue the activity of HLEB previously seen by Infante and colleagues with
the mouse or lizard HLEB (Fig. 3.6B). Restoring 26 highly conserved bases, however, does
appear to be associated with an expansion of HLEB’s GT domain (Fig. 3.6C). Unlike the other
two constructs, none of these embryos show a ventrally biased expression domain, and
restoration of these bases also appears to result in a rescue of the posterior hindlimb domain that
Infante and coathors saw using the mouse HLEB. 4 in 10 of these embryos show both strong

staining throughout the GT and posterior hindlimb activity.

ISL1 shows conserved binding at GT-specific enhancers of Hoxd13

Hoxd13 is another target gene showing conserved binding at a known limb enhancer (Fig.
S3.3D). In addition to being annotated as a limb enhancer (Andrey et al., 2017), this locus is
within a larger region shown to have GT activity by Amandio et al. (2020), which they labeled
I1IE. We see evidence of limb and GT activity in this conserved ISL1 binding locus from our
H3K27ac data (Fig. 3.7). These researchers also identified another region which shows GT
activity called IVE, and here we find another conserved ISL1 binding locus showing no evidence

of limb activity. A third conserved ISL1 peak occurs within the known enhancer GT2 which was
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previously shown to have GT-specific activity (Amandio et al., 2020; Lonfat et al., 2014). While
the I11E and IVE peaks do not show consistent H3K27ac enrichment in chick and alligator, the

GT2 locus exhibits robust activity in the GT of all three species though not in the limbs.

Discussion

TFs play different roles depending on cellular context, mediated in part by differences in
the activity of cis-regulatory elements. The cell-specific functions of enhancers are controlled by
pioneer TFs that have the ability to open chromatin and allow binding of other TFs. In cardiac
progenitor cells, ISL1 appears to play a pioneering role (Gao et al., 2019), although this function
remains unexplored in appendage development. Combinatorial activity of TFs provides another
layer of control over cell fate. For example, Isl1 expression combined with Lhx3 and Ngn2 leads
mouse embryonic stem cells to differentiate into spinal motor neurons, while replacing Ngn2
with Phox2a leads to a cranial motor neuron fate (Mazzoni et al., 2013). Thus exploring multiple
TFs in a developmental context is necessary to reveal how they are interconnected. To date there
have been few high-throughput explorations of TF activity in the GT.

Though little is known about the gene regulatory network controlling GT development,
our results show that ISL1 plays a crucial role upstream of many known GT genes. Although
Hoxb6-Cre deletion of Isl1 does not cause complete GT agenesis, it does result in more severe
ablation than previously reported using the Thx4-Cre allele (Ching et al., 2018). The Hoxb6-Cre
allele is active broadly in the posterior mesenchyme at stages prior to GT initiation (Lowe et al.,
2000). Thus it may cause a more thorough deletion of Isl1 throughout the early pericloacal

mesenchyme than the Thx4-Cre allele. Low level Isl1 expression was previously reported in the
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urethral plate endoderm (Ching et al., 2018; Su et al., 2019), so there may also be differences in
the deletion of Isl1 in this domain.

Isl1 appears to be upstream of genes and signaling cascades known to be crucial for GT
development, including genes of the Hedgehog, WNT, and BMP pathways. Disruption of these
pathways in the GT mesenchyme produces similarly severe phenotypes of the GT (Kajioka et al.,
2020; Lin et al., 2008, 2009), and thus they could partly explain why Isl1 is indispensable for
normal development. Given the complex downstream effects of removing genes at the higher
levels of a gene regulator network, we expect many of the differentially expressed genes to be
indirect rather than direct targets of ISL1. This is especially the case given the extreme
phenotypic divergence that occurs between the time of conditional deletion and testing of gene
expression. Deletion at later staged using another Cre allele might reduce non-primary effects.

Our ISL1 ChlP-seq data allow us to focus on genes that are more likely to be direct
targets of ISL1. Incorporating data from different species of amniotes identifies conserved
enhancer loci that are targeted across distantly related amniotes. The prevalence of these
conserved GT enhancers is consistent with the current view that the amniote phallus evolved
once in their last common ancestor. While focusing on conserved loci necessarily excludes many
lineage-specific elements, it also may be expected to enrich for functional elements more than
the nonfunctional loci that are frequently detected by ChlP-seq (Sakabe and Nobrega, 2013).
Enhancers conserved across these amniote species are also more likely to be conserved in
humans and thus may be important for human GT development.

Focusing on conserved ISL1 binding loci also excludes lineage-specific functions that
could be of interest, and the Hoxd locus provides a possible example. While the conserved ISL1

peaks at the I11E and IVE enhancers were found in the hemiphallus of the brown anole, the GT2
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peak appears completely absent (Fig. S3.8A). Looking outside of this region to other annotated
Hoxd enhancers, however, we find a possible change in enhancer activity between species at the
known digit enhancer Island-I (Fig. S3.8B). While no peak was found in the mouse, there are
peaks in the chick, alligator, and lizard Island-I locus. Furthermore, we find an ISL1 motif that
appears unique to lizards within a specific region of Island-I that exhibits possible increased
ISL1 binding in the lizard (Fig. S3.8C). If this represents a true difference it is notable because
the lizard Island-I sequence has been shown to drive some GT expression in mouse embryos,
while the mouse version shows limb-specific activity (Guerreiro et al., 2016).

One mechanism by which enhancers can evolve is cooption, where an ancestral cis-
regulatory sequence is repurposed in a different developmental context (Glassford et al., 2015;
Xin et al., 2020). A subset of conserved ISL1 targets are known limb enhancers, consistent with
cooption of pre-existing limb enhancers during the evolution of the amniote phallus. These
pleiotropic enhancers can combine with TFs expressed in both the limbs and GT, as well as TFs
that differ between the two tissues. An example of the former is shown by ISL1 binding to
HLEB, an enhancer which is active during early hindlimb development coinciding with Isl1
expression (Infante et al., 2015; Kawakami et al., 2011).

In mice, Isl1 appears to play a role in the trunk-to-tail transition, being involved in the
terminal differentiation of trunk progenitors (Jurberg et al., 2013). This corresponds to the
position of the hindlimbs and cloaca as the major axial landmarks immediately anterior to the
tail. The exact position of the cloaca varies across amniotes, but it seems to activate Isl1
expression in the surrounding mesenchymal tissue across amniotes (Tschopp et al., 2014). If this
is an ancestral role among tetrapods, it is possible that the cloacal Isl1 domain existed prior to the

evolution of the amniote phallus, thus allowing it to regulate limb enhancers once they were
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coopted for phallus development. More work on Isl1’s expression domain outside of amniotes
(e.g. amphibians) may shed light on this question.

Isl1 plays a transient role during hindlimb initiation, and thus many of these coopted limb
enhancers are likely not regulated by ISL1 during limb development because of incompatible
timing. Enhancers active during digit development are a clear example of this, as digit
development takes place far after hindlimb initiation. During limb initiation, the Hoxd locus is
controlled by the T-DOM topologically associating domain, while C-DOM becomes active later
during digit development (Rodriguez-Carballo et al., 2020). We see evidence of ISL1 regulating
a shared limb-GT enhancer within the C-DOM and thus this enhancer is presumably not active
during hindlimb initiation (Fig. 3.7). Although we cannot say to what extent these ISL1 binding
loci are functionally important for these enhancers without additional experiments, they illustrate
the potential complexities of enhancer pleiotropy.

Our manipulation of the cobra HLEB sequence is one approach for testing the function of
particular enhancers. While HLEB was known to be pleiotropic in the hindlimb and genitalia,
our experiments probe particular bases within this enhancer, finding a set that appear necessary
for its complete activity in both of these contexts. Two ISL1 sites mutated in king cobra do not
appear sufficient to account for the loss of activity in the ventral GT or the hindlimb. Restoring
these sites along with another 24 bases across a span of 240 bp, however, does rescue this
activity. It is possible that these ISL1 sites are necessary but other TF binding sites are also
required to drive expression. The 26 bases restored include those that fall on or near potential
MEIS, HOX13, and LEF/TCF sites (Fig. S3.6).

Researchers of Drosophila enhancers have distinguished between those that exhibit “site

pleiotropy” — shared TF binding sites used in different contexts — and pleiotropic enhancers with
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distinct TF binding sites used in different tissues (Preger-Ben Noon et al., 2018; Sabaris et al.,
2019). Using this dichotomy, the ISL1 binding sites within HLEB along with the other sites we
tested may be site pleiotropic. Other shared limb-GT enhancers like those regulating Hoxd13
may contain non-pleiotropic ISL1 binding sites used during GT development while remaining
unused during limb development at stages when Isl1 is not expressed. Alternatively, there could
be binding sites that are site pleiotropic between the limbs and GT, but are occupied by a
different TF in the two tissues, e.g. a binding site occupied by ISL1 in the GT may be occupied
by another homeodomain TF in the limbs. These different types of pleiotropy are not mutually
exclusive, and enhancers may contain a mixture of TF binding sites of each category.

We also identify ISL1 binding loci within GT-only enhancers that are conserved across
amniotes. These presumably are derived from their last common ancestor and may have evolved
along with the phallus. This fits the more traditional paradigm of enhancers as providing modular
control of gene expression and reducing pleiotropic effects of mutations (Sabaris et al., 2019).
While we cannot rule out pleiotropic activity of these enhancers in untested stages of limb
development or other cell types, we do see less conservation around ISL1 binding sites within
GT-specific mouse enhancers (Fig. S3.1) as consistent with expectations (Sabaris et al., 2019).
Exploring other TFs and appendage enhancers in the GT could reveal more of its gene regulatory

network and what aspects are shared with the limbs.

Methods
Mouse lines
Hoxb6-Cre mice (Lowe et al., 2000) were crossed with Isl1+/- mice to generate Hoxb6-

Cre; Isl1+/- mice on a C57BL/6 background. These were then crossed with Isl1flox/flox mice to
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generate embryos for both phenotypic and transcriptomic analysis. “Isl1 cKO” refers to the
Hoxb6-Cre; Isl1flox/- genotype, while the control embryos have the Hoxb6-Cre; Isl1flox/+

genotype.

RNA-seq

The GTs of control mice and paired genital swellings of Isl1 cKO mice were dissected at
E12.5. We collected total RNA separately from the genitalia of 5 Isl1 cKO females and 5 control
females using the mirVVana miRNA isolation kit (ThermoFisher Scientific), thus allowing for 5
replicates. MRNA libraries were prepared from 500 ng of total RNA using the TruSeq Stranded
mMRNA Library Prep Kit (Illumina). These were then sequenced at the Georgia Genomics and
Bioinformatics Core to generate 50 bp single-end reads. Reads were aligned to the mm10
genome using STAR (v. 2.7.3a) and transcripts were counted using HTSeq (v. 0.13.5).

Differentially expressed genes were determined using DESeq2 (Galaxy v. 2.11.40.6).

Chromatin immunoprecipitation

GTs were collected from ICR mice at E12.5, chickens (Cobb500 breed) at Hamburger-
Hamilton stage 28 (Hamburger and Hamilton, 1992), American alligators at Ferguson stage 15-
16 (Ferguson 1985), red-eared slider turtles at Greenbaum stage 16-17 (Greenbaum, 2002), and
from the hemiphallus of Sanger stage 7-9 brown anoles (Sanger et al., 2008). Each biological
replicate consisted of tissue from many individual embryos, and thus the samples were of mixed
sex for species with chromosomal sex determination (mouse, chick, and lizard), although these
stages are prior to sexual differentiation of the phallus. Forelimbs and hindlimbs were collected

from chicks at HH25, turtles at stage 12, and alligators at stage 13. With the exception of the
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alligator and turtle ISL1 ChlIP, each experiments was performed in duplicate, although we only
used one replicate of the lizard ISL1 ChlIP as this one was performed using a finer dissection
technique and generated more robust signal. Samples were crosslinked in 1% formaldehyde for
20 minutes at room temperature and frozen at -80C for later use.

The tissue samples were suspended in lysis buffer and briefly homogenized using a probe
sonifier (Branson 450). They were then placed in a bath sonifier (Diagenode Bioruptor 300) and
sheared for a total of 45 cycles of 30 seconds on/30 seconds off. The mouse and chick samples
were processed using an older ChIP protocol using PureProteome Protein G magnetic beads
(Millipore) incubated with the antibody and ~500 pg of chromatin for ISL1 ChIP as measured by
Nanodrop. The alligator, turtle, and lizard samples were processed using a modified protocol that
uses Protein G Agarose Columns (Active Motif) and ~50 ug of chromatin for ISL1 ChlP.

For ISL1 ChIP we used 5 pg of anti-ISL1 rabbit monoclonal antibody (Abcam EP4182).

For H3K27ac ChIP we used 3 pg of mouse monoclonal antibody CMA309 (previously
from Millipore, subsequently from Cosmo Bio), except for the chick forelimb and hindlimbs
where we used 3ug of rabbit polyclonal antibody ab4729 (Abcam). Libraries were prepared
using the NEBNext Ultra Il Library Prep Kit. Library amplification was done for 15 cycles, with
additional cycles done in some cases where the final concentration was too low. Libraries were
cleaned up using Sera-Mag SpeedBeads. Libraries were sequenced by the Georgia Genomics and
Bioinformatics Core (GGBC) to generate single-end 75 bp reads, except for the alligator libraries

which were sequenced by Genewiz to generate paired-end 150 bp reads.
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ChlP-seq data analysis

The GGBC provided pre-trimmed reads with adapter sequence removed. The alligator
paired-end data was trimmed using cutadapt with and only forward reads were used. This was
done with the settings —O 1, -m 25 so that even one base of adapter overhang was trimmed, reads

adapter sequences used were as follows:

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT

We used the AQUAS Transcription Factor and Histone ChlIP-seq processing pipeline
starting from trimmed reads (https://github.com/kundajelab/chipseq_pipeline). We used the
pipeline’s default bwa aligner to align mouse data to GRCM38/mm10 (UCSC), chick to galGal6
(UCSC), alligator to allMis0.2/allMis1 (UCSC), turtle to CAS_Tse_1.0 (NCBI RefSeq), and
lizard to AnoSag2.0. We set the fragment size to 175 (-speak_spp 175 —extsize_macs2 175).

For mouse and chick ISL1 ChlP-seq, we performed the full IDR analysis using two replicates
with the default SPP peak caller. With the alligator, turtle, and lizard, only one replicate was
used, so using MACS2 peaks we set a g-value cutoff of 0.01 and fold-enrichment cutoff of 4.
The bed files used in our downstream analyses come from these IDR peaks for mouse and chick
and threshold cutoff peaks for the other species.

For H3K27ac ChIP we used the default histone ChIP setting, which calls peaks using
MACS?2 and performs naive overlap between the two replicates. For both ISL1 and H3K27ac
ChlP, the pipeline uses MACS2 to generate bigWig plots displaying fold-enrichment over the
input, which was used in our figures. We used LiftOver on the UCSC test browser
(https://genome-test.gi.ucsc.edu/cgi-bin/hgLiftOver) to convert alligator bed coordinates to the
chicken genome using default settings. We used the same tool on the main UCSC site to convert

from chicken to mouse. UCSC Table Browser was then used to find overlapping peaks between
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different datasets (e.g. conserved archosaur peaks, conserved amniote peaks, and peaks that

overlap published enhancer datasets).

Gene ontology analyses

For RNA-seq data, we used DAVID (v. 6.8). We used underexpressed genes or
overexpressed genes with an FDR-adjusted p-value threshold of 0.05. For ChlP-seq data, mm10
peak coordinates were input to GREAT (v. 3.0.0). We used the default “basal plus extension”
association rule, which assigns each gene a regulator domain up to 1000 kb unless it reaches
another genes proximal domain (5 kb upstream, 1 kb downstream). For the Cistrome-GO
analysis, we used the mm10 genome and input the conserved amniote ISL1 ChlP-seq peaks as
well as the DESeq2 output file with a half-decay distance of 50 kB. For the precision-recall

curve, we set DE gene cutoffs at 0 for logFoldChange and 0.05 for FDR.

Public data used

Mouse H3K27ac data from E12.5 GT, E11.5 forelimb and hindlimb from Infante et al.
(2015) (accession GSE64055) was reprocessed in mm10 using fastq files and the above ChiIP-
seq pipeline. We converted coordinates of “limb specific”, “limb-gt specific”, and “gt specific”
enhancers in Supplementary Table S4 of that publication from mm9 to mmZ10 for use in our
analyses. Annotated mouse limb enhancers were acquired from Andrey et al. (2017)
Supplemental Table S3. We used the UCSC Table Browser to combine the six limb enhancer

sets, merging enhancers that overlap. This allowed us to then find overlapping ISL1 peaks and

associate them with genes contacted by those enhancers.
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Mouse HOXA13 CUT-and-RUN data from E13.5 GT was used from Améndio et al.,
(2020) (accession GSE138514). We aligned the fastq reads to mm10 using Bowtie2. We called
peaks and generated the signal plot using Genrich in ATAC-seq mode (-j) but without Tn5
adjustment (-D), kept unpaired alignments (-y), excluded mitochondrial reads (-e chrM), and set
the cut sites to a size of 100 bp (-d 100). This resulted in 13,037 HOXAL13 peaks from this one

replicate, which we used to find the 5,577 overlapping ISL1 peaks.

Motif analysis

We used HOMER to perform de novo motif analysis using the central 100 bp around
ISL1 peaks summits, using 100k random genomic sequences as the background (-N 100000),
and searched for motifs of length 8 bp (-len 8). For the conserved archosaur peaks, we used the
summit coordinates from the chicken peaks and performed the motif analysis in that genome. To
find the distribution of motifs around peak summits, we used CentriMo (v. 5.4.1). We used the
central 500 bp around the peak summits and searched for known motifs in the “Human and

Mouse (HOCOMOCO vl11 FULL)” database.

Heatmap visualization

For the RNA-seq data, we used the normalized counts output by DEseq?2 for differentially
expressed genes, sorted the underexpressed genes alphabetically on top and the overexpressed
genes alphabetically below. We used the Galaxy tool heatmap2 v3.0.1.0.0, scaling the data by
row because of extreme differences in expression levels between genes.

For ChIP-seq/CUT-and-RUN data, we used the bed files centered on peak summits and

the bigWig signal files as inputs for computeMatrix (Galaxy v. 3.3.2.0.0), using the scale-regions
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setting with windows of either 1kb or 2kb. The bin size was set to 1 bp except for Figs. S3.3 and
S3.4 where it was set to 20 bp. We used plotHeatmap (Galaxy v. 3.3.2.0.1) to generate the

heatmaps from the matrix files.

HLEB alignment and transgenic assays

We generated a multispecies alignment of the core conserved portion of HLEB in
Geneious. This alignment consist of 88 species of amniotes and a conserved region spanning
<500 bp, part of which is shown in Fig. S3.5. The alignment excluded birds and tuatara because
of their unique external genital development, but included other limbed amniotes and snakes. We
manually curated the alignment to identify conserved bases that are invariant in the sample of
limbed amniotes, and from these we identified bases that are uniquely mutated in king cobra and
possibly other snakes. There is one 5 bp deletion in snakes which consists of 3 invariant bases
and 2 bases that are largely conserved but variable. We used the more common CGGAA found
in most non-snake species to restore this deletion, along with another 21 consensus bases
mutated in cobra, including 2 bases on putative ISL1 motifs.

We ordered three different gBlock fragments from IDT containing each versions of the
king cobra HLEB sequence. These sequences contained either 863 bp of HLEB sequence — or
869 bp in the case of the fragment with 26 bases restored — as well as flanking homology arms
for insertion into an Hsp68-LacZ backbone. From this backbone and insert sequence, we used
the NEBuilder® HiFi DNA Assembly Cloning Kit to carry out plasmid assembly and cloning.
We used the QIAfilter Plasmid Midi Kit from Qiagen to extract and purify plasmid DNA.
Generation of transgenic mice, including plasmid linearization, pronuclear injection, breeding,

embryo collection, PCR validation, and LacZ staining were carried out by Cyagen.
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Figure 3.1. Phenotypic and transcriptomic effects of Isl1 deletion on the genital tubercle. (A)
Light microscopy images of the external genitalia of control (top) and Isl1 cKO (bottom) mouse
embryos from E12.5 to E16.5. Scale bar (bottom left) indicates 500 pwm, with all images at the
same magnification. (B) 786 underexpressed genes (top) and 687 overexpressed genes (bottom)
in Isl1 cKO GTs relative to control GTs. Heatmap is scaled by row to represent relative
expression of each gene across 10 samples — 5 control and 5 mutant replicates. Gene ontology

analysis shows top 10 “GO Biological Processes” terms from DAVID.
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Figure 3.2. ISL1 ChlP-seq in the mouse genital tubercle. (A) Distribution of ISL1 peaks relative

to nearby transcription start sites (TSS) as determined using GREAT. (B) GO analysis showing

top 10 categories based on mouse gene expression (top) and human phenotypes (bottom). (C)

ISL1, HOXA13, and H3K27ac signal centered on ISL1 binding loci, split into ISL1+HOXA13

peaks (top, blue line plot) and ISL1 only peaks (bottom, red line). (D) De novo motif analysis

from HOMER showing the top 5 motifs from the central 100 bp of each set of peaks in (C).
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Figure 3.3. ISL1 ChIP-seq in the chicken and alligator genital tubercle. (A) ISL1 and H3K27ac
signal centered on ISL1 binding loci that are conserved between chick and alligator, or
“archosaur peaks”. (B) De novo motif analysis from HOMER showing the top 5 motifs from the
central 100 bp of archosaur peaks. (C) Distribution of archosaur ISL1 peaks relative to nearby
transcription start sites (TSS). (D) Distribution of amniote ISL1 peaks (conserved in mouse,
chick, and alligator) relative to nearby transcription start sites (TSS). (E) GO analysis on
archosaur peaks showing top 10 categories based on mouse gene expression (top) and human
phenotypes (bottom). (F) GO analysis on amniote peaks showing top 10 categories based on

mouse gene expression (top) and human phenotypes (bottom).
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Figure 3.4. Conserved, directly activated targets of ISL1 in the genital tubercle. (A) Approach
for identifying putative direct target genes from underexpressed genes in Isl1 cKOs with ISL1
peaks conserved across amniotes. (B) Precision-recall curves for underexpressed and
overexpressed genes using the conserved amniote ISL1 peaks. The area under the curves (AUC)
suggests that the ChlP-seq data is more predictive of underexpressed genes. (C) GO analysis

from Cistrome-GO on putative conserved, directly activated target genes showing the top 10

terms within “GO Biological Process”. (D) Top 10 terms within “KEGG Pathway”.
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Figure 3.5. ISL1 binding at the Thx4 enhancer HLEB in the genitalia across amniotes. (A)

Mouse ISL1 ChlIP-seq, HOXA13 CUT-and-RUN (Amandio et al. 2020), and H3K27ac ChlP-seq
(Infante et al. 2015) in the genital tubercle. mm10 coordinates chr11:85,908,850-85,983,849. (B)
Chicken ISL1 and H3K27ac ChIP-seq in the GT. galGal6 coordinates chr19:7,667,461-
7,742,460. (C) Alligator ISL1 and H3k27ac ChlP-seq in the GT. allMis1 coordinates
JH733892:822,775-897,774. (D) Turtle ISL1 and H3k27ac ChIP-seq in the GT. CAS_Tse_1.0
coordinates NC_048315:5,687,778-5,762,777. (E) Brown anole ISL1 ChIP-seq in the

hemiphallus. AnoSag2.0 coordinates scaffold_11:4,610,758-4,685,757.
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wildtype cobra HLEB 2 restored bases at ISL1 sites 26 restored bases

[ .

Figure 3.6. Activity of cobra HLEB transgenes. (A) Example of mouse carrying a transgenic
LacZ construct containing the wildtype cobra HLEB. (B) Mouse carrying transgenic cobra
HLEB construct with 2 bases restored at putative ISL1 sites. (C) Mouse carrying transgenic
cobra HLEB construct with 26 bases restored. A’, B’ and C’ show a lateral view of the GT with

the right hindlimb and tail removed.
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Figure 3.7. Conserved ISL1 binding at known enhancers of Hoxd13. (A) Mouse ISL1 ChlIP-seq
and HOXA13 CUT-and-RUN (Amandio et al. 2020) in the genital tubercle and H3K27ac ChlIP-
seq (Infante et al. 2015) in the GT, forelimb, and hindlimb. mm10 coordinates chr2:74,180,518-
74,415,518. (B) Chicken ISL1 ChlIP-seq in the GT and H3K27ac in the GT, forelimb, and
hindlimb. galGal6 coordinates chr7:16,372,745-16,607,745. (C) Alligator ISL1 ChlP-seq in the
GT and H3K27ac in the GT, forelimb, and hindlimb. allMis1 coordinates JH736379:814,909-

1,049,909.
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Figure S3.1. ISL1 binding to appendage enhancers in the genital tubercle. (A) Proportion of
limb-specific, limb-GT, and GT-specific enhancers bound by ISL1 in the mouse GT. Enhancer
groups are from Infante et al. (2015). (B) Vertebrate phastCons scores around ISL1 peak
summits that occur within limb-GT (top, blue line plot) or GT-specific enhancers (bottom, red
line). Mean phastCons score in central 100 bp is ~0.515 for the limb-GT enhancers and ~0.418

for the GT-specific enhancers (two-tailed T-test p-value = 6.03E-6).
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Figure S3.2. Enrichment of HOX13 and ISL motifs near ISL1 peak summits. (A) CentriMo
analysis on mouse ISL1 ChlP-seq peaks centered on peak summits, showing top two most
centrally enriched motifs from a database of known human and mouse motifs. (B) CentriMo
analysis on archosaur ISL1 ChlP-seq peaks centered on peak summits, showing top two most

centrally enriched motifs from a database of known human and mouse motifs.

110



genital tubercle genital tubercle forelimb hindlimb Genes with conserved ISL1 binding at limb enhancers

A ISL1 H3K27ac H3K27ac H3K27ac D
120 4
/\‘ 6 6 6 6 ® Msx1
{/\/’\/\ 100
2 )
3 80 A
kb 0 kb 0 +1kb g Hoxd13
- Q
- T — o 60 4 ® Evx2
- e |2 $
—' - —— o
= _ = 2 40 Wntsa o Ephad
—oF P 2 » [ Soxi1
o e - Tbx4 ° Eya1l
= S [ s 20 1 Prrxt uistt
] CaS—
. - Hoxd11 @ Acvrib 1d2 @ Hoxa11
B o Sox6 B o gene o Wt
v 6 | 4 3 25 -2 45 - 05 0 05 1 15
L log2 fold-change
2 [ 2
= —_— —
_‘} —_— —
= —
- - -
-
CC—. CC.
10
C r3.0
‘Q. 6
2 M.5
= = —
- [ — — !
—“- | —— -y
SR — o
[— ]

Figure S3.3. Annotated limb enhancers with conserved ISL1 binding. (A) Conserved ISL1
binding loci in the mouse GT that occur within annotated limb enhancers from Andrey et al.
(2017). From left to right, ISL1 in the GT, H3K27ac in the GT, H3K27ac in the forelimb, and
H3K27ac in the hindlimb. (B) Orthologous chicken regions showing the corresponding ChlP-seq
data from (A). (C) Orthologous alligator regions. (D) Volcano plot showing only genes with
conserved ISL1 binding loci at annotated limb enhancers. Blue genes are underexpressed, red are

overexpressed.
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Figure S3.4. Genital tubercle-specific enhancers with conserved ISL1 binding. (A) Conserved
ISL1 binding loci in the mouse genital tubercle that occur within GT-specific enhancers from
Infante et al. (2015). From left to right, ISL1 in the GT, H3K27ac in the GT, H3K27ac in the
forelimb, and H3K27ac in the hindlimb. (B) Orthologous chicken regions showing the

corresponding ChlP-seq data from (A). (C) Orthologous alligator regions.
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Figure S3.5. Highly conserved ISL1 motifs within HLEB. Multi-species alignment showing a
sample of amniotes that undergo normal phallus development, including (from top to bottom):
mammals, turtles, crocodilians, lizards, and snakes. Three ISL1 motifs are mostly invariant
across the limbed amniotes, but show mutations in at least some snake species. King cobra
(Ophiophagus hannah) has a mutation that appears ancestral to all snakes (A->T, leftmost ISL1

motif) and a second that appears in all Colubroid snakes (T->C, rightmost ISL1 motif).
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Figure S3.6. Transgenic sequences derived from cobra HLEB. Sequence 1 is the wildtype cobra
HLEB sequence, sequence 2 has 2 bases restored at ISL1 sites, and sequence 3 has 26 conserved
bases restored. Restored bases are indicated above each sequence, while putative transcription

factor binding sites are indicated below.
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26 restored bases

Figure S3.7. Other transgenic mice that show LacZ activity. The same genotypes are shown as

in Fig. 3.6.
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Figure S3.8. Possible gain of ISL1 binding site in the Hoxd13 enhancer Island-1 in lizards. (A)
ISL1 ChlP-seq in the lizard hemiphallus. AnoSag2.0 coordinates scaffold_1:158,604,000-
158,954,000. (B) ISL1 ChiIP-seq in the genitalia of mouse, chick, alligator, and lizard showing a
~5 kb region corresponding to the Island-I region shown in (A). Highlighted region is 100 bp
centered on a possible site of mutation in lizards, also corresponding to an apparent gain of ISL1
signal. (C) Multi-species alignment including (from top to bottom) mammals, birds,
crocodilians, turtles, lizards, snakes, and tuatara. Box shows putative gain of ISL1 binding site in

lizards.
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Table S3.1. Sample of differentially expressed genes in the mouse genital tubercle.

Gene baseMean | log2FoldChange | IfcSE stat pvalue padj

DIx5 481.0555 -3.96832969 | 0.161575 | -24.5603 | 3.36E-133 | 4.68E-129
Msx1 2046.688 -2.868983259 | 0.124721 | -23.0032 | 4.33E-117 | 3.02E-113
Lmo7 1803.999 -2.062518563 | 0.098142 | -21.0156 4.72E-98 2.19E-94
DIx6 154.7027 -3.184507646 | 0.176496 | -18.0429 8.96E-73 3.12E-69
Lix1 2666.616 -1.562681634 | 0.088091 | -17.7394 2.08E-70 5.80E-67
Pdlim3 488.2946 -2.11805552 | 0.122645 | -17.2698 7.94E-67 1.84E-63
Msx2 755.988 -2.315779889 | 0.134692 | -17.1931 2.99E-66 5.95E-63
Evx2 897.4076 -2.024159002 | 0.120203 | -16.8395 1.25E-63 2.18E-60
Wnt5a 6059.595 -1.27254624 0.07924 | -16.0594 4.91E-58 7.60E-55
Hoxd13 6809.945 -1.260118365 | 0.079771 | -15.7968 3.27E-56 4.56E-53
Sp9 134.6407 -2.667341145 | 0.178894 | -14.9102 2.83E-50 3.58E-47
Gfra2 892.1082 -1.486387232 | 0.101143 | -14.6958 6.85E-49 7.96E-46
Epha5 522.2822 -1.823750037 | 0.127418 | -14.3131 1.81E-46 1.94E-43
Hoxallos 2490.783 -1.026403466 | 0.076887 | -13.3495 1.19E-40 1.19E-37
Dpysl|3 5924.248 -0.964331061 | 0.074079 | -13.0175 9.73E-39 9.04E-36
Hoxd12 2450.459 -1.14251579 | 0.095558 | -11.9562 6.02E-33 5.03E-30
Tfap2a 535.0762 -1.641431 | 0.137305 | -11.9546 6.14E-33 5.03E-30
Thx2 4140.621 -0.819035443 | 0.069027 | -11.8655 1.79E-32 1.38E-29
Isl2 653.6532 -1.269664415 | 0.109177 | -11.6295 2.92E-31 2.14E-28
Grebl 1390.024 -1.298082744 | 0.116416 | -11.1504 7.13E-29 4.97E-26
Scrnl 330.6641 -1.738304316 | 0.160472 | -10.8324 2.42E-27 1.60E-24
Rail4d 6413.043 -0.687053651 | 0.064412 | -10.6666 1.46E-26 9.24E-24
Epha4d 5135.488 -0.687517359 | 0.064671 | -10.6309 2.14E-26 1.30E-23
Kif26b 7273.015 -0.784023124 | 0.077196 | -10.1563 3.11E-24 1.80E-21
Sox11 15343.7 -0.581771855 | 0.057338 | -10.1464 3.44E-24 1.92E-21
Tbx4 2795.046 -0.828871729 | 0.082138 | -10.0912 6.04E-24 3.24E-21
Mllt3 2813.124 -0.721853385 | 0.071664 | -10.0728 7.29E-24 3.76E-21
Pkdcc 1501.01 1.217306966 | 0.121168 | 10.04646 9.52E-24 4.74E-21
Hand2 1012.313 -1.278841378 | 0.127651 | -10.0183 1.27E-23 6.09E-21
Postn 1420.439 1.331742237 | 0.133457 | 9.978819 1.89E-23 8.76E-21
Gdfé 206.1543 -1.60558255 | 0.161062 | -9.96874 2.09E-23 9.39E-21
Lrig3 2593.922 0.789226173 | 0.079568 | 9.918908 3.45E-23 1.50E-20
DIx60s1 52.24797 -1.732111556 | 0.174728 -9.9132 3.65E-23 1.54E-20
Maged?2 6851.623 0.562913369 | 0.057595 | 9.773597 1.46E-22 5.99E-20
Msi2 4449.844 -0.582043059 | 0.060055 | -9.69187 3.27E-22 1.30E-19
DIx3 203.8388 -1.465177948 | 0.151331 | -9.68193 3.60E-22 1.39E-19
Islr 1118.49 1.282310002 | 0.132715 | 9.662164 4.37E-22 1.64E-19
Prdm1 424.2776 -1.437597146 | 0.149783 | -9.59788 8.16E-22 2.99E-19
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Table S3.2. Sample of peaks from ISL1 ChlP-seq in the genital tubercle.

Mouse
Chr Start End -log10pval summit
chrll 85963380 | 85963984 427.68387 293
chrb 20133924 | 20134454 418.38012 226
chrb 119518674 | 119519096 392.90984 215
chr9 42010328 | 42010894 388.04964 215
chrl8 69051882 | 69052351 375.9791 218
chrl 13715430 | 13715842 367.09368 183
chrl7 17466719 | 17467117 366.97632 174
chr3 70035965 | 70036353 355.05466 199
chrl6 77210090 | 77210548 352.42358 211
chrl4 60863281 | 60863967 351.82278 424
chr4 29306549 | 29307080 351.09205 320
chr3 79742416 | 79743091 350.16163 303
chr4 57166366 | 57166778 345.56151 206
chr8 50240387 | 50240730 344.84166 174
chrl 59520218 | 59520774 338.45888 317
chrl0 29751099 | 29751602 337.52104 218
chrl7 48266745 | 48267108 335.20677 167
chrl2 31701192 | 31701676 329.88426 242
chr5 84093964 | 84094496 328.85056 261
chrb 133772552 | 133773071 328.40748 266
chr3 65055355 | 65055809 325.61764 206
chrl6 90007609 | 90008017 324.69704 190
chr9 55568120 | 55568539 324.05896 234
chrl 22330560 | 22331219 320.44611 300
chr3 56302356 | 56302764 318.90327 198
chrl 179147076 | 179147528 313.40852 245
chrl5 46592789 | 46593256 305.504 198
chr9 104123460 | 104123888 302.90287 199
chr4 10808728 | 10809065 300.98323 174
chrl 69319590 | 69319942 300.92893 173
chrl2 9997182 9997594 299.84543 234
chr9 64341861 | 64342380 297.36968 294
chrl5 35702462 | 35703054 296.15419 359
chrll 86118026 | 86118532 295.5103 247
chr3 141475666 | 141476316 291.47674 307
chr4 31263567 | 31264076 290.55075 188
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Chick

Chr Start End -log10pval summit
chrl7 3887292 3887791 524.25406 289
chr4 51400601 | 51401225 519.14313 302
chr21 5870821 5871403 509.41012 215
chr2 137060572 | 137061247 507.98886 322
chrl2 8928372 8929141 496.88141 383
chrl 157342315 | 157342993 496.40755 373
chrl 178846288 | 178846849 491.08371 313
chr2 117807949 | 117808456 489.577 306
chr8 3617102 3617816 489.09027 338
chr4 22828181 | 22828706 487.66363 254
chrl 62689590 | 62690228 486.04583 261
chrl 134734076 | 134734584 482.25003 250
chr7 33978386 | 33979041 478.62443 319
chrl 156698395 | 156698975 478.27777 310
chr4 82093125 | 82093613 475.62484 247
chrl4 11613869 | 11614483 474.28003 273
chrl 192890576 | 192891191 474.19955 331
chr2 47547460 | 47548023 473.18235 272
chrl 126872077 | 126872746 471.29037 371
chr2 81838453 | 81839003 466.27631 254
chrl5 12686115 | 12686620 464.5356 263
chr3 41687296 | 41688096 463.72082 387
chr4 7480541 7481008 463.20584 259
chrl9 7647680 7648287 463.1738 298
chrl 19706894 | 19707367 462.28501 178
chr2 126159522 | 126159942 461.0161 197
chrl9 7713121 7713836 460.25726 361
chr3 92734463 | 92735029 459.96462 254
chr2 45458653 | 45459101 459.72817 220
chrll 4430888 4431433 459.04981 272
chrl 188321638 | 188322376 455.92011 333
chr3 49211101 | 49211736 454.92627 324
chr4 76109354 | 76109793 454.62333 219
chrl 193612087 | 193612581 454.50759 250
chrl 175999706 | 176000230 454.41336 238
chré 14885597 | 14886125 454.27041 254
chrz 9830387 9830836 453.42853 242
chr4 69900780 | 69901360 453.00329 282
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Alligator

Chr Start End -log10pval summit
JH739738 | 251636 | 252378 394.02707 492
JH738623 | 158303 | 160120 384.89191 272
JH737817 | 272403 | 273761 376.66153 516
JH737817 | 275242 | 276449 371.1792 539
JH736185 61578 63776 369.20038 808
JH735249 | 752961 | 753572 366.44571 288
JH731326 | 113117 | 114322 357.2225 686
JH732130 | 260671 | 261333 353.05563 289
JH734798 | 191193 | 192037 348.71359 329
JH738290 | 233488 | 234416 346.42633 550
JH734884 | 599681 | 600498 344.3338 259
JH735807 | 270167 | 270701 341.44882 265
JH733614 | 696578 | 697230 336.85422 305
JH738777 | 1427888 | 1429092 336.12537 831
JH732000 60221 60728 327.79962 273
JH731138 81602 83577 325.54593 730
JH739256 | 178826 | 180158 325.18631 508
JH738492 73814 75259 323.44135 523
JH732260 35716 37329 321.70065 904
JH736906 | 723271 | 723936 321.36734 196
JH738987 | 105422 | 106342 316.97003 566
JH733216 | 177967 | 178582 312.61456 312
JH736794 | 549540 | 550009 310.79153 239
JH736231 | 108350 | 108945 310.52072 336
JH739842 62765 63385 308.80133 327
JH738883 | 143001 | 143434 306.46902 215
JH738392 | 410109 | 410843 304.64612 482
JH733060 | 307394 | 308434 303.90698 551
JH735570 | 280213 | 281471 303.56747 631
JH733970 | 979561 | 980438 301.56256 592
JH738656 60644 61377 301.13632 325
JH732151 | 141047 | 142527 299.44525 329
JH732980 29930 30875 295.73587 549
JH734429 | 100794 | 101645 289.34756 382
JH738431 | 278316 | 278843 288.75919 265
JH734059 | 497411 | 498603 286.06393 470
JH735170 | 169314 | 170424 282.72437 261
JH738375 | 262619 | 263382 281.26813 469
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Table S3.3. Top putative conserved, directly activated target genes from Cistrome-GO.

Gene PeakNumber | adjRPscore | logFoldChange | DE significance | Rank by rank product
Msx2 3 0.461 -2.318 2.42E-63 1
Msx1 4 0.306 -2.874 6.19E-115 2
Lix1 1 0.392 -1.563 3.96E-67 3
Thx4 9 0.591 -0.832 2.53E-21 4
Thx2 9 0.489 -0.82 1.35E-29 5
Mab21l1 5 0.821 -0.67 1.56E-06 6
Tfap2a 2 0.403 -1.643 3.78E-30 7
Alx4 2 0.479 -0.638 6.12E-11 9
IsI2 1 0.34 -1.269 3.96E-28 10
Gjal 1 0.426 -0.515 5.70E-09 11
Prdm1 2 0.344 -1.438 2.58E-19 12
Hoxallos 4 0.171 -1.027 1.65E-37 13
Evx2 5 0.057 -2.024 1.91E-60 14
Uncbc 1 0.369 -0.798 1.11E-12 15
Whnt5a 7 0.073 -1.235 2.91E-50 16
Hoxd13 5 0.051 -1.261 1.65E-53 17
Lmo4 4 0.346 -0.633 2.92E-14 18
Jagl 1 0.286 -1.009 1.05E-17 20
Hoxd12 5 0.046 -1.144 2.59E-30 22
Ppp4r3a 1 0.425 -0.266 7.29E-04 23
Gdf6 1 0.063 -1.603 1.10E-20 24
Lnpk 5 0.173 -0.808 5.95E-12 25
Hottip 4 0.154 -0.985 5.81E-11 29
Hand?2 1 0.019 -1.281 3.60E-21 31
Sall4 2 0.285 -0.917 4.46E-06 32
Evxlos 4 0.153 -1.034 2.65E-09 33
Bach?2 2 0.175 -0.635 9.17E-08 34
Evx1 4 0.152 -1.029 1.39E-08 37
Casc3 1 0.342 -0.296 6.81E-04 38
Greml 1 0.266 -0.721 3.71E-05 39
Twistl 5 0.285 -0.352 5.73E-05 40
Bmil 1 0.425 -0.283 2.95E-02 41
Foxf2 2 0.016 -0.822 7.46E-18 42
Rspo3 1 0.064 -0.889 5.18E-11 43
Thx3 5 0.022 -0.526 6.08E-15 44
Vax1 3 0.031 -1.343 3.82E-13 46
Tox3 4 0.289 -0.635 4.17E-04 50
Thx18 1 0.319 -0.57 2.09E-03 51
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Table S3.4. Activity of the three cobra HLEB transgenes.

ventral | dorsal | ventral | posterior | limb non- figure
GT GT bias HL other | appendage image
WT-1 ++ - Y - ~ ~ 3.6A
WT-2 ++ - Y - - + S3.7A
WT-3 +++ + Y - + ++ S3.7B
WT-4 +++ +++ N ++ ++ ++ S3.7C
WT-5 +++ +++ N ++ ++ +++ S3.7D
WT-6 - - n/a - - -
WT-7 - - n/a - - -
WT-8 - - n/a - - -
WT-9 - - n/a - - -
WT-10 - - n/a - - -
WT-11 - - n/a - - -
WT-12 - - n/a - - -
2R-1 + - Y - - ~ 3.6B
2R-2 +++ ++ Y - - ++ S3.7E
2R-3 +++ +++ N ++ ++ +++ S3.7F
2R-4 ~ ~ n/a ~ ~ ~ S3.7G
2R-5 - - n/a - - -
2R-6 - - n/a - - -
2R-7 - - n/a - - -
2R-8 - - n/a - - -
2R-9 - - n/a - - -
260R-1 +++ +++ N +++ - - 3.6C
20R-2 +++ +++ N ++ - + S3.7H
26R-3 +++ +++ N ++ - ++ S3.71
26R-4 +++ +++ N +++ + +++ S3.7)
26R-5 + + N + - - S3.7K
26R-6 - - n/a ~ - -
26R-7 - - n/a - - -
26R-8 - - n/a - - -
26R-9 - - n/a - - -
26R-10 - - n/a - - -

~ : marginal acvitity. +/++/+++ : intensity and/or pervasiveness of signal
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS
Mayjor findings of this dissertation

This work extends upon our knowledge of Isl1’s role in both hindlimb initiation and
genital tubercle (GT) outgrowth. Isl1 evidently occupies a crucial position in these gene
regulatory networks based on the severity of the phenotype and widespread perturbation of gene
expression upon its removal. While previous publications focused on particular genes that might
be downstream of Isl1, the experiments presented here systematically identify many putative
targets using a combination of RNA-seq and ChlIP-seq. This includes genes which were already
thought to be downstream of Isl1, such as Thx4 in the hindlimb field. In this case, ChIP-seq adds
to our knowledge by showing that Thx4 is most likely a direct target of ISL1 via HLEB, and this
function appears to be conserved across amniotes and shared with the GT. Far more genes and
enhancers are previously unexplored targets of ISL1, allowing for numerous hypotheses about its
role in activating or repressing important transcription factors and signaling pathways.

HLEB provides a paradigmatic example of a GT enhancer regulated by ISL1 that was
likely coopted from the limb regulatory network during the evolution of the amniote phallus.
While restoration of 26 conserved bases in the cobra HLEB shows restoration of activity in both
the hindlimb and GT, restoration of ISL1 sites alone is not sufficient. This suggests that multiple
mutated bases are essential for the complete pleiotropic function of this enhancer. The ISL1 sites
may still be essential in combination with other sites, such as putative HOX13 sites, and further

experiments may clarify this. For example, restoration of 24 of the 26 bases excluding the two
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ISL1 sites could show the wildtype cobra pattern of GT expression and/or no hindlimb activity.
This would support the idea that ISL1 is necessary but not sufficient to rescue activity.

Alternatively, ablation of these ISL1 sites in the mouse HLEB could produce a similar result.

Further mutant models and genome-wide analyses

In the hindlimb field, it is possible my experiments deleting Isl1 using a Hoxb6-Cre allele
miss some genes downstream of Isl1 because of the later, variable clearance of ISL1 protein
from this knockout model (Itou et al., 2012). This conditional knockout (cKO) model was useful
for studying the role of Isl1 in both the hindlimb and the GT, as the latter develops much later
and these mice survive through embryonic development. Earlier deletion using T-Cre completely
ablates hindlimb initiation (Kawakami et al., 2011; Narkis et al., 2012), which may have the
potential to reveal additional differentially expressed genes, while any common results would
serve to reinforce my findings. In situ hybridizations could also be used to validate and resolve
the expression patterns of differentially expressed genes.

Conversely, using a Cre allele that drives deletion later might be useful for narrowing
down genes that are direct targets of ISL1 in the GT. This is because the Hoxb6-Cre allele
ablates Isl1 before the GT emerges, thus causing severe phenotypic divergence by E12.5. This
likely also results in a greater proportion of indirect transcriptional effects than in the hindlimb
field experiment. Research on Shh shows a similarly severe phenotype upon complete deletion
(Haraguchi et al., 2001; Perriton et al., 2002), which was followed up by conditional deletion at
later stages (Lin et al., 2009). A Cre allele that begins its activity around E11.5 may allow the GT

to form more normally at E12.5, thus reducing the incidence of non-primary effects.
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Deleting Isl1 at even later stages might allow for further study of its role at E14.5 prior to
sexual differentiation. E14.5 GT ISL1 ChlP-seq data from Ching et al. (2018) shows binding at a
mammalian penile spine enhancer of Ar which is deleted in humans (McLean et al., 2011; Reno
et al., 2013). Another approach employed by Lin and colleagues is the use of gain-of-function
alleles, which they applied for studying the downstream activity of -catenin (Lin et al., 2008),
Shh (Lin et al., 2009) and Fgf8 (Lin et al., 2013). Shh expression appears diminished in the Isl1
cKO genitalia, which could contribute to the severity of the phenotype. Rescuing hedgehog
signaling using a Cre allele might partially rescue the phenotype. Alternatively, it is possible the
severity of the Isl1 cKO phenotype results from the underexpression of myriad genes in the
mesenchyme, and thus cannot be rescued through a particular pathway.

Another approach would be to perform RNA-seq in the cloacal mesenchyme prior to GT
outgrowth using the Hoxb6-Cre allele, with embryos collected at E10.5. This could be coupled
with ISL1 ChlP-seq at E10.5 to focus on Isl1’s role during genital bud initiation, as well as
publically available ATAC-seq, H3K27ac ChIP-seq, and HOXA13 CUT-and-RUN in the E10.5
cloacal region (Amandio et al., 2020). This may address the extent to which enhancers active at
E12.5 are already active prior to GT formation, including known appendage enhancers like
HLEB. Amandio and coauthors found evidence that the GT2 enhancer is open and bound by
HOXA13 at E10.5, but there hasn’t been a published genome-wide analysis of these data. Such
an analysis of the cloacal region could indicate the extent to which this region prefigures the
appendage-like patterns seen later in the GT, or shows similarities with the hindlimb field.

In addition, more work could be done to understand the role of Hox13 genes and their
relationship with Isl1 in GT development. Hoxal3 and Hoxd13 double knockouts show severe

ablation of the GT similarly to Isl1 cKOs (Kondo et al., 1997; Warot et al., 1997). RNA-seq

125



could be performed in these knockouts and combined with HOXA13 CUT-and-RUN data from a
similar stage to find putative direct targets of these genes in the GT. This would also show which
genes are common targets of ISL1 and HOX13, including genes associated with shared
ISL1+HOX13 binding loci. It would be possible to perform ISL1 ChIP-seq using the genitalia of
Hoxal3 and Hoxd13 double knockouts at E12.5 when these mice can be easily distinguished
phenotypically. This may reveal whether there is a widespread requirement of HOX13 factors for
ISL1 to bind to certain sites, particularly at sites containing apparent HOX13 motifs.

In limb cells, different HOX factors appear to have largely similar binding affinities and
overlapping binding loci, with differences seemingly mediated in part by the presence of
cofactors (Jerkovic et al., 2017). ATAC-seq in the distal limb buds of wildtype and Hoxa/d13
null mice reveals sites of HOX13-dependent chromatin accessibility, suggesting a pioneering
role for these factors (Desanlis et al., 2020). Of 2,241 HOX13-dependent accessible sites
identified in this study, 348 (~15%) overlap with sites occupied by both ISL1 and HOXA13 in
the GT. Despite the fact that there are far more ISL1-only peaks identified in the GT (Fig. 3.2),
these only overlap with 93 (~4%) of these HOX13-dependent sites from the limb. This is
consistent with the idea that HOX13 factors are playing a similar role in allowing for chromatin
accessibility at certain enhancers in the GT, some of which overlap with enhancers in the distal
limbs, while others are likely GT-specific. Parallel experiments in the GT could test this.

ISL1 itself also has the potential to play a pioneering role which has not been explored in
the hindlimb field or the GT. ISL1 is capable of binding to compacted chromatin in vitro, and
forms complexes with the BRG1-BAF60C SWI/SNF chromatin remodeling complex in cardiac
progenitor cells (Gao et al., 2019). ATAC-seq found that among accessible sites occupied by

ISL1, a widespread diminishment of accessibility occurs upon deletion of Isl1 or of Brgl, while
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the same does not occur at accessible sites not occupied by ISL1. Co-immunoprecipitation
indicates interaction between ISL1 and BRG1. While this study reported a similar number of
ISL1 peaks as our GT ChIP-seq (>14k), a very small percentage of these overlap (~2%),
suggesting ISL1 overwhelmingly binds to different sites in cardiac and appendage development.
Analogous experiments could be carried out in the hindlimb field or GT to find sites that
may depend on ISL1-directed chromatin remodeling in this context. ChlP-seq data from BRG1
might find sites co-bound with ISL1, while co-immunoprecipitation of ISL1 and other factors
like BRG1 or HOX proteins may indicate direct interactions in GT or hindlimb field protein
extract. ATAC-seq in mutant and control mice might identify ISL1-dependent sites of
accessibility. H3K27ac ChlP-seq could potentially be performed in Isl1 cKO genitalia, though it
would be implausible in Isl1 hindlimb fields given the small amount of tissue and the inability to

phenotypically differentiate the mutants at E9.75.

Research on particular enhancers

This dissertation focuses on enhancers and genes that lie downstream of Isl1. A question
that remains open for investigation is what regulates Isl1 expression in both the hindlimb field
and the GT. In the hindlimb field the CR2 enhancer drives expression, and deletion of putative
SMAD binding sites within this enhancer ablates this domain of activity (Jurberg et al., 2013).
The activity of this enhancer during hindlimb initiation is corroborated by our H3K27ac data
(Fig. S2.1). Recent ChIP-seq analyses have been performed on SMAD4 in the forelimb buds
using a FLAG epitope tag (Gamart et al., 2021; Malkmus et al., 2021). Repeating this in
hindlimb field might validate binding to the CR2 enhancer, while multi-species alignments might

reveal specific binding sites that are highly conserved.
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This could clarify the connection between paraxial GDF11 signaling and Isl1 activation
in hindlimb initiation. Furthermore, deletion of this enhancer might reveal whether it is required
for normal Isl1 expression and hindlimb development. Based on published ATAC-seq signal
tracks in the cloacal region at E10.5 and E13.5 (Amandio et al., 2020), this enhancer also may be
active during genital initiation and outgrowth. A challenge in investigating the upstream
regulation of Isl1, however, is the vast gene desert in which it resides. Roughly 1.2 Mb separates
Isl1 and the next gene Itgal in the mouse genome, with another ~0.5 Mb upstream. Within these
regions are numerous ATAC-seq peaks as well as ISL1 binding sites in the GT, some of which
are conserved across amniotes.

Isl1 may be involved in an autoregulatory loop to maintain its own GT expression,
though this would not explain how it is initially activated downstream of cloacal Shh. ChIP-seq
on GLI proteins may indicate a mechanism by which hedgehog signaling activates mesenchymal
Isl1. Following an approach used for studying the regulation of the Hoxa and Hoxd loci by the
Duboule lab (Amandio et al., 2020; Lonfat et al., 2014), 4C could be used with the Isl1 promoter
as a viewpoint. A combination of open chromatin, long-range contacts with the Isl1 promoter,
sequence conservation, and transcription factor binding might narrow down putative enhancers
for further testing via transgenic assays.

Downstream of Isl1, more work could be done to characterize enhancers with conserved
binding across amniotes. An intriguing example that appears in both the hindlimb and GT data is
the Bmp4 enhancer CONS3.8, initially identified as a limb and orofacial enhancer (Jumlongras et
al., 2012). Similarly to HLEB, this appears to be both a conserved and shared enhancer between
limbs and GT, with E10.5 cloacal ATAC-seq suggesting activity prior to GT outgrowth.

Research akin to that previously conducted on HLEB (Infante et al., 2015) might suggest its role
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in regulating Bmp4 transcription. As with the Isl1 locus, the large genomic space downstream of
Bmp4 suggests the possibility of multiple, partly redundant enhancers involved in its regulation.
Investigating lineage-specific differences in gene regulation

Another line of research concerning the Bmp4 locus focuses on phallus reduction in the
chicken. Increased apoptosis in the chick GT relative to the duck GT seems to be related to
increased expression of Bmp4 (Herrera et al., 2013). Members of the Cohn lab provided GT
samples from the early and late GT of the chick, duck, and turtle (T. scripta). In chick and duck,
the early GTs are from HH29 and late GTs from HH35, roughly the stage when phallus
reduction begins. The turtle samples come from stage 14 and stage 16-17, along with stage 14
forelimbs and hindlimb. I performed H3K27ac ChlP-seq in duplicate using each of these
samples, with the processed data available for further analysis on the Menke lab external drive.

These data could be used to find enhancers at the Bmp4 locus that show unique activity in
the chick GT at HH35 as compared to the other samples. Using the approach of Infante et al.
(2015), reproducible H3K27ac peaks within 1 kb of each other could be merged to generate
putative active enhancers in each sample. Conversion between chick and duck loci can be done
on the UCSC test browser, allowing for the identification of conserved enhancers within birds.
The alligator H3K27ac data used in Chapter 3 of this dissertation may also be useful, as
crocodilians are the closest outgroup to birds and alligator coordinates can also be lifted over to
the chicken genome. I only performed ChlP-seq in the alligator GT at stage 15-16, which is
closer to later GT development.

The red-eared slider turtle is a more distantly related outgroup to birds, and its genome is
not currently on the USCS genome browser for LiftOver. One possible workflow would be to

sequentially find enhancers that fit the following criteria: 1) active in the late but not early chick
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GT; 2) conserved in the duck genome and inactive at either stage; 3) conserved in the alligator
genome and inactive; 4) conserved in the turtle genome and inactive at either stage. Each step
would narrow down the set of loci, and step 4 could be done by using Blast to convert particular
loci of interest to the turtle genome. Each step might yield loci of interest near Bmp4, though loci
that show conservation across these species and pass through these filtration steps might be
particularly compelling. This might identify a conserved Bmp4 enhancer that is coopted during
chicken phallus reduction, perhaps an enhancer involved in apoptosis in the digits. One benefit of
such a high-throughput approach is that it might reveal other enhancers of interest near genes not
initially considered.

Species-specific or lineage-specific functions of ISL1 could be also be probed using the
data generated in this dissertation. The ISL1 ChIP-seq data from the genitalia of multiple species
of amniotes was primarily used to identify conserved functions of ISL1. These data may also be
a resource for studying enhancer evolution, as with the putative ISL1 site found in lizards but not
in other amniotes (Fig. S3.8). A more systematic approach might use a whole genome alignment
including the brown anole along with chicken and mouse. This would allow for the conversion
of, for example, lizard genomic coordinates into other species to find the subset of lizard ISL1
peaks that occur on conserved loci. Conversion can be performed using the halLiftover tool
using a HAL alignment file and bed coordinates as input.

Rather than finding conserved peaks, this could then be used to find peaks unique to one
species that occur within orthologous sequence. These loci could then be analyzed for the
presence of motifs of interest like the ISL1 motif in each species, identifying potential gain or
loss of function in a particular lineage. Such sites could then be associated with nearby genes of

interest that may be regulated by these enhancers. These enhancers as well as those with
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conserved activity could be tested using CRISPR knockout experiments in the brown anole.
Given the dramatically different morphology of the paired hemiphallus in squamates, this species

provides an intriguing model for further studies along these lines.
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