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Abstract

Background: The zinc finger-containing transcription factor Gli2, is a key

mediator of Hedgehog (Hh) signaling and participates in embryonic patterning

of various organs including the central nervous system (CNS) and limbs.

Abnormal expression of Gli2 can impede the transcription of Hh target genes

through disruption of proper balance between Gli2 and Gli3 functions. There-

fore, delineation of enhancers that are required for complementary roles of

Glis would allow the interrogation of those pathogenic variants that cause gene

dysregulation, and a corresponding abnormal phenotype. Previously, we

reported tissue-specific enhancers for Gli family including Gli2 through direct

tetrapod-teleost comparisons.

Results: Here, we employed the sequence alignments of slowly evolving spot-

ted gar and elephant shark and have identified six novel conserved noncoding

elements in human GLI2 containing locus. Zebrafish-based transgenic assays

revealed that combined action of these autonomous CNEs reflects many

aspects of Gli2 specific endogenous transcriptional activity, including CNS and

pectoral fins.

Conclusion: Taken together with our previous findings, this study suggests

that Hh-signaling controlled deployment of Gli2 activity in embryonic pattern-

ing arose in the common ancestor of gnathostomes. These GLI2 specific cis-

regulatory modules will help to identify DNA variants that probably reside out-

side of coding intervals and are associated with congenital anomalies.
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1 | INTRODUCTION

Sonic hedgehog signaling pathway is a signaling cascade
that controls a number of key developmental events and
embryological processes.1 The Hh pathway plays a criti-
cal role in patterning and growth of several organs
including the central nervous system (CNS), limbs and
skeleton, and internal organs.2,3 The effects of Sonic
hedgehog (Shh) protein on target cells are transduced
through Gli family of proteins, which are zinc finger-
containing transcriptional factors.4 In vertebrates, three
GLI genes exist which encode for Gli1, Gli2, and Gli3.5

Biochemical and genetic investigations indicate that Gli2
and Gli3 proteins are primary and immediate mediators
to Shh signals, whereas Gli1 appears to play a secondary
role in potentiating response to the secreted Shh mole-
cule.6 Invertebrates, such as the fly (Drosophila melano-
gaster) possesses a single zinc finger-containing homolog
of vertebrate Gli genes called Cubitus interruptus (Ci),
which transduces all Hh induced signals.7 Moreover,
additional gene duplication events in teleosts forms the
basis for functional diversity in Hh signaling pathway dif-
ferent from that found in tetrapods.8 For instance, molec-
ular evolutionary analysis of Gli family in vertebrates
revealed that Gli2 underwent teleost specific duplication
which resulted in the birth of two copies of this gene
(gli2a and gli2b) in teleosts.4,9 In vertebrates the Gli2 and
Gli3 proteins preserved the transcriptional bi-
functionality present in their Drosophila homolog Ci.10

In contrast, the vertebrate Gli1 functions only as tran-
scriptional activator and its roles during embryonic devel-
opment are widely reported as dispensable.11

Gli genes are known to be expressed in broad range of
vertebrate tissues and cell types.12,13 Studies in mice, frog
and zebrafish have revealed that a complex Gli code, the
fine-tuned expression of Gli genes, both temporally and
spatially, provides a basic tool that is used at many stages
during early embryogenesis13 including patterning of
CNS, morphogenesis of paired appendages, muscle fiber
formation, and the induction of sclerotome, prostate
gland, and craniofacial structures.13-18 These data suggest
that Gli paralogs are vital for normal morphogenesis, and
their aberrant expression could result in developmental
defects.

Among Gli proteins, Gli2 has unique characteristic
features during early embryonic development and postna-
tally. For instance, Gli2 has both a repressor protein
domain and the two activator protein domains and could
in principle function as both a transcriptional repressor
and an activator.5 However, biochemical and molecular
data suggest that in most cases Gli2 protein activates tran-
scription of target genes, because posttranslational
processing of Gli2 protein into Gli2R protein is inefficient.

In contrast, Gli3 which is the duplicated counter-part of
Gli2 acts primarily as a transcriptional repressor in most
of the cellular contexts and its loss results in gain-of-
function phenotypes of Hh signaling.19 Moreover, genetic
analysis in mice revealed that Gli2 null mutants die
before birth with defects in several tissues including
brain, craniofacial skeleton, vertebrae, long bones of the
limb (stylopod and zeugopod), sternum, lungs, and other
internal organs.20 Gene mis-expression studies in mice
demonstrated that Gli2 protein is a bona fide transcrip-
tional activator during development.21 Developmental
events regulated by Gli2 protein become evident in dis-
eases associated with mutations of human GLI2 gene.
Nonsynonymous heterozygous GLI2 mutations underlie
a significant fraction of congenital hypopituitarism and
also cause holoprosencephaly-like malformations,
including abnormal craniofacial development, growth
retardation, limb deformities and microcephaly.22 Over
expression of Gli2 in human and mice causes various
kinds of cancers including basal cell carcinoma, hepato-
cellular carcinoma, medulloblastoma, prostate, and
breast cancer.23-26

Comparative functional analysis demonstrates the
divergent requirements of Gli2 in fish and mammals.27

Duplicated Gli2 copies of zebrafish (gli2a/gli2b) mediate
Hh-dependent activating role and also Hh-independent
repressor role during embryogenesis and play redundant
as well as specific roles during zebrafish development.27

Depending upon the developmental stage, the endoge-
nous expression pattern of gli2a and gli2b overlaps as well
as differ substantially.8 For instance, at the end of gastru-
lation period the gli2b transcript is detected in the ante-
rior neural keel, but not in the region that corresponds to
forebrain-midbrain boundary, whereas in contrast the
gli2a transcripts are detected broadly in the lateral meso-
derm and region in the neural keel that corresponds to
future midbrain.9 At 24 hours postfertilization (hpf),
gli2b transcripts are detected in telencephalon, optic tec-
tum, posterior thalamus, and hindbrain, including the
region that corresponds to cerebellum, whereas the cross-
sections analysis revealed the absence of gli2b transcript
from the ventral neural tube.9 In contrast, at 24 hpf, the
gli2a mRNAs are detected broadly in the anterior dien-
cephalon, throughout the midbrain and the midbrain-
hindbrain boundary (MHB), but in hindbrain, the
reduced level is detected. In MHB, the gli2b expression is
detected only in the rhombomere-1, whereas gli2a
mRNAs are found in entire MHB.27 In the ventral dien-
cephalon, the gli2a transcripts are present in the posterior
hypothalamus, whereas gli2b mRNAs are also detected in
posterior hypothalamus. These comparative expression
data of Gli2s in zebrafish reveal both redundant and
unique roles for paralogs during zebrafish development.
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Subfunctionalization of zebrafish Gli2s might involve
both sequence divergence as well as the acquisition of
novel expression patterns among duplicates.8

Biochemical, molecular, animal model, and human
disease data demonstrates that correct expression of Gli2
in space and time is crucial to ensure appropriate deploy-
ment of Hh signaling levels and normal embryogenesis.
Significant work has been conducted to reveal the molecu-
lar and developmental functions of Gli2 proteins in verte-
brates. However, the genetic regulation of Gli2 expression
during development remains to be elucidated. Dynamic
expression patterns of Gli2 gene in the vertebrate embryo
suggest that multiple independent cis-regulatory regions
might work in a combinatorial fashion to control spatio-
temporal and developmental stage specific aspects of its
expression.28 Consistent with this assumption, a previous
study by our research group identified five intronic
sequences which are conserved between teleosts and tetra-
pods.28 Although GLI2 associated enhancers regions iden-
tified in our previous study drove reporter gene expression
in several embryonic domains, including neural tube and
pectoral fin, apparently none of them fully reproduce all
known aspects of Gli2 dynamic endogenous expression
pattern in vertebrates.28 Therefore, additional cis-acting
elements participate in the control of the Gli2 spatiotem-
poral expression must exist.

Given the assumption that additional unreported cis-
acting elements for Gli2 expression exist, it becomes nec-
essary to introduce a finer resolution to enhancer discov-
ery than has been applied thus far.28 Previously
published data was derived from comparison of human/
mouse genomes to those of teleost fish such as fugu and
zebrafish to search for CNEs. CNEs often function as cis-
acting regulators,28,29 however many appear to be
undetected in fugu and zebrafish, presumably because of
whole genome duplication of teleost fish and their rapid
subsequent evolution in some lineages.30 To enhance the
resolution of phylogenetic footprinting, we performed
comparative analysis of mammalian Gli2 locus by includ-
ing genome sequence of slowly evolving spotted gar (Lep-
isosteus oculatus), elephant shark (Callorhinchus milli),
and coelacanth (Latimeria chalumanae).31-33 Intriguingly,
inspections of human-centric alignments have uncovered
a set of novel CNEs that were undetectable in direct
human-teleost comparisons. These analyses revealed that
large majority of Gli2-associated CNEs also aligned to
elephant shark, highlighting their presence in
gnathostome ancestor. Novel CNEs identified in the pre-
sent study are subjected to functional analysis by
employing transgenic zebrafish assay. Majority of them
induced reporter gene expression in known endogenous
sites of gli2a transcription in zebrafish, including neural
tube and pectoral fins.

2 | RESULTS

2.1 | Multispecies sequence alignment of
GLI2 loci among distantly related
vertebrate species

Previously, we reported five GLI2 intronic CNEs through
tetrapod-teleost comparative sequence analysis and trans-
genic zebrafish enhancer assay.28 In order to search for
previously undetected enhancers, we undertook further
investigation of human GLI2 locus by exploiting the
recent availability of slowly evolving fish genomes; coela-
canth, spotted gar, and elephant shark.31-33 A multi-
species comparative analysis of human GLI2 locus
encompassing 100 kb intergenic regions with its
orthologous counterparts from mouse, chicken, lizard,
coelacanth, fugu, spotted gar, and elephant shark rev-
ealed six novel human-fish CNEs that were not detected
in direct human-teleost comparisons (Figure 1). These
elements are named as CNE6, CNE7, CNE8, CNE9,
CNE10, and CNE11. CNE6 is embedded in GLI2 intron-1
whereas rest of CNEs identified in the current study is
positioned in downstream interval of GLI2 (Table 1).
Taken together with previously published data, human
GLI2 locus harbors in total 11 human-fish conserved
noncoding elements with criteria of at least 50% identity
over 50 bp sequence window (Figure 1 and Table 1). In
silico analysis of transcription factor binding sites (TFBS)
within GLI2-associated CNEs revealed binding prefer-
ences for well-established developmental regulators
(Table 1, Additional file 1: Figure S1). To further verify
the regulatory potential of GLI2-associated CNEs, their
genomic coordinates were overlapped with reported
Chip-seq marks from ENCODE.34 These analyses rev-
ealed the presence of histone modification marks
H3K27ac and H3K4me1, on CNE6 while rest of CNEs
carry H3K4me1 and H3K4me3 marks and low enrich-
ment of H3K27ac (Additional file 2: Table S2) rep-
resenting the poised state of these CNEs in human
embryonic stem cells. Moreover, we estimated the total
number of active regions in the GLI2 locus by over-
lapping the GLI2/Gli2 coordinates with the ENCODE
dataset of H3K4me1, H3K27ac in seven hESCs, human
fetal leg muscles, mouse ES cells, limbs, neural tube, and
embryonic facial prominence. Within human GLI2 locus
(100 kb on either side of GLI2 gene) 1022 histone modifi-
cation peaks (size 100-1000 bp) are enriched with human
H3K4me1 marks and 278 peaks (size 100-2000 bp)
enriched with human H3K27ac marks (Additional file 3).
Mouse Gli2 locus overlapped with mouse ES Chip-seq
data revealed 254 peaks of H3K4me1 and 52 peaks of
H3K27ac (Additional file 4). Mouse Chip-seq data rev-
ealed 730 H3K4me1 and 550 H3K27ac peaks for

ALI ET AL. 671



embryonic limb, 431 H3K4me1 and 550 H3K27ac peaks
for facial prominence outgrowth and 244 H3kme1 and
76 H3K27ac peaks for neural tube (Additional file 4).
Additional analysis involving intersection of Chip-seq
peaks from human and mouse regions defined a non-
redundant list of 24 possible enhancer regions in the
GLI2/Gli2 locus (Additional file 5). These regions are
H3K4me1+ (for 7/7 hESC; human fetal leg muscle) and
H3K27ac + (for 5/6 hES cell lines; human fetal leg
muscle).

2.2 | Association of selected CNEs with
target gene body

Evolutionary conserved vertebrate enhancers are known
to maintain synteny with target genes across distantly
related vertebrate species.35 Empirical data suggest that
CNE-enhancer regions act on a target gene promoter from
large genomic distances and even known to reside in the
intronic intervals of neighboring genes. For instance,
enhancers have been reported to act at a distance of 2 Mb

FIGURE 1 Multispecies comparative plot of human GLI2 locus. Multispecies comparative analysis of human GLI2 locus and 100 kb

flanking region from both directions with orthologous counterparts of tetrapods (mouse, chicken and lizard) and aquatic vertebrates

(coelacanth, fugu, spotted gar, and elephant shark). Presented here are visualization tool for alignment (VISTA) graphical output by Shuffle-

LAGAN tool using human sequence as the baseline. The black arrow above the plot shows the direction of transcription and length of GLI2

gene (257 kb). The conserved noncoding elements highlighted in light green and indicated on top as red numbers, are selected for functional

analysis in this study. CNEs indicated in black are reported previously by our research group.28 Criteria of alignment were 50 bp and 50%

conservation cutoff. Conserved coding and noncoding sequences are depicted in blue and pink peaks, respectively. Y-axis indicates percent

identity and x-axis indicates the length of sequences. kb, kilobase; Ex, exon; CNE, conserved noncoding element
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or more from target gene body.35,36 Furthermore, expres-
sion of a typical animal gene is likely to be governed by
multiple distinct enhancer elements and in some cases
individual enhancers are known to regulate multiple
genes.35,37 Therefore, the association of functionally con-
firmed enhancers with their target genes have remained a
challenging task. To associate the CNEs identified in the
present study with their target gene body, we employed
comparative genomics and endogenous expression pattern
analyses. Gli2 and its flanking 1 Mb region on either side
are comparatively analyzed in human, mouse and spotted
gar (Figure 2A). Intriguingly, the comparative synteny
data suggest that Gli2 locus has remained unaltered during
the course of vertebrate evolution, with Gli2 and its
flanking genes Inhbb and Tfcp2l1 have remained syn-
tenicaly linked in distantly related vertebrate genomes
(Figure 2A). Furthermore, RNA in situ hybridization-

based endogenous expression patterns of mouse Gli2 along
with its flanking genes Tfcp2l1 and Inhbb was inspected
(Additional file 2: Table S3). The expression data suggest
that Gli2 coexpresses with its neighboring genes. There-
fore, combined employment of comparative synteny and
endogenous expression pattern analysis failed to precisely
assign target gene to the subject CNEs. Distal regulatory
elements are known to be in spatial proximity with the tar-
get gene bodies.2 This occurs due to loops in the three-
dimensional structure that brings distant genes and regula-
tory region into physical contacts.38 Such physical interac-
tions between enhancers and their target gene promoters
can be identified by chromatin conformation capture tech-
nologies.39 To solve the puzzle, we next attempted to col-
lect high-resolution Hi-C (chromosome capture by high
throughput sequencing) data from human embryonic stem
cells line (H1-ESC) available at 3D genome browser

TABLE 1 Human-fish GLI2 conserved noncoding elements selected for zebrafish transgenic enhancer assay

Element Location
GRCH38-Ch2
coordinates

Amplicon
size

Conservation depth
50%; >50 bp Known TFs

GLI2-CNE5 Intron 1 120805726-120806383 658 bp Elephant shark AIRE, EN, RAP1, PBX,
TCF11,NRF-2, HOXA7, SOX17,
FOXO3, FOXC1, TFII-I, MAZ

GLI2-CNE6* Intron 1 120 887 508-120 887 906 399 bp Elephant shark PBX1, FOXM1, DMRT2, ARF2
RREB1, NKX2, FOXJ2, HOXA9
DMRT5, OCT1, PAX6

GLI2-CNE1 Intron 1 120909974-120910966 993 bp Elephant shark TTK, FREM1, SMAD3, SOX10,
HMX3, NKX2-5, EN, FTZ, LHX3,
PTX1, GATA-3, GATA-2

GLI2-CNE2 Intron 2 120931931-120932461 531 bp Elephant shark AML1, PBX-1, HOXA4, CHX10,
TCF11, OCT_4, NRSF, E2F,
TCF11, SREBP-1

GLI2-CNE3 Intron 4 120962305-120963154 850 bp Elephant Shark EBF, RORALPHA1, STAT1, FOXA2,
PTX1, POU3F2, APEX1, GATA-
1,NF-KAPPAB

GLI2-CNE4 Intron 7 12097 529-120973826 1298 bp Elephant shark STAT5B, POU5F1, BRN-2, PAX-5,
CEBP, GATA-1, DMRT2, PBX,
ALX-4, SOX17, CREB

GLI2-CNE7* Intergenic 121030842-121031476 635 bp Elephant shark OTX1, EVI-1, ARF, OSF2

GLI2-CNE8* Intergenic 121038993-121039763 771 bp Coelacanth HOXA7, PAX5, ATF4,SOX17,
HOXA5, HOXA4,NKX3-1, LHX3

GLI2-CNE11* Intergenic 121058716-121059672 957 bp Elephant shark XBP1, FOXD3

GLI2-CNE9* Intergenic 121058659-121059444 787 bp Elephant shark POU3F2, FOXA2, PAX-6
GCNF, C-ETS-2, EGR1

GLI2-CNE10* Intergenic 121064108-121064879 772 bp Elephant shark TAL1, NFASC, TBP, FOXJ1,
PLXNA2

hs1790 Intron 1 120804710-120808132 3423 bp Vista element —

hs522 Intergenic 121074842-121075741 900 bp Vista element —

Note: This table presents the chromosomal location, assembly coordinates (GRCH38), size of amplicon, and conservation depth of CNEs previously reported by
Minhas et al 2015 and those identified in the current study. GLI2-CNEs identified in the present study and shortlisted for functional testing are marked with

asterisk sign (*). In addition, known transcription factors binding on the identified CNEs are indicated.
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(http://promoter.bx.psu.edu/hi-c/virtual4c.php).40 The
human embryonic stem cell line (H1-ESC)-based virtual
4C data revealed that CNEs identified in present study can
potentially interact with GLI2 promoter (Figure 2B). Physi-
cal interactions between CNEs and GLI2 promoter were
further verified in additional cell lines known to express
GLI2 endogenously (Additional file 6: Figure S2).

2.3 | Functional analysis of GLI2-
associated CNEs

To determine the in vivo gene regulatory potential of
CNE identified in the present study, we employed a Tol2-
based transgenic enhancer assay in zebrafish.41 For this
purpose, human CNEs were PCR amplified and cloned
in reporter vector containing enhanced green fluorescent
protein (EGFP) coding gene (Additional file 7). The
recombinant reporter constructs along with transposase
mRNA were injected in zebrafish fertilized eggs at the
one cell stage. The embryos were raised for 24 hours and
then screened for the reporter gene expression at differ-
ent developmental time points.

CNE6 resides within intronic intervals of GLI2 and
depicts 60% identity over 125 bp between humans and
elephant sharks (Figure 1). In transgenic zebrafish, the

CNE6 region induced the reporter gene expression specif-
ically in developing pectoral fin bud at 48 hpf (Figure 3).
For this particular element, strong reporter expression is
observed in � 70% of the injected zebrafish embryos
(Additional file 8: Table S4). Furthermore, two intergenic
CNEs (CNE7 and CNE8) residing in the downstream
interval of GLI2 and depicts �70% identity over 140 and
85 bp sequence length, respectively, in humans and ele-
phant sharks, induced the reporter gene expression exclu-
sively in the developing pectoral fin of zebrafish at 48 hpf
(Figure 1, Table 1 and Additional file 8: Table S4). There-
fore, the present study reports three independent
enhancer elements directing the reporter gene expression
in the pectoral fin of zebrafish embryos.

CNE10 and CNE11 reside within a downstream inter-
genic region of GLI2 and depicts 65% and 70% identity,
respectively, in human and elephant shark (Table 1). In
transgenic zebrafish, human CNE10 was able to induce
GFP expression exclusively in forebrain at 24 hpf (Figure 4
and Additional file 8: Table S4). Whereas, CNE11 induced
expression was detected in developing zebrafish hindbrain
and spinal cord at 48 hpf (Figure 4 and Additional file 8:
Table S4). The current study identified in total two
enhancer elements with CNS specific regulatory activity.

CNE9 resides in the downstream intergenic intervals
of human GLI2 and depicts 70% identity over 85 bp

FIGURE 2 Syntenic mapping of GLI2 locus and GLI2 promoter physical interaction with intragenic and intergenic CNEs. Panel A:

Comparative syntenic investigation of human-mouse and spotted gar Gli2 containing orthologous loci reveals the deep conservation of this genomic

block down to fish. This 2 MB orthologous block consists of conserved genes GLI2, TFCP2L1, CLASP1, NIFK, TSN, INHBB, RALB, TMEM185B,

EPB41L5, PTTPN4. The endogenous expression pattern analysis and orthology mapping failed to exclusively associate CNEs identified in the present

study with a single gene body. Conserved genes are color coded (other than black), whereas non-conserved genes are depicted in black. The genic

architecture of loci is drawn according to the approximate scale (blackline). The black dashed line on top of GLI2 locus showing the region presented

in Panel B. Panel B: The virtual 4C data obtained from the 3D genome browser shows the physical interaction of intragenic and intergenic CNEs

with GLI2 promoter. The blue rectangle depicts GLI2 promoter while CNEs are depicted as red rectangles. The orange ovals are GLI2 exons. The

parabolas direct the CNEs interaction with promoter. The purple arrowhead underneath depicts the direction of GLI2 transcription
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sequence length in human-elephant shark comparison.
In transgenic zebrafish, human CNE9 drove the GFP
expression exclusively in pumping heart at 24 and 48 hpf
(Figure 5) in 55% of injected embryos (Additional file 8:
Table S4). In addition to pectoral fin, the CNE6 (afore-
mentioned) triggered GFP expression was also detected
in pumping heart at 48 hpf in 42% of the injected
embryos (Figure 5 and Additional file 8: Table S4).

2.4 | Endogenous expression of gli2a in
zebrafish embryos

In order to determine the endogenous expression pat-
terns of gli2a in zebrafish; riboprobe-based whole mount

in situ hybridization was performed. The in situ hybridi-
zation results showed that gli2a expression is widespread
and is not spatially restricted at 24 hpf. At 48 and 50 hpf,
staining is lost in most of the trunk region and tail but
still stronger expression is observed in epidermis, fore-
brain, hindbrain, retinal choroid fissure, branchial
arches, heart, and pectoral fins (Figure 6).

3 | DISCUSSION

Identification of cis-regulatory enhancers for human
developmental genes can be accomplished by employing
various approaches including biochemical analysis, chro-
matin conformation capture assays, epigenomic profiling,

FIGURE 3 Subset of GLI2-associated CNEs depict seemingly redundant enhancer activity in the pectoral fin-bud of zebrafish.

Representative images of live zebrafish transgenic embryos are shown (merged bright-field and fluorescent microscopy), orientation of the

embryos is anterior to left, dorsal to top with lateral views. White arrowheads point to the GFP signals in transgenic zebrafish expressing

cells in the developing pectoral fin at 48 hpf, A-C, induced by CNE6, CNE7, and CNE8, respectively. CNE6 is GLI2 intragenic element while

CNE7 and CNE8 are intergenic elements. hpf, hours postfertilization; pf, pectoral fin; y, yolk sac

FIGURE 4 CNE10 and

CNE11 induced the reporter

gene expression in the brain and

spinal cord. Representative

images of live zebrafish

transgenic embryos are shown

(merged bright-field and

fluorescent microscopy),

orientation of the embryo is

anterior to left, dorsal to top

with lateral views. White

arrowheads point to the GFP

signals in transgenic zebrafish

expressing cells in the forebrain

at 24 hpf, A, and hindbrain and

spinal cord at 48 hpf, B,C. hpf,

hours postfertilization; fb,

forebrain; hb, hindbrain; sc,

spinal cord; y, yolk sac
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phylogenetic footprinting, and transgenic reporters
assays.42 For instance, biochemical methods; like Chip-
seq and DNase-seq have been instrumental in

characterizing certain genomic regions that act as cis-
acting regulatory enhancers for gene expression.43 Fur-
thermore, comparative genomics-based approaches have

FIGURE 5 Heart specific

cis-regulatory activity was

observed for CNE6 and CNE9.

Transgenic zebrafish embryos

expressing the reporter gene are

shown (merged bright-field and

fluorescent microscopy), lateral

view in panels A, B, C and

ventral view in panel D. The

white arrowhead points to the

reporter gene signal of

transgenic zebrafish expressing

cells in developing heart at

48 hpf, A, induced by CNE6,

24 hpf, B, and 48 hpf, C,D,

induced by CNE9. hpf, hours

postfertilization; h, heart; y,

yolk sac

FIGURE 6 Whole mount in situ hybridization of gli2a in developing zebrafish embryos. Expression of Zebrafish gli2a mRNA during

embryogenesis determined by whole mount in situ hybridization. A, 24 hpf lateral view. B,C, 50 hpf lateral view. D, 48 hpf lateral view of

pectoral fin with high resolution. E,F, 48 hpf lateral view. At 24 hpf, the expression is not spatially restricted as gli2a is ubiquitously

expressed, A. At 48 and 50 hpf, staining is lost from most of the trunk and tail but is still strong in the epidermis, dorsal CNS, pectoral fin,

branchial arches, and retina choroid fissure. The black and white arrowheads point to the expression domain. hpf, hours postfertilization; fb,

forebrain; hb, hindbrain; pf, pectoral fin; h, heart; rcf, retina choroid fissure
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facilitated the identification of cis-acting gene regulatory
networks by employing sequence comparison among dis-
tantly related vertebrate species.44-46 For instance, com-
parative analysis of human-teleost fish orthologous loci
has pinpointed the cis-acting gene regulatory network for
important developmental genes like; SHH, GLI3, SIM1,
HOXD, and HOXA.12,29,47-49

Gli2 is one of the transcription factors for signal trans-
duction of the hedgehog pathway.50 Functional investiga-
tion of Gli2 in mouse and zebrafish reveals that Gli2/
gli2a play an essential role in the embryonic patterning
of limbs/fins, CNS, and internal organs.8,20 Therefore, cis-
acting regulatory control is indispensable for the spatio-
temporal expression regulation of Gli2.

Comparative analyses of vertebrate genomes have
revealed that a large proportion of conserved sequences
that reside in noncoding portions of the genomes rather
than protein-coding intervals.51 Vertebrate genomes hold
thousands of evolutionary conserved noncoding regions.
Several reports have shown that such conserved noncod-
ing genomic regions, are often clustered in the neighbor-
hood of genes essential for early embryonic development
and transcriptional regulation.46 Functional assays by
employing cell lines and transgenic animal models have
revealed that a substantial proportion of vertebrate CNEs
act as cis-regulatory elements, such as enhancers that reg-
ulate the tissue-specific expression of the associated gene
body during early stages of embryonic development.46

Human and teleost fish lineages diverged approximately
450 Mya and it was assumed that noncoding genomic
sequences conserved between them are under selective
constraint and thus more likely to be functional.52

Indeed, whole-genome comparisons of human with tele-
ost fish like fugu and zebrafish, have identified several
hundreds of CNEs, and the functional assay of a subset of
them revealed that many human-teleost fish CNEs are
tissue specific enhancers.12,46 Therefore, teleost genomes
are considered an ideal model for the identification of
evolutionarily conserved tissue specific enhancers for
human developmental genes.

Recently, the genome of a cartilaginous fish, the ele-
phant shark was generated.53 Cartilaginous fishes are the
sister group of bony vertebrates (such as teleost fish and
mammals) and therefore serve as a valuable outgroup for
predicting the ancestral jawed vertebrate genomic fea-
tures, as well as for inferring the shared and derived
aspects of bony vertebrate lineages.53 In addition, the
genome of a basal nonteleost ray-finned fish, the spotted
gar has been sequenced.33 Both of these taxa lack the
whole genome duplication and rapid rate of genome evo-
lution seen in teleosts.

Comparative analyses have shown that the teleost fish
(including fugu and zebrafish) have lost a substantial

proportion of the ancestral jawed vertebrate CNEs that
are still conserved in other jawed vertebrates including
human, gar and elephant shark.30 The nucleotide substi-
tution rate of CNEs retained in teleosts showed that the
teleost CNEs are evolving faster than their counterparts
in humans, gar and elephant shark, suggesting that the
fast nucleotide substitution rate of noncoding sequences
is responsible for the absence of ancestral jawed verte-
brate CNEs in teleosts.54 Furthermore, genome-wide
comparisons showed that a large majority of teleost CNEs
are diverged beyond recognition despite their putative
target genes still being present in genomes, suggesting
that the disappearance of CNEs was not due to the loss of
their target gene in teleost fish.53 Comparisons of human
(and other mammals) and teleost fish genomes together
with spotted gar and/or elephant shark genomes have
been much more useful in identifying CNEs that have
evolved in the common ancestor of bony vertebrates or in
the common ancestor of jawed vertebrates and have
diverged beyond recognition in teleost fish.

Previously, comparative analysis of human GLI2 con-
taining locus with orthologous loci from teleost fish like
fugu and zebrafish has identified five intronic CNEs with
tissue specific regulatory potential in transgenic zebrafish
embryos.28 Given the fact that a large majority of gene
regulatory elements that might have evolved in the com-
mon ancestor of jawed vertebrates have largely been lost
or diverged beyond recognition in teleost fish, our previ-
ous work could have missed many ancestral CNEs in
human GLI2 locus. Therefore, in the present study we
again perform the comparisons of human (other tetra-
pods) and teleosts Gli2 orthologous loci together with
comparatively slowly evolving loci of elephant shark and
spotted gar. These human centric comparative data iden-
tified 11 CNEs, six of them are novel that were not
detected in previously published direct human-teleost
alignments of Gli2 locus.28These data signifies the impor-
tance of slowly evolving fish genomes in the identifica-
tion of gnathostome CNEs (conserved among bony
vertebrates and elephant shark) and bony vertebrates
CNEs (missing from elephant shark). Furthermore, it
appears that majority of CNEs in and around vertebrate
Gli2 containing locus are evolved in the gnathostome
ancestral genome (Figure 1 and Table 1).

The majority of novel CNEs identified in the present
study reside in immediate downstream intervals of
human GLI2, whereas only one CNE is located within
first intronic interval of this gene (Figure 1 and Table 1).
The blast-based similarity search of predicted CNEs vali-
dated the uniqueness of these sequences to the human
GLI2 loci as no obvious paralogous copies are found in
GLI1 and GLI3 containing loci or elsewhere in the
human genome. In silico analysis reveals multiple
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conserved TFBS for various developmental regulators
that are known to be coexpressed with Gli2 during
embryonic patterning (Table 1). To evaluate the gene reg-
ulatory potential of selected subset of Gli2-associated
CNEs, the present study employed the transgenic
zebrafish assay and RNA in situ hybridization of gli2a in
zebrafish.

Anterio-posterior patterning of limbs requires precise
temporal and spatial expression of GLI2 14. RNA in situ
hybridization studies in mice have shown that Gli2 is
broadly expressed in undifferentiated mesenchyme of
the early limb bud.20,21 Gli2 knockout mice have reduced
ossification of limb bones including stylopod, autopod,
and zeugopod.20 In addition, limb disorders like postax-
ial and preaxial polydactyly have been associated with
GLI2 mutations.22,55 In accordance with reported func-
tional activity/expression patterns of Gli2 in mice, the
present study reports the widespread presence of gli2a
transcript in developing pectoral fin of zebrafish at
48 hpf (Figure 6). Consistent with widespread endoge-
nous expression of gli2a in pectoral fin, our transgenic
analysis revealed that subset of CNEs (CNE6, CNE7, and
CNE8) drove the reporter gene expression in developing
pectoral fin of zebrafish embryos (Figure 3). Therefore,
taking into consideration previously reported elements,
in total five cis-acting enhancer regions contributes to
expression of Gli2 in developing paired appendages of
vertebrates (Figure 7). This apparent redundancy in
reporter gene expression derived by GLI2-associated
CNEs reflects the complex role of cis-acting regulatory
repertoire in limb and fin morphogenesis. Similar func-
tional redundancy in limb specific cis-regulators has

been reported previously for other crucial limb develop-
mental genes.56

Gli2 is also known to play multiple essential roles in
development and morphogenesis of vertebrate CNS.
Functional data from knockout mice have revealed
defects in patterning of hindbrain and spinal cord with
severely affected floorplate.15,57 In harmony with known
roles of Gli2 in vertebrate CNS development, the RNA in
situ hybridization analysis of gli2a in the present study
revealed robust expression of gli2a in developing CNS of
zebrafish at 24 and 48 hpf (Figure 6). Consistent with
endogenous expression patterns of gli2a activity, trans-
genic analysis of two novel Gli2-associated CNEs (CNE10
and CNE11) indicated their ability to up-regulate reporter
gene expression in various domains of CNS (Figure 4).
For instance, human CNE10 induced the GFP expression
exclusively in forebrain, whereas CNE11 induced
reporter activity was observed in hindbrain and spinal
cord (Figure 4). Taken together with previously reported
GLI2-associated CNE-enhancers, it appears that in total
five distinct cis-acting regions in and around GLI2 locus
regulate its expression in developing CNS (Figure 7).28

In addition to limbs and CNS, Gli2 is known to play a
prominent role in the developmental patterning of heart
in mammals.58 Similarly, in the present study, riboprobe-
based endogenous expression pattern analysis of gli2a,
revealed its strong presence in developing heart of
zebrafish at 24 and 48 hpf (Figure 6). Among the
GLI2-associated CNEs identified in the current investiga-
tion, CNE6 and CNE9 drove the reporter gene expression
prominently in the developing heart of zebrafish at
24 and 48 hpf (Figure 5). Intriguingly, these two CNEs

FIGURE 7 Schematic overview of the inventory of cis-regulatory elements regulating GLI2 expression in various developmental

domains. Schematic view of human GLI2, encompassing 100 kb flanking region from both directions showing exons in the black collate and

conserved CNEs in red and blue lines. CNEs represented in red lines were reported previously28 whereas, those presented as blue vertical

lines are detected in the present study. The black arrow underneath the CNE elements points to their activity in respective tissue domain.

CNEs drove the reporter gene expression in various domains (including heart, fin, and CNS) are marked as plus sign (+). Genic architecture

is drawn according to scale. Green arrowhead depicts the direction of GLI2 transcription. Ex, exon; kb, kilobase
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share multiple anciently conserved binding motifs for
transcription factors that are known to coexpress with
Gli2 in mouse heart (Table 1).

4 | CONCLUSION

The present study employs the relatively slowly evolving
and unduplicated genomes of basal, nonteleost ray-
finned fish and a cartilaginous fish to discover six novel
GLI2-associated CNEs that were not predicted by direct
human-teleost comparisons. Majority of CNEs in and
around vertebrate Gli2 containing locus arose in the
gnathostome ancestral genome, evidenced by human-
centric alignments for seven vertebrates (including gar,
elephant shark, one teleost fish, one lobe-finned fish, and
three tetrapods). Functional analyses of these anciently
conserved GLI2-associated CNEs through transgenic
zebrafish assay revealed their redundant ability to drive
expression of reporter gene in known sites of endogenous
Gli2/gli2 activity, including paired appendages, CNS and
heart. Description of a catalog for GLI2 specific cis-
regulatory genomic regions offers a new perspective for
investigating the novel molecular mechanisms by which
the downstream effectors of Hh signaling pathway might
themselves be deployed at proper place and precise time
to direct pattern formation during embryogenesis. For
instance, inventory of Gli enhancers can be used to eluci-
date the cis-regulatory basis of the complementary roles
of Gli2 and Gli3 during the patterning of neural tube,
limbs, internal organs and the bone development and
repair. Identifying the code of trans-acting molecules that
confers the tissue specificity on Gli associated enhancers
may help to understand the molecular mechanisms by
which a proper balance between Hh and Gli transcripts
is established in complementary developmental domains
of the limbs and CNS. In humans, functional aberrations
of GLI2 are associated with holoprosencephaly, cranial
and midline facial deformities, abnormalities in limb
development (preaxial and postaxial polydactyly), con-
genital growth hormone deficiency, pituitary anomalies
(hypopituitarism), and carcinogenesis. Mutations in
enhancer modules directing GLI2 expression in affected
tissue domains can potentially affect the normal avail-
ability of its transcript during embryogenesis. In this case,
though the gene body and the protein product is expected
to normal, DNA variants within concerned enhancer ele-
ments can cause abnormal phenotypes through anoma-
lous gene expression. Therefore, cis-regulatory inventory
of GLI2 provides a novel target for clinical diagnostic
sequencing to determine the genetic etiology of many
cases of GLI2 associated congenital anomalies which can-
not be attributed to protein coding sequence of this gene.

5 | EXPERIMENTAL PROCEDURES

5.1 | Multispecies comparative analysis
and transcription factor binding motifs
searching

Human GLI2 sequence along with its orthologous coun-
terparts from mouse, chicken, lizard, coelacanth, fugu,
spotted gar and elephant shark was obtained from
Ensemble Genome Browser (https://asia.ensembl.org).
These orthologous sequences were submitted to Shuffle
Lagan tool for multispecies comparative analysis.59

Human sequence was kept as baseline. The Shuffle lagan
alignment results were visualized by the vista visualiza-
tion tool.60 The selection criteria for the identification of
CNEs were defined as 50% identity over 50 bp sequence
length down to fish.

The orthologous sequences of CNEs were subjected to
the MEME tool for putative transcription factor binding
motifs discovery.61 The MEME program is based on a
position weight matrices algorithm that scans the sub-
jected sequences for over-represented motifs in the query
dataset. The minimum size of TFBS was set to 6 to 12 bp.
The MEME output files for predicted TFBSs were further
proceeded with the STAMP program to find known tran-
scription factors from TRNASFAC library.62

5.2 | Genomics and epigenomics analysis

Association of selected CNEs with their target gene is
based on two filters such as comparative genomics and
endogenous expression pattern analysis.35,36 For this pur-
pose human synteny map containing predicted CNEs loci
was drafted using UCSC (http://genome.ucsc.edu/) and
Ensemble Genome Browser (https://asia.ensembl.org).
These maps depict flanking genes located at a radius of
1 Mb. Through multispecies sequence alignment, the
conservation depth of CNEs was estimated (Table 1). The
sequence conservation of CNEs between human and dis-
tantly related vertebrate species implies functional con-
servation. It would be appropriate then to speculate that
the target gene would also be the same between com-
pared species.35,36 Under these assumptions, a compara-
tive picture of CNEs bearing human synteny map was
comparatively analyzed in mice and spotted gar using
multispecies view option in the Ensembl genome
browser. Evolutionarily conserved physical linkage
between CNE elements and one or more neighboring
genes was taken as an evidence of functional association.
To further confirm these associations, for one or more
genes depicting evolutionary conserved physical associa-
tion with selected CNEs, the RNA in situ hybridization-
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based endogenous expression pattern of mouse orthologs
was obtained from MGI (http://www.informatics.jax.
org/).

The 3D genome browser provides a Virtual 4C tool to
analyze spatial interactions between a pair of genomic
intervals.63 We used Hi-C derived Virtual 4C data from
H1 human embryonic stem cell lines, mesenchymal, fetal
brain, and cardiac cell lines (H1-ESC; Dixon2015-raw).40

The genomic coordinates from hg19 assembly of GLI2
loci was subjected for finding the physical binding
between promoter of GLI2 and predicted CNE elements.
The schematics depicting enhancer regions interacting
with GLI2 promoter was drawn manually (Figure 2B).

Further, presence of three types of histone modification
marks; H3K27ac, H3K4me1, and H3k4me2 was investi-
gated in selected CNEs. For this purpose, histone modifica-
tion ChIP-seq datasets for seven human embryonic stem
cell lines were fetched from Encode experimental matrix
and overlapped with genomic coordinates of respective
CNEs using Bedtools (v2.17.0) https://genome.ucsc.edu/
encode/dataMatrix/encodeChipMatrixHuman.html). More-
over, encode dataset of H3K4me1 and H3K27ac for human
embryonic stem cell lines; human fetal leg muscles,
mouse ES cells, limbs, neural tube, and embryonic facial
prominence was overlapped with GLI2/Gli2 genomic
coordinates.

5.3 | Zebrafish transgenic enhancer
assay

Human genomic DNA was purified from whole blood by
phenol chloroform method. The shortlisted CNE ele-
ments were amplified from human genomic DNA using
primers listed in Additional file 2: Table S1. The ampli-
fied products (�500 ng/μL) were directly ligated with
PCR8/GW/TOPO vector to prepare the entry clone by fol-
lowing the manufacturer instructions (Invitrogen, Life
Technologies). The orientation of the insert (CNE ele-
ments) was confirmed by Sanger sequencing. The CNE
fragments were then moved to destination vector pGW-
cfos-EGPF via gateway cloning system. Using LR clonase
enzyme; LR (attL and attR) recombination reaction
between entry clone (150 ng/μL) and destination vector
(150 ng/μL) were performed. The resulted destination
clones were confirmed by restriction digestion and orien-
tation of insert was checked by Sanger sequencing.

Zebrafish was bred and raised according to the stan-
dard procedures. Zebrafish fertilized eggs were collected
from natural spawning of the wild type fish. Transposase
encoding mRNA was synthesized by in vitro transcription
from linearized pCS-TP plasmid, using SP6 mMessage
mMachine kit (Ambian). The synthesized mRNA was

precipitated in molecular grade 100% ethanol and lithium
chloride, followed by phenol-chloroform purification.
Protocol devised by Fisher et al 2006 was followed to
make injection solution containing 1 μL purified reporter
vector (pGW-CNE-cfos-EGFP) (125 ng/μL), 0.5 μL Trans-
posase mRNA (350 ng/μL), 0.5 μL phenol red and volume
was raised to 5 μL by adding nuclease free water.41

Approximately 2 nL of injection solution were injected
into cytoplasm of fertilized embryos at one-to-two cell
stages. The embryos were kept at 28.5�C in 1X embryos
raising media containing 0.003% phenylthiourea.

The injected embryos were raised up to 24 hpf, then
dechorionated manually and anesthetized in tricaine.
The embryos were screened for reporter gene expression
(GFP) under fluorescent inverted microscope IX71
(Olympus, Japan). The images of live transgenic embryos
were captured by DP72 camera using monochrome soft-
ware. Elements are annotated based on the observed spa-
tial expression patterns. To be defined as positive
enhancer, an element has to show reproducible expres-
sion in the same developmental domain in at least 25% of
transgenic embryos.

5.4 | Whole mount in situ hybridization

To describe the endogenous expression patterns, in situ
hybridization for gli2a gene were carried out following
standard protocol.64 Briefly, primers were designed to
amplify a coding region of gli2a from zebrafish wild type
cDNA. To synthesize antisense probe, the PCR amplified
DNA fragment was cloned in PCRII Topo vector. The
RNA probe was synthesized by in vitro transcription with
the mMessage mMachine kit using SP6 polymerase.
Zebrafish dechorionated embryos at 24 hpf and 48 to
50 hpf were fixed overnight in 4% paraformaldehyde at
4�C. Embryos were overnight hybridized at 70�C with
gli2a antisense probe in a 1000 μL hybridization mix con-
taining 250 ng probe concentration. On the following
day, embryos were washed followed by blocking at room
temperature for 1 hour. Next, embryos were overnight
incubated in 1000 μL blocking solution containing 1 μL
anti DIG antibody at 4�C with gentle agitation. Next day,
embryos were washed in NTMT buffer and stained in
purple AP substrate. The color reaction was periodically
monitored under phase contrast microscope. The stained
samples were visualized by Leica M20FA microscope.
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