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Abstract

Abnormal expression of the transcriptional regulator and hedgehog (Hh) signaling path-

way effector Gli3 is known to trigger congenital disease, most frequently affecting the

central nervous system (CNS) and the limbs. Accurate delineation of the genomic cis-

regulatory landscape controlling Gli3 transcription during embryonic development is

critical for the interpretation of noncoding variants associated with congenital defects.

Here, we employed a comparative genomic analysis on fish species with a slow rate of

molecular evolution to identify seven previously unknown conserved noncoding ele-

ments (CNEs) in Gli3 intronic intervals (CNE15–21). Transgenic assays in zebrafish

revealed that most of these elements drive activities in Gli3 expressing tissues, predom-

inantly the fins, CNS, and the heart. Intersection of these CNEs with human disease

associated SNPs identified CNE15 as a putative mammalian craniofacial enhancer, with

conserved activity in vertebrates and potentially affected by mutation associated with

human craniofacial morphology. Finally, comparative functional dissection of an

appendage-specific CNE conserved in slowly evolving fish (elephant shark), but not in

teleost (CNE14/hs1586) indicates co-option of limb specificity from other tissues prior

to the divergence of amniotes and lobe-finned fish. These results uncover a novel sub-

set of intronic Gli3 enhancers that arose in the common ancestor of gnathostomes and

whose sequence components were likely gradually modified in other species during

the process of evolutionary diversification.
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1 | INTRODUCTION

The hedgehog (Hh) pathway represents a key signaling network

essential for a variety of cellular processes underlying embryonic

development in metazoans (Choudhry et al., 2014). Components of

the Hh pathway are conserved across vertebrates and invertebrates,

and play critical roles during embryonic morphogenesis linked to pat-

terning and polarization of the neural tube and the antero–posterior

axis of extremities and other developing organs (Anderson

et al., 2012; Jiang & Hui, 2008). In invertebrates, Hh pathway activity

is mediated by the single bi-functional zinc finger transcription factor

(TF) cubitus interruptus (Ci) (Abbasi et al., 2009; Méthot &

Basler, 2001). In the absence of Hh signaling, Ci undergoes proteolytic

cleavage and is converted to a repressor, while in the presence of Hh,

Ci is modified to promote activator functions, as cleavage is inhibited

(Aza-Blanc & Kornberg, 1999). In vertebrates, gene duplication events

resulted in three copies of Ci-like ancestral Hh pathway effector

genes: Gli1, Gli2, and Gli3 (Abbasi et al., 2009; Niewiadomski

et al., 2019). Gli2 and Gli3 proteins have retained their potential for

dual function, while Gli1 exclusively acts as transcriptional activator

and its activity is mostly dispensable during development (Coy

et al., 2011; Huangfu & Anderson, 2006).

Gli family members are known to be expressed in a wide variety

of vertebrate tissues and cell types (Abbasi et al., 2007; Ruiz i

Altaba, 2008). Studies in vertebrate model and nonmodel animals

have demonstrated that highly orchestrated spatial and temporal

expression of Gli genes is critical for the progression of embryonic

development (Ruiz i Altaba, 2008). Among Gli paralogs, Gli3 shows a

particularly dynamic spatiotemporal expression pattern during devel-

opment and is known as a key player in the manifestation of early

embryological processes (Tyurina et al., 2005). Genetic studies have

shown that Gli3 acts as the main repressor of the Shh pathway, while

Gli1/Gli2 predominantly execute activator roles (Hu et al., 2006). For

instance, Gli3xt mice, lacking a functional copy of Gli3, exhibit polydac-

tyly and dorsal central nervous system (CNS) defects associated with

ectopic Shh expression (Haddad-T�ovolli et al., 2015; Hui &

Joyner, 1993). In addition, Gli3 null individuals manifest multiple

defects affecting the CNS, musculo-skeletal system, craniofacial fea-

tures, lungs, and other internal organs, resulting in embryonic lethality

prior to birth (Hui & Joyner, 1993; Lopez-Rios et al., 2012). Mutations

in the human GLI3 gene are associated with various related develop-

mental disorders, which are summarized as “GLI3
morphopathologies,” including Greig cephalopolysyndactyly (GCPS)

(Vortkamp et al., 1992), Pallister Hall syndrome (PHS) (Böse

et al., 2002), preaxial polydactyly type IV (PPD–IV), and postaxial poly-

dactyly type A (PAP A/B) (Memi et al., 2018). In addition to these dis-

orders, and related to the role of Gli3 in regulation of proliferation,

mutations in Gli3 can result in various types of tumors including glio-

blastoma, hypothalamic hamartoma, oral squamous cell carcinoma,

colon cancer, gastric cancer, and pancreatic cancer (Matissek &

Elsawa, 2020; Rodrigues et al., 2018).

Transcriptional enhancers are a major class of cis-acting elements

in metazoan genomes and harbor TF motifs to integrate signaling cues

for orchestration of target gene expression (Long et al., 2016; Zehra &

Abbasi, 2018). Genome-wide association studies and whole-genome

sequencing have revealed that noncoding variants associated with

human disease phenotypes often map to enhancer sequences

(Perenthaler et al., 2019). Developmental regulator genes such as Gli3

are frequently embedded in gene-poor topologically associated

domains (TADs) known to ensure accurate spatiotemporal regulation

through confinement of long range enhancer–promoter interactions

(Robson et al., 2019; Schoenfelder & Fraser, 2019). Individual

enhancers can have critical developmental functions that can be

affected by loss- or gain-of-function mutations. For example, while

the zone of polarizing activity regulatory sequence (ZRS) is essentially

required for limb-specific Shh expression and distal limb morphogene-

sis, point mutations in this element result in ectopic Shh expression

leading to polydactyly (Kvon et al., 2020; Lettice et al., 2003). Often,

however, enhancer landscapes of key developmental regulator genes

exhibit a regulatory architecture hallmarked by the presence of multi-

ple enhancers with overlapping activities to confer transcriptional

robustness, and only combinatorial deletion of such enhancers leads

to discernible phenotypes, as shown for a pair of Gli3 limb enhancers

in mouse embryos (Kvon et al., 2021; Osterwalder et al., 2018). Also,

it has been shown recently that development of digit 1 (thumb) is

dependent on the negative regulation of Gli3 repressor (Gli3R) activity

in the anterior limb mesoderm through direct binding of Hoxa13 and

Hoxd13 TFs with multiple Gli3-associated enhancer sequences

(Bastida et al., 2020).

Transgenic reporter assays have been widely used as a method of

choice to define tissue-specific transcriptional enhancer activities

in vivo (Kvon, 2015) and multiple enhancer elements in the genomic

vicinity of Gli3 have been identified in a number of species (Anwar

et al., 2015; Coy et al., 2011; Hussain et al., 2021; Mannion

et al., 2022; Osterwalder et al., 2018). In accordance with hotspots of

Gli3 expression in vertebrate embryos, these enhancer activities were

found enriched in the CNS, limb/fins, craniofacial regions, and internal

organs (Abbasi et al., 2010, 2013; Anwar et al., 2015; Coy et al., 2011;

Hussain et al., 2021; Osterwalder et al., 2014; Osterwalder

et al., 2018). However, the mammalian Gli3-associated enhancer activ-

ities identified so far are not associated with the full spectrum of Gli3

expression domains. This observation led us to speculate that addi-

tional cis-acting elements might be in place to regulate spatiotemporal

Gli3 expression. Previous attempts for Gli3 enhancer discovery made

use of fugu and zebrafish genomes (as teleost representatives) to

define evolutionary conserved enhancers in intronic and intergenic

intervals of the human GLI3 gene (Minhas et al., 2019; Parker

et al., 2011). It has been reported that a large subset of mammalian

tissue-specific enhancers might not be detected by direct

mammalian–zebrafish/fugu comparisons, presumably due to large-

scale duplications and rapid evolution of these representative teleost

genomes (Braasch et al., 2016). Here, we used a comparative geno-

mics approach for Gli3 enhancer discovery, including the genomes of

fish species exhibiting a slow rate of molecular evolution, such as the

spotted gar (Lepisosteus oculatus), elephant shark (Callorhinchus milli),

and coelacanth (Latimeria chalumanae) (Ali et al., 2021; Amemiya
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et al., 2013; Braasch et al., 2016; Venkatesh et al., 2006). Intriguingly,

human centric alignments have identified a set of novel CNEs that

were not detected by direct human fugu/zebrafish comparisons.

Novel CNEs predicted by this comparative analysis were then sub-

jected to functional analysis by employing transgenic reporter assays

in zebrafish and mouse embryos. Indeed, the majority of the elements

tested acted as transcriptional enhancers driving expression in known

compartments of Gli3 expression in zebrafish and mouse embryos,

including the neural tube and pectoral appendages/limbs. Together,

our results demonstrate that efficient comparative sequence analysis

of mammalian and fish (with slow rate of molecular evolution)

genomes represent an effective approach for the discovery of devel-

opmental enhancers implicated in vertebrate morphogenesis and

organ formation.

2 | RESULTS

2.1 | Comparative analysis of Gli3 loci in slowly
evolving fish species uncovers deeply conserved
intronic elements

Our previous studies have identified 14 Gli3 intergenic CNE

enhancers (CNE1–14) through human–fugu comparative genomics

and transgenic zebrafish/mouse assays (Abbasi et al., 2007; Abbasi

et al., 2010; Anwar et al., 2015; Coy et al., 2011; Paparidis

et al., 2007). To search for previously undetected, deeply conserved

enhancers, we performed a modified comparative analysis including

the human GLI3 locus and the “slowly-evolving” fish genomes: coela-

canth, spotted gar, and elephant shark (Amemiya et al., 2013; Braasch

et al., 2016; Nikaido et al., 2013; Venkatesh et al., 2014). Multispecies

sequence alignment of the human GLI3 locus with its orthologous

counter parts from mouse, chicken, lizard, coelacanth, fugu, spotted

gar, and elephant shark confirmed the previously identified CNE1–14

elements, and also identified seven novel CNEs (CNE15–21) that

were not detected in direct tetrapod-teleost comparisons (Figures 1a,

S1; Tables 1, S1) (Anwar et al., 2015). Remarkably, all of these con-

served noncoding elements (CNEs) are located within the intronic

regions of Gli3, indicating a potential regulatory association with the

Gli3 promoter (Figure 1). To investigate this, we visualized chromatin

topology and TAD structure at the Gli3 locus using available Hi-C

datasets from mouse embryonic stem cells (mESCs), neural progenitor

cells (NPCs), and cortical neurons (CNs) (Bonev et al., 2017)

(Figure S1a). This exploration revealed that, while the overall Gli3 TAD

structure is maintained during neuronal differentiation, the Gli3 gene

body itself is embedded in a subdomain with increased interactions

during the NPC stage (Figure 1b, Figure S1a). Thus, these results indi-

cate stronger preference for Gli3 promoter–enhancer interactions in

intronic regions. In summary, integration of our new analysis with pre-

viously reported data concludes that the Gli3 locus harbors in total

21 human–fish CNEs based on selection criteria of 50% sequence

identity over at least 50 bp sequence length (Figure 1a; Table 1).

Hereby, except for CNE20 (mm1826), the newly identified enhancers

do not overlap previously tested Gli3-associated enhancer elements

listed in the VISTA Enhancer Browser (https://enhancer.lbl.gov)

(Figure S1b).

Additionally, phylogenetic footprinting analysis in these

Gli3-associated CNEs revealed conserved binding motifs for several

developmental transcription factors (TFs) (Table 1), corroborating the

possible functional relevance of these newly identified CNEs. Further-

more, many of the TFs associated with these conserved binding

motifs are known to be co-expressed with Gli3 in various tissues dur-

ing embryonic development, including limbs, heart, and the CNS.

Some examples of these TFs include Pbx1, Foxp3, Foxo1, Nkx2, Oct1,

and Hoxa7 (Table 1) (Baldarelli et al., 2021). In addition, CNE15,

19, and 20 also showed general histone modification (H3K27ac) sig-

natures of developmental enhancers (Abascal et al., 2020) (Figure 1b).

Therefore, we concluded that these newly identified CNEs have the

potential to act as Gli3 enhancers.

2.2 | A majority of intronic CNEs exhibit Gli3-
associated enhancer activity in zebrafish

To interrogate the in vivo enhancer potential of the identified CNEs,

we performed transgenic reporter assays in zebrafish, a well-

established model for the study of human enhancer function (Parisi

et al., 2021). To this purpose, corresponding human sequences of the

identified CNEs were cloned into a Tol2 reporter vector containing a

cfos minimal promoter and EGFP cassette (Fisher et al., 2006)

(Table S2). Following injection of constructs, zebrafish embryos were

monitored for green fluorescent protein (GFP) expression at 24 hours

post-fertilization (hpf) and 48 hpf. We first focused on the elements

with highest sequence identity between human and elephant shark

(CNE18, CNE19, CNE21) (Figure 2a). While Gli3–CNE18 displays 80%

sequence identity with elephant shark over a stretch of 370 bp,

CNE19 and CNE21 share 71% and 79% sequence identity, respec-

tively (Figure 1a; Table 1). Remarkably, CNE18, CNE19, and CNE21

each drove GFP reporter expression in multiple tissues. Each of these

elements drove reporter gene expression in the developing pectoral

fins at 48 hpf (Figures 2a, S2 and S3), in 60%, 62%, and 53% of trans-

genic zebrafish embryos, respectively (Table S3). In comparison, the

previously characterized and evolutionarily less conserved mm1179

mouse Gli3 limb enhancer element located 120 kb upstream of the

Gli3 transcription start site (TSS) (Osterwalder et al., 2014;

Osterwalder et al., 2018), induced reporter gene expression only in

the anterior-most margin of the developing zebrafish pectoral fin at

48 hpf (Figures 2b, S2 and S3). Apart from driving enhancer activity in

the pectoral fin, CNE18 also showed activity in the forebrain at

48 hpf (Figures 2a and S2) in 56% of transgenic zebrafish embryos

(Table S3). CNE19 also triggered GFP expression in the developing

forebrain at 48 hpf (Figures 2a and S2). This forebrain enhancer activ-

ity was observed in 64% of CNE19 transgenic embryos (Table S3). In

addition to activity in fins and CNS domains, CNE18 and CNE21 also

drove GFP expression in the developing heart at 48 hpf (Figures 2a

and S2). While CNE16 and CNE20 did not reveal any reproducible
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F IGURE 1 Legend on next page.
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enhancer activities in zebrafish embryos, CNE17 drove GFP reporter

expression exclusively in forebrain (52%) at 48 hpf (Figures 2c, S2;

Table S3). As another unique reproducible activity detected among

the newly identified subset of CNEs, CNE15 drove activity in the cra-

niofacial region (Figures 3a,b, S2; Table S3). Taken together, these

results assign the majority of the newly identified and deeply con-

served CNEs to additional critical domains of Gli3 transcription, with

predominant activities in limbs and the CNS. A subset of these CNEs

also shows overlap in their spatial domains, likely establishing or

contributing to transcriptional robustness of Gli3 expression in the

respective tissues.

2.3 | Association of a GLI3 noncoding disease
variant with CNE function

Single-nucleotide polymorphisms (SNPs) in enhancers are considered

important evolutionary drivers of disease and variable human

F IGURE 1 Comparative genomic analysis reveals deeply conserved GLI3 intronic CNEs with associated enhancer identity. (a) Multispecies
sequence alignment of the genomic interval containing the human GLI3 locus (ENSG00000106571) with orthologous counterparts of tetrapod
(mouse, chicken and lizard) and aquatic vertebrates (coelacanth, fugu, spotted gar and elephant shark). Alignments are shown in Visualization Tool
for Alignment (VISTA) graphical output by the Shuffle-LAGAN tool, using human sequence as a baseline. The horizontal black arrow on top
indicates the direction of GLI3 transcription and genomic extension of the human GLI3 gene body (277 kb). The newly identified coelacanth and
elephant shark-conserved noncoding elements (CNE15–21) show absence of conservation in teleost fish (fugu) and framed in red (red labels).
CNE14 shares this signature (also marked red). CNEs highlighted in light blue were previously identified. Gli3 protein coding exons (Ex2–15) are
marked brown. Criteria of alignment were 50 bp and 50% conservation cut-off. Conserved coding and noncoding sequences are depicted as blue
and pink peaks, respectively. The y axis indicates percent identity and the x axis informs about the extension of elements. Genomic location of

newly and previously identified CNEs is listed in Table 1 and S1, respectively. kb, kilobase; Ex, exon CNE, conserved noncoding element. (b) 3D
chromatin interaction (Hi-C) heatmap spanning the Gli3 gene body in neuronal progenitor cells (NPCs) from Bonev et al. (2017). Chromatin
interaction profiles across the entire Gli3 TAD in mouse embryonic stem cells (mESCs), NPCs and cortical neurons (CNs) are shown in Figure S1a.
CTCF profiles from mESCs (Bonev et al., 2017), general candidate cis-regulatory elements (cCREs) from ENCODE (Abascal et al., 2020) and the
vertebrate conservation (phyloP60way) track are shown below along with the location of tested VISTA Enhancer (Enh) Elements (VISTA Enhancer
browser) and newly identified CNEs. cCREs include predicted promoter-like elements (red), enhancer-like sequences (ELS, yellow), and CTCF-only
sequences (blue) (Moore et al., 2020).

TABLE 1 Human-fish GLI3 conserved noncoding elements selected for zebrafish/mice transgenic assay.

Element Location

GRCH38-Ch7

coordinates

Amplicon

size

Conservation depth

50%; >50 bp Predicted TFs

GLI3–CNE14-L Intron 3 42,147,909–
42,146,003

1,907 bp Elephant shark Gata1, Rest, Creb1, Hnfa4, Nrf2f1, Pax6, Ppara,

Hsf, Cdc5, Hsf1, Nfkb5

GLI3–
CNE14-M

Intron 3 42,146,901–
42,147,858

958 bp Elephant shark = =

GLI3–CNE14-S Intron 3 42,147,140–
42,147,443

306 bp Elephant shark = =

GLI3–CNE15 Intron 3 42,091,574–
42,092,239

666 bp Elephant shark Nkx2-5, Foxj1, Foxd3, Foxi1, Foxo3, Foxo1,

Nr2f1, Runx1

GLI3–CNE16 Intron 2 42,151,204–
42,151,889

686 bp Elephant shark Dmrtc2, Tcf3, Foxo3, Abf1, Rfx1, Foxp3, Smad3,

Foxo4, Foxj1, Foxo1, Hand1, Tal1

GLI3–CNE17 Intron 3 42,117,459–
42,117,998

540 bp Spotted gar Irf1, Atf1, Ebf1, Plzf, Evi1, Foxd3, Pou6f1

GLI3–CNE18 Intron 3 42,080,686–
42,081,557

872 bp Elephant shark Tal1, Tfap4, Pbx1, Mrf2, Nr1h3, Tgif1

GLI3–CNE19 Intron 4 42,068,709–
42,069,418

710 bp Elephant shark Tfap4, Zbtb18, Foxa2, Pax6, Ets1, Elk1, Gzf1,

Mafk, Dmrtc2, Tcf3

GLI3–CNE20 Intron 4 42,065,743–
42,066,301

559 bp Elephant shark Rfx1, Hoxa4, Pou1f1, Foxq1, Freac3, Foxd3,

Oct1

GLI3–CNE21 Intron 7 42,027,388–
42,028,300

913 bp Elephant shark Zfp74, Myb, Oct1, Hoxa7, Pbx1, Lmo2

mm1179 Intergenic 42,342,873–
42,343,965

1,093 bp Chicken Pbx1, Elk1, Foxd3, Nrf2f1

Note: This table presents chromosomal location, genome assembly coordinates (GRCH38), size of amplicon and conservation depth of CNEs identified in

the current study. In addition, the mm1179 Vista enhancer and predicted transcription factor (TF) motifs in each element are also listed.
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phenotypes (Kvon et al., 2020; Long et al., 2016). Approximately 90%

of SNPs with phenotypic associations in Genome-wide association

study (GWAS) are mapped to noncoding regions (Huang &

Ovcharenko, 2015), which suggests a major role in gene regulation.

To explore a direct relationship of our identified CNE regions with

human disease mechanisms, we performed intersection of our CNEs

with a collection of human disease-associated SNPs based on a

genome-wide association scan (Adhikari et al., 2016). This analysis

identified a single SNP (rs17640804) that localized to the core of the

CNE15 enhancer and that previously was associated with human

nasal morphology, specifically with nose wing breadth (Adhikari

et al., 2016) (Figure 1; Table 1). Conservation analysis revealed that

CNE15 shared 73% sequence homology with elephant shark over a

span of 110 bp (Figure 1; Table 1). Remarkably, this observation coin-

cided well with our functional validation of CNE15 enhancer activity

in transgenic zebrafish, which revealed GFP reporter expression in the

olfactory placode (np) at 48 hpf in 68% of transgenic embryos

(Figures 3a, b and S3). To investigate conservation of CNE15 craniofa-

cial activity in mammals, we also performed transgenic CNE15–LacZ

reporter assays in mouse embryos. These results corroborated the

craniofacial activity of the CNE15 enhancer as reproducible signal

was observed in mouse embryos at day 11.5 in the facial prominence

at the boundary region to the forebrain hemispheres (Figures 3c and

S2). In summary, our findings indicate that Gli3 intronic CNEs can co-

localize with disease-associated SNPs, potentially disturbing enhancer

function in a tissue-specific context.

2.4 | CNEs as an evolutionary platform for
modulation of tissue-specific enhancer activity

Given the deep sequence conservation of CNEs, in a last step we

focused on exploring the involvement of CNEs in evolutionary diversi-

fication. Hereby, we selected CNE14 (Anwar et al., 2015) as this rep-

resents a CNE with well-defined activity and function in the

mammalian limb. CNE14 corresponds to the hs1586 enhancer (VISTA

Enhancer Browser, https://enhancer.lbl.gov) known to regulate Gli3

expression in a partially redundant manner with mm1179 (Anwar

et al., 2015; Osterwalder et al., 2018). While hs1586 drives expression

in the Gli3 overlapping domain in the anterior limb mesenchyme of

mouse embryos, CNE14 was shown to be active in the pectoral fin

of zebrafish (Abbasi et al., 2007; Anwar et al., 2015; Osterwalder

et al., 2018) (Figure S2). Unlike the previous study by Anwar

et al., 2015, which reported conservation of CNE14/hs1586 down to

the lizard species, the present study uncovers deeper conservation of

the CNE14/hs1586 core sequence, exhibiting 73% sequence identity

over a span of 230 bp when compared with coelacanth (lobe finned

fish) and 66.9% over 127 bp when compared with elephant shark (car-

tilaginous fish) (Figure 1). To elucidate the functional requirement of

the deeply conserved CNE14/hs1586 core for fin- and limb-specific

Gli3 expression, we subjected the full-length enhancer sequence to

reduction analysis and compared the activity of the respective ele-

ments in zebrafish and mouse embryos (Figure 4). To this purpose, we

considered the evolutionary conservation depth of core-flanking

regions and validated three different extensions of the CNE14/

hs1586 enhancer using transgenic reporter assays in mouse and zeb-

rafish (Figure 4a–c; Tables 1). Hereby, the CNE14 full-length

(CNE14-L) element corresponded to the human–mouse conserved

sequence, the CNE14 intermediate version (CNE14-M) represented

the human-chicken conserved element and the CNE14 core

(CNE14-C) was restricted to the sequence block conserved in human

and coelacanth (Figure 4a). While CNE14-L (hs1586) was previously

shown to be active in the anterior limb mesenchyme of mouse

embryos at E11.5 (Figure 4c; VISTA Enhancer Browser) (Osterwalder

et al., 2018), transgenic analysis in zebrafish embryos revealed

reporter expression in the pectoral fin at 48 hpf (n = 58% of trans-

genic embryos) (Figures 4b, S2). The human–chicken CNE14-M

F IGURE 2 Gli3–CNEs conserved in slowly evolving fish genomes
exhibit enhancer activity in Gli3-related tissues. (a) CNEs with highest
sequence identity between human and elephant shark drive
reproducible GFP transgenic reporter activity in multiple zebrafish
embryonic tissues, including the pectoral fin (pf), forebrain (fb), and
heart (h). (b) The mm1179 mouse embryonic Gli3 limb enhancer was
validated in zebrafish for comparison and drives restricted activity in
the pf. (c) CNE17 promotes transcriptional activity exclusively in the
fb. Representative images (merged bright field and fluorescent signals)
of live zebrafish transgenic embryos are shown and white arrowheads
indicate reproducible GFP reporter activities (see also Figure S2 and
Table S3). Inlets for elements active in the pf show GFP-only signals
(in grayscale). Orientation of embryos is anterior to the left and dorsal
to the top, with a lateral view.
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conserved block (958 bp) was found to retain activity in the pectoral

zebrafish fin (n = 48% of transgenic zebrafish embryos); however, the

anterior portion of developing mouse forelimbs exhibited reduced

LacZ staining at E11.5 (n = 4/6) when compared with CNE14-L trans-

genics (Figure 4b, c; Table S2). Remarkably, the 304 bp human–

coelacanth element (CNE14-C) was largely insufficient to drive repro-

ducible reporter gene expression in both developing zebrafish fins or

anterior mouse limbs (Figure 4b, c; Table S2). Together, these results

indicate that the hs1586/CNE14 genomic element acquired limb

specificity after the emergence of lobe-finned fish, and later in mam-

mals gained robustness via anterior forelimb activity.

3 | DISCUSSION

Over the last couple of decades, comparative genomic approaches

have revealed numerous evolutionarily conserved cis-acting regula-

tory modules in vertebrates (CRMs) (Ali et al., 2016; Minhas

et al., 2015; Paparidis et al., 2007). CNEs are enriched for CRMs with

developmental enhancer activities (Boffelli et al., 2004; Pennacchio

et al., 2006; Woolfe et al., 2005) and vertebrate genomes hold thou-

sands of anciently conserved CNEs that frequently cluster near trans-

developmental genes (Parveen et al., 2013; Woolfe et al., 2005). In

particular, multispecies comparative analysis of tetrapod–teleost

orthologous loci have identified a plethora of conserved CRMs in

genomic domains of developmental genes including Shh, Gli2, Gli3,

Sim1, and Sox genes, Hoxa and Hoxd clusters (Abbasi et al., 2010; Ali

et al., 2021; Gehrke et al., 2015; Kim et al., 2014). Human and teleost

lineages diverged approximately 450 million years ago (Mya) and it

was assumed that CNEs conserved between them reflect strong

selection pressure, most likely due to critical function (Elgar

et al., 1996). Indeed, genome-wide comparisons of humans with fugu

and zebrafish have identified hundreds of CNEs with suggested func-

tional roles as tissue-specific enhancers (Gehrke et al., 2015; Paparidis

et al., 2007; Woolfe et al., 2005). Therefore, teleost genomes and

genomes of fish with slow rates of molecular evolution are being con-

sidered instrumental and ideal models for the identification of evolu-

tionary conserved transcriptional enhancers of human developmental

genes (Christoffels et al., 2004; Woolfe & Elgar, 2007).

Gli3 is one of the key transcriptional effectors of the hedgehog

signaling pathway (Hui & Angers, 2011) and genetic analyses in mice,

chicken, or zebrafish revealed an essential requirement of Gli3 for the

development of the CNS, limbs/fins and various other organs during

embryogenesis (Hui & Angers, 2011). Therefore, conserved CRMs

located within intronic intervals of Gli3 are expected to contribute to

these processes by orchestrating accurate spatiotemporal Gli3 expres-

sion. In our previous studies, comparative analysis of the human GLI3

locus with orthologous counterparts from teleost fish (e.g., fugu and

zebrafish) has identified 14 intronic CNEs (CNE1–14) acting as tissue-

specific developmental enhancers in transgenic mouse/zebrafish

assays (Abbasi et al., 2009; Abbasi et al., 2010; Ali et al., 2021; Anwar

et al., 2015; Coy et al., 2011; Paparidis et al., 2007; Tanaka, 2016).

Given that a large proportion of regulatory elements arose in the com-

mon ancestors of jawed vertebrates and have been either lost or have

diverged beyond recognition in teleost fish, relevant ancestral CNEs

might have been missed by using human–teleost comparisons. There-

fore, in the current study we re-evaluated the Gli3 CNE landscapes by

including not only tetrapod (human, mouse, chicken, and lizard) and

teleost genomes, but also genomic sequences from fish species with a

slower rate of molecular evolution, such as spotted gar and elephant

shark (Amemiya et al., 2013; Braasch et al., 2016). The novel elements

identified by this method (CNE15–21) share deep homology with ele-

phant shark, except CNE17 which is conserved only in spotted gar. As

the majority of the newly identified human CNEs (n = 5/7) drove

tissue-specific transgenic reporter expression in known Gli3 expres-

sing tissues in zebrafish embryos, our findings demonstrate the signifi-

cance of slowly evolving fish genomes for the identification of

ancestral CNEs exhibiting mammalian enhancer activity.

Interestingly, all the identified CNEs in this study are located

within intronic regions of Gli3. A BLAST algorithm-based similarity

search of the shortlisted CNEs confirmed their exclusive presence

within the human GLI3 locus. Accordingly, our analysis revealed the

presence of binding motifs for distinct TFs with well-established roles

in embryonic development and that are known to be co-expressed

with Gli3 (Cobb & Duboule, 2005; Reymond et al., 2002; Visel

et al., 2004). Gli3 exerts multiple essential roles during limb morphogen-

esis and is a main determinant of anterior–posterior axis specification

in early limb/fin buds (Galli et al., 2010; Osterwalder et al., 2014).

F IGURE 3 Implication of a GLI3–CNE in disease-related sequence
variation. (a) VISTA plot showing CNE15 deep conservation down to
elephant shark (cm; Callorhinchus milii) using human as a baseline.
Human–mouse conserved sequence is shown underneath the dashed
green line (566 bp) and is extended by �50 bp in both directions to
cover the human–mouse conserved peak included for transgenesis.
(b) CNE15 enhancer induced transgenic GFP reporter expression in
the olfactory placode of zebrafish embryos at 48 hpf (white
arrowhead). (c) CNE15 drives LacZ reporter activity in the
presumptive upper nasal process (np) at the boundary to the forebrain
in mouse embryos at E11.5 (black arrowhead). “n” indicates the
number of transgenic mouse embryos with LacZ activity in the np. op,
olfactory placode; np, nasal process.
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Tight spatiotemporal control of Gli3 is required for early restriction

of transcriptional regulators and induction of the zone of polarizing

activity, while later Gli3 controls cell cycle regulators and the exit of

proliferating progenitors in the anterior limb mesenchyme, prevent-

ing overproliferation that leads to polydactyly (Lopez-Rios

et al., 2012). Our transgenic analysis revealed that the majority of

newly identified CNEs (CNE18, CNE19, CNE21) drive reporter

expression in multiple Gli3-expressing tissues such as the developing

pectoral zebrafish fin, thereby increasing the number of presently

known elements with Gli3-associated enhancer activities in paired

appendages of vertebrates to eight (Abbasi et al., 2010; Anwar

et al., 2015; Osterwalder et al., 2018). Recent assessment of the

enhancer landscape within the Gli3 TAD based on a 5 kb tiling

approach of genomic elements also uncovered additional putative

limb enhancer segments in regions upstream of the Gli3 gene body

(Mannion et al., 2022). This diversity, in addition with the newly

discovered intronic CNEs with limb activity in zebrafish, suggests an

increasing number of Gli3 enhancers, potentially with redundant

activities and providing an explanation for the lack of drastic Gli3

transcript reduction in mouse limb buds following the combined

deletion of mm1179 and hs1586 (Osterwalder et al., 2018). How-

ever, more work is needed to uncover the functional relationships of

these enhancers and how they regulate early or later roles of Gli3

during limb development. Gli3 also plays an important role in the

development and morphogenesis of vertebrate CNS (Matissek &

Elsawa, 2020). For instance, Gli3 participates in the development of

various CNS domains including dentate gyrus, hippocampus, telen-

cephalon, di-cephalon, cerebral cortex, neocortex, corpus callosum,

and others (Amaniti et al., 2013; Kuschel et al., 2003; Matissek &

Elsawa, 2020; Theil et al., 1999). Concordantly, mutations in the human

GLI3 gene are associated with macrocephaly, macroencephaly, and

hypothalamic hamartoma (Craig et al., 2008; Matissek & Elsawa, 2020).

F IGURE 4 CNE extension correlates with
evolutionary gain of enhancer function.
(a) Genomic location and conservation of CNE14
variants based on UCSC PhyloP and MultiZ
alignment tools. CNE14 human–mouse conserved
region (CNE-L, 1906 bp), CNE14 intermediate
human–chicken region (CNE-M, 958 bp), and the
core conserved human–coelacanth sequence
(CNE-C, 304 bp) are compared. (b) CNE14-L and

CNE14-M induce GFP expression in the
developing zebrafish fish pectoral fin.
(c) Transgenic LacZ reporter activities of CNE14
versions in mouse embryos at E11.5. While
CNE14-L induced strong LacZ expression in the
anterior limb mesenchyme, activity driven by
CNE14-M and CNE14-C was progressively
reduced. “n” indicates the number of embryos
with reproducible transgenic reporter activity
versus the total number of transgenic embryos
showing any LacZ signal. (d) Pairwise sequence
comparison of CNE14 by Vista plots. Blue double
arrow indicates scale. FL, forelimb; HL, hindlimb.
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In addition, the dorsal telencephalon in Gli3 mouse mutants fails to

develop normally (Craig et al., 2008; Kuschel et al., 2003; Matissek &

Elsawa, 2020). Endogenous Gli3 expression dynamics during early

CNS patterning and morphogenesis reveals the genes' highly con-

served function (Aoto et al., 2002; Baldarelli et al., 2021; Tyurina

et al., 2005). Three of the CNEs identified in this study drove

reporter expression in forebrain (CNE17, CNE18, and CNE19), indi-

cating involvement in early CNS regulation. Adding to our previously

published studies, these results expand the number of in vivo vali-

dated Gli3 brain enhancers to 12 (Abbasi et al., 2010; Hussain

et al., 2021) indicating that a complex and conserved Gli3 regulatory

architecture is in place to drive Gli3 expression in brain subregions of

mammals and fish (Hussain et al., 2021). Gli3 also acts as a mediator

of Shh pathway activity in posterior second heart field cells during

cardiac development, and GLI3-A has been recently identified as an

important component for intraventricular septum (IVS) formation

through cilia-mediated Platelet-derived growth factor receptor alpha

signaling during mouse heart development (Wiegering et al., 2020).

While CNE18 and CNE21, due to their heart-specific activity in zebra-

fish, appear as candidates for the regulation of such cardiac Gli3 func-

tions, validation of these elements in mice will be required to establish

a role in the mammalian heart. Our transgenic reporter analysis in zeb-

rafish embryos did not reveal reproducible tissue-specific activities for

CNE16 and CNE20 (Figure 1; Table 1). It is however possible that these

elements are active at earlier or later embryonic stages. Another poten-

tial explanation for their lack of activity could be the absence of specific

trans-acting factors in zebrafish (Gehrke & Shubin, 2016). However,

without further evaluating their functions in a native trans-environ-

ment, no definite conclusion can be made about the regulatory poten-

tial of these two CNEs in mammals (Gehrke & Shubin, 2016).

Furthermore, CNEs might also function as transcriptional repressors,

which is not evaluated in the applied transgenic reporter framework

(Anwar et al., 2015; Segert et al., 2021).

Over the last few years, it has become increasingly clear that the

majority of disease-associated mutations reside within noncoding reg-

ulatory enhancer regions (Claringbould et al., 2021; Kvon et al., 2020;

Moyon et al., 2022). For instance, based on GWAS data, a SNP

rs17640804 (C > T) in the GLI3 noncoding region (7q13, intron 3) has

been associated with human face morphology, more specifically, with

determining the nose wing breadth (Adhikari et al., 2016). Here, we

showed that rs17640804 (C > T) is positioned within the CNE15 core

located in intron 3 of GLI3 (Figure 1a). In line with the GWAS results,

our comparative analysis in mouse and zebrafish embryos revealed

conserved enhancer activity of the human CNE15 element in the

nasal prominence (Figure 3). These findings illustrate that inter-

section of genetic variants and functionally validated GLI3 enhancers

can provide insight into the mechanistic basis of GLI3 morphopathies,

which include GCPS (MIM175700) (Kalff-Suske et al., 1999; Wild

et al., 1997) PHS (MIM146510) (Kang et al., 1997) PPD-IV (MIM

174700) (Radhakrishna et al., 1999), and PAP A/B (MIM174200)

(Radhakrishna et al., 1997).

A key aspect in evolutionary developmental biology is to under-

stand how the distinct features of different organisms evolved at the

genomic level. For instance, among the vertebrates the genetic basis

of fin-to-limb transition has been a central focus of research in studies

focused on evolutionary aspects (Abbasi, 2011; Clack, 2009). Of par-

ticular importance to evolution of morphological traits such as limbs,

are enhancers that recruit combinations of TFs to short binding

sequence motifs that collectively determine when, where, and how

genes are transcribed during development, thereby defining the physi-

cal properties of distinct cell populations (Yousaf et al., 2015). These

properties render enhancers a fundamental tool in fine-tuning the

evolution of traits, for example, in developing limbs (Kvon

et al., 2016). However, despite the well-established roles of enhancers

in evolution, many questions remain unresolved regarding the overall

sequence makeup and transcriptional output of individual enhancers.

Here, we focused on the coelacanth-conserved hs1586/CNE14

enhancer shown to contribute to robust spatiotemporal expression of

Gli3 in the developing mouse limb (Osterwalder et al., 2018). While

there is no detectable sequence conservation in teleost species (fugu/

zebrafish), we considered hs1586 as an ideal candidate to address the

evolutionary history of the enhancer core element (Figure 4) (Abbasi

et al., 2007; Osterwalder et al., 2018). Our comparative transgenic

in vivo analyses in mouse and zebrafish support the hypothesis that

robust anterior limb activity of hs1586/CNE14-L in tetrapods has

evolved after divergence from lobe-finned fish. In accordance with

limb autopod diversification, our results indicate that forelimb-specific

activity is likely encoded in the core-flanking regions of hs1586/

CNE14-L that, from a mammalian perspective, are less conserved in

chicken (CNE14-M) and nearly absent in coelacanth (CNE14-C)

(Figure 4). In this regard, it can be speculated that limb activity of

hs1586/CNE14-L has been progressively acquired since the diver-

gence of amniotes and lobe-finned fish. Such an increase in regulatory

Gli3 activity in the anterior mesenchyme of mammalian embryonic

limbs might have contributed to stabilization of Gli3R levels to coun-

teract the Shh agonist and to restrict the limb to pentadactyly (Galli

et al., 2010; Lopez-Rios et al., 2012). Such an effect might have arisen

through progressive gain of regulatory motifs in the enhancer

throughout evolutionary diversification (Cotney et al., 2013; Rebeiz &

Tsiantis, 2017).

Overall, our results suggest that many of the CNEs identified in

the Gli3 locus are involved in regulating tissue-specific aspects of Gli3

expression and can serve as a resource to investigate vertebrate

diversity and morphological variability in human population.

4 | MATERIALS AND METHODS

4.1 | Multispecies comparative sequence analysis

Human GLI3 sequence together with its orthologous counterparts

from mouse, chicken, lizard, coelacanth, fugu, spotted gar, and ele-

phant shark were obtained from ensemble genome browser (https://

asia.ensembl.org). These orthologous sequences were submitted to

shuffle lagan tool for comparative analysis (Brudno et al., 2003).

Human sequence was used as baseline. The alignment results were
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visualized by using the VISTA visualization tool (Brudno et al., 2003).

The selection criteria to identify anciently conserved fish–tetrapod

CNEs included 50% sequence identity over at least 50 bp sequence

length.

The orthologous CNEs sequences were subjected to the Multiple

Em for Motif Elicitation (MEME) tool for the identification of con-

served transcription factor binding sites (TFBSs) (Bailey et al., 2006).

The MEME tool is based on position weight metrices algorithm, which

is used to scan the orthologous sequences for overrepresented motifs.

The conserved transcription factor binding motifs identified by MEME

tool were investigated for binding preferences for known TFs by

STAMP tool using TRANSFAC library (Mahony & Benos, 2007).

4.2 | Hi-C 3D chromatin mapping

Hi-C maps of the extended Gli3 TAD in mESCs, NPCs, and CNs were

generated from valid read pairs (MAPQ30) based on the datasets pub-

lished by (Bonev et al., 2017) (GSE96107) and available from a third-

party reanalysis using HiCUP v.0.6.1 (GSE161259). The following

code was utilized for the representation of the Hi-C maps: https://

github.com/lldelisle/Hi-C_reanalysis_Bonev_2017.Raw.cool format

Hi-C maps were produced using the “cooler cload tabix” tool (Cooler

v0.8.11), loading validated read pairs of a Gli3-containing native chro-

mosome 13 genomic interval into a matrix of fixed bins (5 kb resolu-

tion). Further normalization and diagonal filtering included us of the

Cooler matrix balancing tool (Abdennur & Mirny, 2020) with

the options “—mad-max 5—min-nnz 10—min-count 0—ignore-diags

2—tol 1e-05—max-iters 200—cis-only,” which resulted in balanced

“cool” maps as final output. Heat map matrices shown in Figures 1b

and S1a were aligned with other genomic datasets and plotted using

pygenometracks (Lopez-Delisle et al., 2021).

4.3 | Zebrafish transgenic enhancer assay

Genomic DNA from human whole blood was extracted by using the

DNeasy Blood and Tissue Kit (Qiagen) according to the manufac-

turer's instructions. The selected CNE elements were amplified from

human genomic DNA with primers listed in Table S2. PCR products

(�500 ng/μl) were ligated with the PCR8/GW2/TOPO TA cloning

vector system to generate entry clones according to manufacturer

instructions (Invitrogen, Life Technologies). Insert identity was con-

firmed by sequencing. CNE fragments were moved to destination vec-

tor pGW–cfos–EGFP via gateway cloning technology (Fisher

et al., 2006). The LR (attL and attR) recombination reaction between

entry and destination vectors (150 ng/μl each) was performed using

the LR clonase enzyme. The resulting destination vectors were

sequence verified by Sanger sequencing.

Zebrafish were bred and raised according to the standard proto-

col. Fertilized eggs were collected from natural spawning of the wild-

type zebrafish. Transposase-encoding mRNA was synthesized by

in vitro transcription from linearized pCS-TP plasmid using the

Sp6 mMessage mMachine kit (Ambion). The mRNA was precipitated

in 100% molecular grade ethanol and lithium chloride, followed by

phenol-chloroform purification. A protocol devised by Fisher

et al., 2006 was used for the preparation of injection solution contain-

ing 1 μl reporter vector pGW-CNE-cfos-EGFP (125 ng/μl), 0.5 μl

transposase mRNA (300 ng/μl), and 0.5 μl phenol red, and adjusted to

5 μl by adding molecular grade water (Fisher et al., 2006). Approxi-

mately 2 nl of injection solution were injected into cytoplasm of fertil-

ized embryos at one-to-two cell stages. The embryos were kept at

28.5�C in 1� E3 media containing 0.003% phenylthiourea.

The injected embryos were raised in E3 media. At 24 hpf,

embryos were dechorionated manually and anesthetized in tricaine.

We relied on mosaic transgenesis and the F0 embryos were screened

for reporter gene expression (GFP) using a fluorescent inverted micro-

scope IX71 (Olympus, Japan). Live zebrafish embryos were imaged

using a DP72 camera with monochrome software.

4.4 | Mouse LacZ transgenic reporter analysis

Mouse experiments were performed, reviewed, and approved by the

Lawrence Berkeley National Laboratory Animal Welfare and Research

Committee (Pennacchio et al., 2006). All mice were monitored daily

for food and water intake, and animals were inspected weekly. For

enhancer–reporter analysis in transgenic mouse embryos, CNE ver-

sions were inserted into the pHsp68–lacZ vector (#170102) using

Gibson cloning as described (Kotharym et al., 1989; Osterwalder

et al., 2022). The reporter vector was linearized using NotI, microin-

jected into fertilized mouse oocytes and implanted into pseudopreg-

nant mouse females (Osterwalder et al., 2022). Transgenic embryos

were collected at e11.5 and stained with X-gal to visualize LacZ

reporter activity.
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