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Abstract

Development and regeneration are orchestrated by gene regulatory networks that operate in part
through transcriptional enhancers. Although many enhancers are pleiotropic and are active in
multiple tissues, little is known about whether enhancer pleiotropy is due to 1) site pleiotropy, in
which individual transcription factor binding sites (TFBS) are required for activity in multiple
tissues, or 2) multiple distinct sites that regulate expression in different tissues. Here, we
investigated the pleiotropy of an intronic enhancer of the stickleback Bone morphogenetic protein
6 (Bmp6) gene. This enhancer was previously shown to regulate evolved changes in tooth number
and tooth regeneration, and is highly pleiotropic, with robust activity in both fins and teeth
throughout embryonic, larval, and adult life, and in the heart and kidney in adult fish. We tested
the hypothesis that the pleiotropy of this enhancer is due to site pleiotropy of an evolutionarily
conserved predicted Foxcl TFBS. Transgenic analysis and site-directed mutagenesis experiments
both deleting and scrambling this predicted Foxcl TFBS revealed that the binding site is required
for enhancer activity in both teeth and fins throughout embryonic, larval, and adult development,
and in the heart and kidney in adult fish. Collectively these data support a model where the
pleiotropy of this Bmp6 enhancer is due to site pleiotropy and this putative binding site is required
for enhancer activity in multiple anatomical sites from the embryo to the adult.
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1. Introduction

Eukaryotic gene expression is governed by enhancers, non-coding cis-regulatory elements
that positively regulate transcription. Enhancers bind transcription factors that promote cell-
type-specific gene expression programs throughout development and drive transcription in
response to stimuli (Levine et al., 2014). Decades of genetic studies have revealed that most
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human disease phenotypes (Farh et al., 2015; Maurano et al., 2012), and much of natural
phenotypic variation in animals are associated with sequence changes in non-coding DNA
(Rebeiz and Tsiantis, 2017). These findings suggest that enhancers play a critical role in
both evolution and disease, thereby motivating further study of basic enhancer biology.

Many enhancers are known to function in multiple distinct tissues, suggesting that these
elements are pleiotropic. A study on chromatin from a subset of human tissues found that
at least 1% of identified c/s-regulatory elements were active in at least two spatially distinct
domains (Singh and Yi, 2021). In vivo studies in fish and mice have additionally identified
enhancer sequences that drive gene expression in more than one tissue type (Cleves et al.,
2018; Erickson et al., 2015; Jackman and Stock, 2006; Jumlongras et al., 2012; Stepaniak
et al., 2021). Two different described mechanisms of enhancer pleiotropy are (1) tightly
clustered, but different, transcription factor binding sites (TFBSs) that drive expression in
different tissues and (2) site pleiotropy, where a single TFBS drives expression in multiple
tissues (Preger-Ben Noon et al., 2018). These two mechanisms of enhancer pleiotropy have
different implications for evolution: site pleiotropy would constrain evolution to preserve
the integrity of critical regulatory sequences, as a single mutation in the TFBS could have

a significant impact on gene expression in multiple tissues (Boffelli et al., 2004; Fish et

al., 2017; Infante et al., 2015; Sabaris et al., 2019). In contrast, tightly clustered TFBSs
could allow for more modular evolution of gene expression in different tissues or at different
developmental stages.

Threespine stickleback fish (Gasterosteus aculeatus) are a powerful system to study
enhancer biology, as abundant natural variation throughout their adaptive radiation occurs
largely due to non-coding variation, pointing to the importance of enhancers in phenotypic
evolution (Jones et al., 2012). For example, changes in tooth number have evolved
repeatedly in sticklebacks, with derived freshwater populations having increases in tooth
number and tooth regeneration rates relative to ancestral marine populations (Cleves et al.,
2014; Ellis et al., 2015). Quantitative trait loci mapping revealed a large effect locus that
contains the gene Bone Morphogenetic Protein 6 (Bmp6), which is dynamically expressed in
both epithelial and mesenchymal cells within developing teeth (Cleves et al., 2014). Further
high-resolution genetic mapping of this large effect locus linked the evolved phenotypic
effects to an enhancer in the fourth intron of Bmpé6 (Cleves et al., 2018). This intronic
enhancer is highly pleiotropic and drives expression in all developing and regenerating
teeth, as well as the distal edges of the pectoral, median, and caudal fins (Cleves et al.,
2018). Comparing the marine and freshwater versions of this intronic enhancer in doubly
transgenic lines revealed evolved spatial shifts in enhancer activity in both tooth epithelium
and mesenchyme, consistent with an evolved change in enhancer activity driving phenotypic
evolution of tooth number (Stepaniak et al., 2021). In addition, although both enhancers
drive strong expression in the distal edges of embryonic fins, only the freshwater enhancer
was detected in fin ray joints in pectoral and caudal fins (Stepaniak et al., 2021). However,
whether the enhancer utilizes common inputs for tooth and fin activity, and which sites are
required for this activity are unknown.

Previous studies have found that fish teeth and mammalian hair share many aspects of
early development: both are derived from placodes (Pispa and Thesleff, 2003), continuously
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regenerate in adults, are regulated by BMP signaling during replacement (Jia et al., 2013;
Vainio et al., 1993; Wang et al., 2012), and express similar batteries of genes during
regeneration (Square et al., 2021). In mice, BMP signaling has been proposed as a major
regulator of maintaining stem cell quiescence. Conditional ablation of the Bmpriagene in
skin epithelium activated the stem cell niche, causing quiescent hair follicle stem cells to
proliferate (Kandyba et al., 2013; Kobielak et al., 2007). Further, Foxc1 regulates Bmp6
expression in regenerating hair. Foxcl binds to a regulatory region adjacent to Bmp6in mice
and inhibits hair regeneration, as conditional knockout of FoxcZ in skin results in accelerated
hair regeneration (Wang et al., 2016). Moreover, Foxcl was proposed to be a candidate
regulator of the Bmpé6 intron 4 enhancer, as a putative Foxcl TFBS was identified within
this enhancer (Cleves et al., 2018). Given that this enhancer is expressed in regenerating
teeth and has been linked to evolved changes in tooth regeneration, and the similarities
between hair and tooth regeneration, a parsimonious model is that BMP signaling negatively
regulates mammalian hair and fish tooth regeneration using homologous gene regulatory
networks. Here we test the hypotheses that (1) a predicted Foxcl TFBS is required for Bmp6
enhancer activity in developing and regenerating teeth and (2) this predicted Foxcl TFBS
has site pleiotropy and is required for enhancer activity in teeth and fins.

2. Methods

2.1. Animal husbandry

All animal work was approved by UC Berkeley IACUC protocol AUP-2015-01-7117.
Sticklebacks were raised as previously described (Cleves et al., 2014; Square et al., 2021).
All experiments used lab-reared marine (Rabbit Slough, Alaska) sticklebacks.

2.2. Generation of transgenic GFP enhancer stickleback lines

Tol2 plasmid transgenesis was performed using pT2HE plasmid backbone as previously
described (Erickson et al., 2016; O’Brown et al., 2015). To generate GFP reporter
constructs, PCR-based site-directed mutagenesis was done on plasmids containing

the ~1300 bp Paxton benthic (PAXB) freshwater high-tooth-associated intron four
enhancer allele (Cleves et al., 2018; Stepaniak et al., 2021). Primers for site-directed
mutagenesis were designed using the Quickchange tool (https://www.agilent.com/store/
primerDesignProgram.jsp) and PCR was carried out according to Erickson et al. (2015).
Primer sequences used for the deleted construct were CTAATTACCCCGACGAGGTCG
GGTGGGGAG and CTCCCCACCCGACCTCGTCGGGGTAATTAG and for the
scrambled construct CCCCACCCGACCTTTTGAATACCGTCGGGG TAATTA and
TAATTACCCCGACGGTATTCAAAAGGTCGGGTGGGG. Transposase messenger RNA
was synthesized as described previously (Kawakami and Shima, 1999). Stickleback embryos
at the one-cell stage were microinjected as described (Erickson et al., 2016). Injected
embryos rarely (~<5%) display atypical patterns of GFP fluorescence, possibly the result
of position effects. To raise founders, typical injected embryos were grown up for germline
transmission. Two stable transgenic lines were generated with each of the intact, scrambled,
and deleted reporter constructs.
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Imaging fluorescent transgenic sticklebacks

Transgenic GFP reporter lines were imaged using a Leica M165FC stereoscope with

a DFC340 FX camera, using the same exposure time for each series of images being
compared within each figure. Transgenic embryos were imaged live. Hearts and kidneys
were imaged in unfixed adults. Transgenic juvenile and adult fish were fixed at 4 °C in
4% paraformaldehyde for 4 h for 9-19 mm standard length (SL) or overnight (>20 mm
SL). Teeth were imaged using Montage z-stack projections on a Leica M165FC dissecting
microscope with a GFP2 filter.

2.4. Bioinformatics

2.5.

In situ

The following genome assemblies were used to compare Bmp6 sequences: stickleback
Gasterosteus aculeatus, “Gac”: Broad/gasAcu, medaka Oryzias latjpes, “Ola”: NIG/UT
MEDAKAZ1/oryLat2, zebrafish Danio rerio, “Dre”:. GRCz10/danRer10, gar Lepisosteus
oculatus “Loc”: LepOcul (GCA_000242695.1). A ~25 kb window centered on stickleback
Bmpé6 was aligned to orthologous sequences from these three other species using mVISTA
and LAGAN at https://genome.lbl.gov/vista/index.shtml (Frazer et al., 2004) using default
visualization parameters of 100 bp windows showing minimum y-axis of 50% and 70%
sequence identity to color windows as conserved. The entire fourth intron sequence from
all four species was aligned as above, and the first 5.5 kb of the ~6.5 kb intron shown in
Fig. 1C. Sequences orthologous to the minimally sufficient ~500 bp Bmpé6 intron 4 enhancer
(Cleves et al., 2018) were aligned using Clustal Omega at https://www.ebi.ac.uk/Tools/msa/
clustalo/(Sievers et al., 2011) and default parameters. The resulting text alignment was
opened in MS Word and conserved bases in all four species highlighted manually.

hybridizations on sections

Sample preparation, sectioning, /n situ hybridization, and riboprobe syntheses were
carried out as previously described (Square et al., 2021). Riboprobes were designed
as described previously (Ellis et al., 2016) against Foxclaand Foxcib. Riboprobe
template plasmids were created by PCR cloning gene fragments from genomic

DNA using primers to Foxcla. 5’ -GCCGctcgagGGGACAGGTCTAGCCACTTG-3’;
5’-GCCGtctagaACGGCGATATACACGTTCCT-"3 and Foxclb.
5’-GCCGctcgagCCTGCCCGACTATTGCATCA-3; 5'-
GCCGactagtAGACGGCACTTTATTAAACAAACA-3.

3. Results

Previous research mapped evolved increases in tooth number in freshwater sticklebacks

to an enhancer located in the fourth intron of Bmp6 (Cleves et al., 2014, 2018). This
enhancer drives robust expression in all developing pharyngeal and oral teeth, as well as

in the distal margins of the pectoral and median fins (Fig. 1A and B) (Cleves et al., 2018;
Stepaniak et al., 2021). The sequence of this intronic enhancer is evolutionarily conserved
in teleosts, with clear homology detectable in medaka and zebrafish, as well as to gar, an
outgroup to teleosts (Fig. 1C and D). Comparison of enhancer sequences within fish and
outgroups suggests different levels of constraint within this enhancer, possibly representing
functionally required TFBSs. Of those regions with 100% sequence conservation across the
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aforementioned fish species, one includes a nine base pair motif TTTGTTTAC that perfectly
matches the binding site consensus previously reported for human FOXC1 (Fig. 1D, Fig. S1)
(Berry et al., 2008).

Teleosts underwent a whole genome duplication (Amores et al., 1998), resulting in pairs of
co-orthologs of many teleost genes relative to outgroups. In sticklebacks, both Foxclaand
Foxc1b have been maintained. Expression of both FoxcI genes was detected in developing
adult teeth, with Foxclalargely restricted to the dental mesenchyme at late bell and eruption
stages but not at mid bell (Fig. 1E-G). Foxc1b expression was detected in dental epithelium
of germs at mid bell stages (Fig. 1H), throughout the inner and outer dental epithelium

at late bell stages (Fig. 1), and in dental mesenchyme at all three stages examined (Fig.
1H-J). Thus, Foxcl gene expression appears to overlap with all dental domains of the Bmpé
intronic enhancer in teeth (Stepaniak et al., 2021).

To test the hypothesis that the predicted Foxcl TFBS is required for enhancer activity,

we introduced mutations in a Bmpé6 reporter construct previously described (Cleves et al.,
2018; Stepaniak et al., 2021). The unaltered construct drove GFP expression in several
tissues including the pectoral and median fins, and oral and pharyngeal teeth. Site directed
mutagenesis was used to make two mutant enhancer variants: (1) a scrambled enhancer,
where two thymine nucleotides in the predicted Foxcl TFBS were mutated to adenine,

and (2) a deleted enhancer, where the entire nine base pair Foxcl predicted TFBS was
deleted (Fig. 2A). We generated two stable transgenic lines each for three different enhancer
transgenes: intact wild-type, scrambled, and deleted (Fig. 2A). For all three genotypes,

we imaged transgenic larvae, juveniles, and adults to test for possible effects on enhancer
activity in different tissues. All scrambled and deleted transgenes dramatically reduced GFP
expression in the pectoral and median fins of the developing embryo (Fig. 2B).

While the stable transgenic reporter lines containing the intact binding site drove robust
expression in every detectable tooth in the pharyngeal and oral jaw, neither the scrambled
nor deleted reporter lines drove detectable GFP expression in pharyngeal teeth (Fig. 3).
As an internal positive control, all transgenic constructs to test enhancer activity used the
zebrafish Asp70/ promoter, which is strongly active in the lens of the eye in sticklebacks
(Erickson et al., 2015). This lens domain serves as a positive control for the promoter,
GFP fluorophore, and permissive integration site of the transgenes, and was comparably
bright in the intact, scrambled, and deleted transgenic lines (insets in Fig. 3A). Within
developing primary oral and pharyngeal teeth, transgene GFP expression was observed in
the dental epithelium and mesenchyme for the intact enhancer, but in neither epithelium
nor mesenchyme for the scrambled or deleted enhancer in pharyngeal teeth (Fig. 3). GFP
expression was also seen in the epithelium and mesenchyme of adult teeth for the intact
enhancer. Faint GFP expression was detected in some oral teeth in the premaxilla at adult
stages for the scrambled enhancer (Fig. 3C). Overall, adult tooth expression was largely
abolished in the scrambled and deleted enhancer reporter lines, suggesting that the predicted
Foxcl TFBS is required for enhancer activity in replacement as well as primary teeth (Fig.
3).
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Additionally, we found that the predicted Foxcl TFBS is required for enhancer function in
fins at all developmental time points examined (Fig. 4). The intact enhancer drove robust
reporter gene expression in the distal edges of the pectoral and caudal fins at early larval
stages, in intersegmental joints of the juvenile and adult pectoral and caudal fins, and also at
the base of the caudal fin throughout the caudal peduncle at all stages examined, including
in cells adjacent to the fused hypural fan and the parhypural (Fig. 4) (Bowne, 1994), All

fin domains were nearly abolished in both the scrambled and deleted reporter lines at all
developmental stages (Fig. 4). GFP expression was detected in rare intersegmental joints of
the pectoral fins in juveniles for the scrambled enhancer, and in the base of the pectoral

fin rays for both the scrambled and deleted construct (Fig. 4A). Some GFP expression
persisted in the caudal peduncle for the deleted enhancer (Fig. 4B). In general, all sites of fin
expression, like tooth expression, were severely reduced in both the scrambled and deleted
enhancer lines relative to the intact enhancer lines. These data support a crucial role for

this single putative Foxcl binding site in positively regulating both tooth and fin expression
across development from embryos to adults.

To test for possible additional internal sites of enhancer expression in adult fish, we
dissected three adult fish from both lines of the intact, scrambled, and deleted constructs. We
discovered robust GFP expression driven by the intact enhancer in the adult heart and kidney
(Fig. 5). In the adult heart, brighter GFP expression appeared to be present in the atrium
than the ventricle (Fig. 5A). In contrast, using the same exposure time (139 ms), expression
was not detected in the heart in either of the scrambled lines or either of the deleted lines
(Fig. 5A-C). However, we noticed that increasing exposure time to 2 seconds revealed that
the first scrambled line had faint expression throughout the heart, again with the atrium
appearing brighter than the ventricle. In contrast, in the second scrambled line, the remaining
GFP expression was fainter, with only the atrium having detectable GFP expression (Fig.
S3). In adults, and in larval and juvenile fish, no additional sites of expression were detected
for either of the deleted or scrambled lines.

4. Discussion

4.1. A short, conserved, pleiotropic binding site is required for enhancer activity in teeth,
fins, heart, and kidney

Here we show a predicted Foxcl TFBS is required for Bmpé6 intron four enhancer activity
in teeth and fins at all stages examined of stickleback development, and in the heart and
kidney of adult fish. Altering the predicted Foxcl TFBS by scrambling two nucleotides

or deleting nine nucleotides via site-directed mutagenesis severely downregulated enhancer
activity in teeth, fins, heart, and kidney, suggesting that this predicted TFBS is critical

for enhancer function in multiple expression domains. This site pleiotropy is reminiscent
of a previously described enhancer 5” to the stickleback Bmpé6 gene, where a conserved
predicted SMAD3 binding site is required for enhancer activity in teeth and fins (Erickson
et al., 2015). We previously showed some spatial differences between the 5° Bmp6 enhancer
and the intronic Bmpé6 enhancer studied here, including expression in early tooth germ
epithelium and gill rakers driven by the 5" enhancer but not the intronic enhancer (Erickson
et al., 2015; Cleves et al., 2018). Deletion of the 5" enhancer resulted in severe reductions

Dev Biol. Author manuscript; available in PMC 2023 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rowley et al.

Page 7

in endogenous expression of Bmpé6 in both fins and teeth (Erickson et al., 2015), suggesting
this intronic enhancer cannot fully compensate for loss of the 5” enhancer. Thus, while the
5’ and intronic enhancers drive overlapping expression in many tissues, they do not seem
redundant as proposed for shadow enhancers (Kvon et al., 2021).

While both marine and freshwater intron four Bmpé6 enhancers drive strong expression in
the distal edges of embryonic fins, only the freshwater enhancer was detected in distal
intersegmental joints in pectoral and caudal fins (Stepaniak et al., 2021). The intact enhancer
tested here was the freshwater allele and drove robust fin ray joints as previously reported.
Both early distal fin fold and later fin joint expression domains driven by the intact enhancer
were largely absent in the scrambled and deleted Foxcl TFBS reporter lines. In addition,

no unique domains of expression were detected in any of the scrambled or deleted lines,
suggesting no repressive roles for the Foxcl predicted TFBS and also suggesting minimal
position effects within these transgenic lines. However, the quantitative differences in

adult heart expression levels between the two scrambled lines suggest position effects can
contribute to enhancer activity and need to be controlled for by generating multiple stable
transgenic lines.

Enhancers have displayed both site pleiotropy and tightly linked binding sites driving
expression in different tissues at different developmental stages. A study investigating the
shavenbaby enhancers in Drosophila found that while one enhancer used the same TFBS to
regulate embryonic and pupal expression (site pleiotropy), another enhancer required distinct
tightly linked binding sites for expression in different tissues (Preger-Ben Noon et al.,

2018). One interesting but unanswered question is whether enhancers with site pleiotropy
are more likely to be evolutionarily conserved, as site pleiotropy likely constrains enhancer
sequence evolution. We note that we discovered this intronic enhancer not by using sequence
conservation, but instead by using a combined QTL mapping and genome resequencing
approach (Cleves et al., 2018).

While we hypothesize that this predicted TFBS studied here is bound by Foxc1, it may
serve as a binding site for other Fox or non-Fox transcription factors with similar binding
site affinity. It is possible that in generating scrambled or deleted TFBSs, one or more new
TFBSs were generated. However, it would be unlikely that both deleted and scrambled
nucleotides would create the same TFBS, given the different primary sequence of these
two mutations. Once stickleback Foxcl antibodies are available, biochemical experiments
could test whether stickleback Foxcla and/or Foxclb binds this predicted TFBS. Genetic
experiments, crossing this enhancer into Foxclaand Foxc1bsingle and double mutants
could directly test whether either or both of these duplicate FoxcI genes regulate this
pleiotropic enhancer. In addition, these experiments will test for functional requirements for
Foxcl genes in regulating tooth development and/or regeneration.

4.2. Roles for Foxclin BMP regulation

Previous studies have revealed FoxcI as a molecular switch for regulating regeneration

in mouse hair follicles. As a transcription factor, Foxcl activates BMP signaling in self-
renewing hair follicle stem cells (HFSCs) (Wang et al., 2016). The conditional knockout of
Foxcl in mouse results in reduced quiescence in HFSCs and an increase in hair regeneration
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rates. RNA sequencing (RNA-Seq) and quantitative polymerase chain reaction (QPCR)
revealed that genes associated with quiescence of HFSCs, like Bmp6, were down-regulated.
The direct regulation of Brmpé by Foxcl was supported by chromatin immunoprecipitation
PCR (Wang et al., 2016). Here we suggest Foxcl regulates the BMP pathway for tooth, and
possibly fin, heart, and kidney development and regeneration through this TFBS in Bmp6.

4.3. Foxclin organogenesis and chromatin remodeling

Previous studies of enhancer evolution have suggested that enhancers are born as “proto-
enhancers” with an initial low-information content but containing a TFBS that serves

as a nucleation point around which other TFBSs then evolve (Emera et al., 2016). The
winged-helix structure of the forkhead DNA-binding domain, which is highly conserved
across all members of the Fox family, resembles the structure of the linker histone H1,

a key modulator of chromatin structure. Because of its structure and chromatin binding
interactions, FOXA proteins have been proposed to act as pioneer transcription factors,
opening compacted chromatin to allow the binding of other transcription factors (Cirillo et
al., 2002; Lee et al., 2005). Foxd3 has been shown to act as a pioneer factor by re-arranging
the chromatin landscape and opening cis-regulatory elements to maintain multipotency in
the early neural crest lineage (Lukoseviciute et al., 2018). Together, these studies suggest
Fox family transcription factors promote chromatin accessibility within promoter and
enhancer regions.

Mutations in FoxcI co-orthologs (foxclaand foxc1b) in zebrafish results in severe
reductions of upper facial cartilages as well as missing trabecular cartilage of the
neurocranium. The zebrafish foxcla—/-mutants died by 7 dpf, and displayed facial cartilage
defects and foxc1b—/—mutants displayed a truncation in the symplectic cartilage (Xu et al.,
2018). In double homozygous foxcla, foxclbmutants, severe reductions of upper facial
cartilages occurred, suggesting that Foxcla and Foxc1b act redundantly in upper facial
cartilage development (Xu et al., 2018). In zebrafish embryos doubly homozygous foxcla
and foxc1b mutations, the cartilaginous skeleton did not form properly, likely because many
of the regulatory sequences in cartilage regulatory genes were not accessible (Xu et al.,
2021). These results support a model in which zebrafish Foxcl proteins serve as pioneer
transcription factors to open chromatin, making it accessible for other transcription factors
to bind and regulate genomic regions responsible for cartilage development. It is possible
that stickleback Foxcl proteins may serve similar roles by opening chromatin regions
specific to tooth, fin, heart, and kidney enhancers so other transcription factors can regulate
development or regeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A pleiotropic tooth and fin enhancer includes an evolutionarily conserved predicted Foxcl

binding site and FoxcI genes are expressed in teeth. GFP reporter gene driven by a 1.3 kb
Bmpé intronic enhancer (Cleves et al., 2018; Stepaniak et al., 2021) reveals expression in
(A) ventral pharyngeal teeth (arrowhead) of juvenile stickleback fish and (B) distal edge of
pectoral (arrowhead) and median (arrow) fin fold of unhatched 7 dpf developing stickleback
embryo. (C) mVISTA LAGAN sequence alignment showing central region of stickleback
Bmpeé intron four is conserved to gar. Intron four of stickleback Bmpé6 (x-axis) is aligned to
medaka (top), zebrafish (middle) and gar (bottom). Graph shows a sliding window of 100
base pairs covering the first ~5.5 kb of this ~7 kb intron, with y-axis starting at 50% identity
and windows shaded at a threshold of 70% nucleotide identity. The blue bar above the
peaks indicates the central ~200 bp island of conservation (see Fig. S1). Gac = Gasterosteus
aculeatus (stickleback), Ola = Oryzias latjpes (medaka), Dre = Danio rerio (zebrafish), Loc
= Lepisosteus oculatus (gar). (D) Predicted Foxcl binding site TTTGTTTAC (Berry et al.,
2008) within the central island of conservation is conserved from sticklebacks to gar. /n situ
hybridization of Foxcila (E-G) and Foxc1b (H-J) expression on sections of adult stickleback
pharyngeal teeth at three different stages: mid bell (E,H), late bell (F,I), and erupted (G,J).
Foxclaexpression was detected in dental mesenchyme at late bell and erupted stages (white
arrowheads), but not at mid bell. Foxc1bexpression was detected in tooth germ epithelium
at mid bell (black arrowhead in H) and in both the inner (left black arrowhead) and outer
dental epithelium (top black arrowhead) at late bell (1). Foxcibwas also detected in tooth
mesenchyme at all three stages (white arrowheads, H-J). Black dotted lines demarcate the
dental epithelium, and bone and dentine is pseudocolored red (see Fig. S2 for unlabeled
panels and DAPI staining). Scale bars = 10 pm.
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Binding Site

Bmp6 intron 4 enhancer hsp70! promoter eGFP

Intact: TTTGTTTAC
Scrambled: TTTGAATAC
Deleted: ----==——--

Intact Scrambled Deleted

Fig. 2.
Predicted Foxcl binding site is required for embryonic enhancer activity. (A) Schematic of

GFP reporter construct with Bmpé6 intronic enhancer with intact, scrambled, and deleted
sequences for the predicted Foxcl binding site upstream of the Asp70/ promoter driving
eGFP. (B) GFP reporter expression pattern driven by the Bmpé6 intronic enhancer with intact,
scrambled, or deleted sequence for the Foxcl binding site in 7 dpf (stage 23, (Swarup,
1958)) stickleback embryos. Strong expression was seen in the distal edge of the developing
pectoral fin (arrowhead) and median fin (arrow) for the enhancer with an intact sequence of
the predicted Foxcl binding site (left). Severely reduced GFP expression in all domains of
enhancer activity was detected for enhancers with the scrambled (middle) or deleted (right)
sequences of the predicted Foxcl binding site. Scale bar = 100 um.
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Fig. 3.

Pr?edicted Foxcl binding site is required for pharyngeal and oral tooth expression in larva,
juveniles, and adults. GFP reporter gene expression in ventral (A,D) and dorsal (B,C)
pharyngeal (A,B) and oral (C,D) jaws in larva (7-11 mm SL), juvenile (17-21 mm SL),
and adult (37-55 mm SL) sticklebacks. GFP expression was detected in the epithelium

and mesenchyme of developing teeth (arrowheads) in larva, juvenile, and adult stages with
the intact sequence of the predicted Foxcl binding site (Ieft columns). No expression was
detected in any developing teeth of larva, juvenile, and adults with the scrambled or deleted
sequence of the predicted Foxcl binding site (middle and right columns, respectively),
except for faint expression in some adult premaxilla teeth (arrow in adult premaxilla panel in
C). (A insets) Lens of eye with GFP expression as an internal control driven by the Asp70/
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promoter used in the transgenic construct. Scale bars = 100 um (larva and juvenile), 250 pm
(adult).
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Fig. 4.
Predicted Foxcl binding site is required for fin expression in larvae, juveniles, and adults.

GFP reporter gene expression in the left pectoral fin (A) and caudal fin (B) of larvae,
juveniles and adults. (A) Expression was detected in the distal edges of the pectoral fin
(arrows) in larvae, the base of the pectoral fin rays (asterisk), and the intersegmental

joints (arrowheads) of juveniles and adults with the intact sequence of the predicted Foxcl
binding site (left column). Severely reduced expression was seen in the distal edges of

the pectoral fin in larvae and the intersegmental joints of juveniles and adults with the
scrambled or deleted sequence of the predicted Foxcl binding site (middle and right
columns, respectively), while some expression at the base of the fin rays remained. (B) GFP
reporter expression in the caudal fin. In larvae, expression was observed in the distal edge
of the median fin fold (arrow) and caudal peduncle (asterisk) with the intact enhancer, but
was severely reduced with the scrambled and deleted enhancers. Some peduncle expression
remained with the deleted enhancer (right). In juveniles and adults, expression was detected
in the peduncle (asterisks) and the intersegmental joints of the caudal fin (arrowheads) for
the intact enhancer, but not for the scrambled or deleted enhancer. Scale bars = 500 pm
(larva), 1 mm (juvenile), 2 mm (adult).
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Fig. 5.
Predicted Foxcl binding site is required for heart and kidney expression in adults. The intact

enhancer drove robust GFP reporter gene expression in the adult heart (A), with overall
stronger expression present in the atrium than ventricle. At the same exposure time (139
ms) used for the intact transgene, no heart expression was detected for either the scrambled
(B) or deleted (C) constructs (but see Fig. S3). The intact enhancer also drove robust GFP
expression in renal corpuscles (arrowhead) of the kidney (D). This domain was severely
reduced for the scrambled construct (E) and not detectable for the deleted construct (F).
Abbreviations: a = atrium, v = ventricle. Scale bars = 1 mm (A-C), 200 um (D-F).
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