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Summary

The jaw is central to the extensive variety of feeding and predatory behaviors across vertebrates.
The bones of the lower but not upper jaw form around an early-developing cartilage template.
Whereas Endothelinl patterns the lower jaw, the factors that specify upper jaw morphology remain
elusive. Here, we identify Nuclear Receptor 2f genes (Nr2fs) as enriched in and required for upper
jaw formation in zebrafish. Combinatorial loss of Nr2fs transforms maxillary components of the
upper jaw into lower jaw-like structures. Conversely, nr2f5 misexpression disrupts lower jaw
development. Genome-wide analyses reveal that Nr2fs repress mandibular gene expression and
early chondrogenesis in maxillary precursors. Rescue of lower jaw defects in endothelinl mutants
by reducing Nr2f dosage further demonstrates that Nr2f expression must be suppressed for normal
lower jaw development. We propose that Nr2fs shape the upper jaw by protecting maxillary
progenitors from early chondrogenesis, thus preserving cells for later osteogenesis.

eTOC Blurb

Barske et al. use combinatorial genetics in zebrafish to identify the Nr2f nuclear receptors as
critical factors for specifying upper jaw identity. Nr2fs selectively repress early cartilage formation
in upper jaw skeletal progenitors, thus creating morphological asymmetry with the lower but not
upper jaw forming around a prominent cartilage template.
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Introduction

The upper and lower jaws have evolved to be complementary yet morphologically
asymmetrical, shaped by distinct selective pressures on their more symmetrical ancestral
forms (Mallatt, 1996). Unlike the mobile lower jawbone, which ossifies around an early-
differentiating and extensive Meckel’s cartilage, the stationary upper jaw is formed primarily
of dermal bones that directly ossify later in development. In zebrafish, prior to ossification of
the premaxilla and maxilla bones, the upper jaw function of securing the pharyngeal
skeleton to the neurocranium is fulfilled by the small cartilaginous pterygoid process (Ptp), a
late-forming extension of the palatoquadrate cartilage (Cubbage and Mabee, 1996). Previous
fate-mapping studies have shown that the zebrafish Ptp is derived from cells located in the
maxillary prominence of the first pharyngeal arch, in contrast to the main body of the
palatoquadrate that derives from a common condensation with the lower jaw Meckel’s
cartilage (Fig. 1A) (Eberhart et al., 2006). In amphibia and birds, the palatoquadrate also
derives from a proximal region of the mandibular arch yet lacks a prominent maxillary-
derived Ptp process; the maxillary prominence instead gives rise to dermal bones of the
upper jaw as well as elements of the anterior neurocranium (Cerny et al., 2004, Lee et al.,
2004). As mammals evolved, the palatoquadrate was transformed into the incus and
embedded in the middle ear (reviewed by Maier and Ruf, 2016), with the upper jaw
consisting exclusively of maxillary-derived dermal bones (Lee et al., 2004). A common
theme in all these species is that the maxillary-derived portion of the upper jaw contains a
much higher proportion of late-forming dermal bone to early-forming cartilage than the
mandibular-derived lower jaw.
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A major signal driving asymmetric development of the jaw is Endothelinl (Ednl), which
acts on the Ednra receptor in mandibular neural crest-derived cells (NCCs) of the first arch
to promote the expression of an array of downstream genes, including the transcription
factors DIx5, DIx6, and Hand?2 (reviewed by Clouthier et al., 2010). Mandibular gene
expression is lost and the lower jaw transforms into a mirror image of the upper jaw in
zebrafish and mice with loss-of-function mutations in £dni (Kurihara et al., 1994, Miller et
al., 2000), Ednra (Clouthier et al., 1998), D/x5/6 (Depew et al., 2002, Beverdam et al.,
2002), or HandZ2 (Miller et al., 2003, Yanagisawa et al., 2003). Conversely, forced
misexpression of £dni (Kimmel et al., 2007, Sato et al., 2008) or Hanad? (Sato et al., 2008)
activates mandibular genes in the maxillary region, transforming the maxillary portions of
the upper jaw into a reflection of the lower jaw, complete with an ectopic Meckel’s cartilage.
Bmp signaling also promotes lower jaw development through direct regulation of
mandibular genes in NCCs (e.g. Hand2) and by inducing ednI expression in the overlying
ectoderm (Alexander et al., 2011, Zuniga et al., 2011). Less is known about upper jaw
regulation. Although Jagged-Notch signaling restricts mandibular gene expression in parts of
the upper first and second arches, maxillary-derived portions of the upper jaw develop
normally in zebrafish and mice with reduced Jagged-Notch signaling (Zuniga et al., 2010,
Humphreys et al., 2012, Barske et al., 2016, Teng et al., 2017). SixZ mutant mice show a
partial transformation of the posterior end of the maxilla into a mandible-like structure, but
this phenotype is attributable to an upstream role for Six1 in limiting £an expression within
the dorsal pharyngeal endoderm (Tavares et al., 2017).

In this study, we reveal that the Nr2f nuclear receptors are necessary and sufficient for
maxillary molecular identity and skeletal morphology in zebrafish. Also called chicken
ovalbumin upstream promaoter transcription factors (COUP-TFs), these nuclear receptors are
known for their cell fate-determining functions in the heart, veins, eye, brain, and
reproductive system (reviewed by Lin et al., 2011). A previous in vitro study implicated
human NR2F1/2 as key drivers of neural crest-associated gene expression in induced human
neural crest-like cells (Rada-Iglesias et al., 2012), yet their requirement in craniofacial
development was not definitively tested in a genetic model. In zebrafish n72fmutants, we
observe broad misexpression of mandibular genes in maxillary precursors and development
of a large lower jaw-like cartilage in place of the small cartilage and dermal bone of the
normal upper jaw. Reduction of Nr2f gene dosage also fully restores lower jaw gene
expression and skeletal development in ednZ mutants, demonstrating that the primary
function of Edn1l in lower jaw development is to exclude Nr2f expression from the
mandibular domain. We propose a new model of jaw patterning in which Nr2fs limit early
cartilage differentiation in the maxillary precursors of the upper jaw, potentially preserving
progenitors for later dermal bone formation. The absence of extensive cartilage in the
developing upper jaw could therefore promote a distinct arrangement of dermal bones
compared to those of the lower jaw that are organized around a prominent Meckel’s cartilage
template.
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Results

Nr2f genes are enriched in maxillary precursors of the upper jaw

To identify novel genes enriched in the maxillary prominence at 36 hours post-fertilization
(hpf), we queried our transcriptome data (Askary et al., 2017) for candidates depleted in
hand2:GFP+ cells (which include mandibular precursors) relative to all arch NCCs. Four
members of the Nr2f orphan nuclear receptor family, nr2fla, nr2fib, nr2f2, and nr2f5, were
-2.36, —2.58, —-1.79, and —1.48-fold under-enriched in hand2.GFP+ cells relative to all arch
NCCs. With the exception of nr2f5, which is highly expressed by 20 hpf, Nr2f gene
expression generally increases as the arches develop, consistent with a post-migratory role
for these factors in arch patterning (Fig. S1). All four genes were enriched in d/x2a+ NCCs
of the maxillary relative to the mandibular domain at 24 hpf, as well as in dorsal relative to
ventral NCCs of the hyoid arch, with nr2fiaand nr2f2 persisting in maxillary NCCs at 36
and 48 hpf (Fig. 1C-E). In zebrafish, dix5a.GFP expression marks mandibular precursors of
Meckel’s cartilage and the body of the palatoquadrate, but not the maxillary-derived Ptp
(Fig. 1B). Consistent with nr2f2enrichment in maxillary NCCs, we observe a sharp
boundary between nr2f2and dix5a expression in the first arch at 36 hpf (Fig. 1G). Further,
expression of all four Nr2f genes was generally excluded from sox9a+ pre-chondrogenic
cells, a trend which continues through 48 hpf when cartilage differentiation is more
extensive (Fig. 1D-E). Nr2f genes are therefore present at high levels within the maxillary
domain during key patterning stages, with their later exclusion from differentiating cartilage
consistent with a potential role in repressing chondrogenesis in the upper jaw. By contrast,
most dlx5a+ cells in the mandibular territory co-express sox9a (Fig. 1F), suggestive of a
possible pro-chondrogenic function for the dix5a/6a-driven molecular program.

Transformation of the upper jaw in Nr2f mutants

To test requirements for Nr2f genes in maxillary development, we designed TALE nucleases
to make loss-of-function alleles, with care taken to introduce early frame-shift mutations
likely abrogating all protein function (Fig. S2A). Single nr2f1af"12 pr2f16P'23, and
nr2f5?/611 mutant zebrafish are viable and fertile, and 7722606 mutants die of
undetermined causes in the second week of life. As no craniofacial defects were observed in
single mutant larvae (Fig. S2B), we examined combinatorial mutants. The upper jaw Ptp
cartilage was conspicuously enlarged in ~45% of double nr2f2; nr2f5 mutants, with the
penetrance enhanced by further loss of nr2fiballeles (Fig. 2A-D). The enlarged Ptp was
reminiscent of the lower jaw Meckel’s cartilage, similar to what is observed upon
misexpression of Ednl or Bmp4 (Kimmel et al., 2007, Alexander et al., 2011). Unlike
Meckel’s, the enlarged upper jaw cartilages did not meet at the midline and remained
articulated with the anterior neurocranium (Fig. 2B). In wild-type fish, the proximal end of
Meckel’s cartilage develops an endochondral process called the retroarticular. In contrast to
chicken, where the retroarticular is built from second arch cells (Kontges and Lumsden,
1996), fate mapping by photoconversion of soxZ0:kikGR protein shows that the
retroarticular process is first arch-derived in zebrafish (Fig. S2C). Intriguingly, we
occasionally observed an ectopic protrusion resembling the retroarticular on the enlarged Ptp
of nr2f2; nr2f5 mutants (Fig. 2E), further supporting transformation of the Ptp into an
ectopic Meckel’s.

Dev Cell. Author manuscript; available in PMC 2019 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barske et al.

Page 5

The increase in upper jaw cartilage in nr2f2; nr2f5 mutants was prefigured by elevated sox9a
expression and an increase in the size of the maxillary domain as early as 36 hpf (Fig. 2F).
The dermal bone that forms next to Ptp was also reduced in size, containing fewer Sp7+
osteoblasts (Fig. 2G). Lethality of nr2f2; nr2f5 mutants in the second week of life prevented
us from assessing whether later-forming lower jaw features, such as the intramembranous
dentary bone, are duplicated in the mutant upper jaw. The second arch-derived hyoid joint,
dorsal hyomandibula cartilage, and opercle bone were also progressively reduced in nr2f1b;
nr2r2; nr2f5 combinatorial mutants, and further loss of nr2fla resulted in fusions between
the upper and lower jaws and cardiac edema, with quadruple mutants showing severe
reductions of the entire facial skeleton (Fig. 2C, Fig. S2B).

Given the previous report that human NR2F1/2 drive early NCC gene expression in vitro
(Rada-Iglesias et al., 2012), we examined NCC specification and migration in combinatorial
mutants. At 11.5 hpf, the soxZ0+ domain marking premigratory NCCs was unchanged in all
mutant combinations, including quadruple mutants (Fig. 2H). By 18 hpf, three streams of
Sox10+ NCCs had migrated to the arches in all double and triple mutants, including the
nr2f2; nr2f5 mutants with upper jaw phenotypes (Fig. 21). However, the streams were absent
in a quadruple knockout, consistent with large-scale loss of facial cartilage in these mutants
(Fig. S2B) and frogs with nr2f1 knockdown (Rada-Iglesias et al., 2012). These results argue
against the upper jaw phenotypes of nr2f2; nr2f5 mutants being due to NCC specification or
migration defects, consistent with a post-migratory role for Nr2fs in maxillary NCCs.

Nr2f5 misexpression disrupts lower jaw development

We next asked whether misexpression of Nr2f genes is sufficient to transform the lower jaw.
In zebrafish, cranial NCCs begin migration at ~12 hpf, colonize the arches and are first
exposed to signals such as Ednl by ~18 hpf, and then differentiate into cartilage starting ~48
hpf. When nr2f5was misexpressed in NCCs by the soxZ0 promoter (sox10:Gal4V/P16,
UAS:nr25) from ~13 hpf onwards (Das and Crump, 2012), we observed that the lower jaw
Meckel’s cartilage was very reduced and fused to the palatoquadrate, a phenotype closely
resembling that of eanZ mutants (Fig. 3A-C) (Miller et al., 2000). We did not observe
ectopic dermal bone in the lower jaw, again similar to eanZ mutants, a finding we confirmed
by analyzing the osteoblast marker Sp7 (Fig. S3A). The lack of ectopic bone upon nr2f5
misexpression suggests that Nr2fs function to inhibit cartilage formation rather than to
directly promote bone differentiation. Although the sox10:Gal4V/P16 driver is also re-
activated in differentiating cartilage (Das and Crump, 2012), misexpression of nr2f5in
chondrocytes using col2ala-R2:Gal4VP16 did not affect the jaw skeleton (Fig. 3D),
suggesting that it is the earlier NCC misexpression that disrupts mandibular development.
Further, nr2f5 misexpression in mandibular NCCs shortly after arch colonization, using a
hand2:Gal4V/P16 driver, resulted in distal truncation of Meckel’s cartilage (Fig. 3E). We also
employed a heat-shock-inducible Asp70/:Gal4 driver to precisely define when Nr2f5 is
sufficient to alter lower jaw development. Whereas a heat shock from 15-17 hpf disrupted
lower jaw development, similar to pan-NCC expression of nr2f5, a 19-21 hpf heat shock had
no effect (Fig. 3F-G). Given the approximate 2-h lag in UAS-driven protein expression after
the start of the heat shock (Scheer et al., 2002), these results indicate that, to alter lower jaw
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development, Nr2f5 needs to be present at high levels in post-migratory NCCs when they
are first exposed to Ednl (Fig. 3H).

Nr2fs broadly inhibit mandibular gene expression in the maxillary domain

To understand how Nr2fs globally regulate jaw molecular identity, we performed RNA
sequencing of FACS-purified arch NCCs (36 hpf) from nr2f2; nr2f5 double mutant and
S0x10:Gal4V/P16,; UAS:nr2f5 misexpression embryos. Double mutant embryos were
selected based on their ocular coloboma phenotype (Fig. S2D), similar to conditional
Rx:Cre,; Nr2f17l0x/flox - N2faflox/flox moyse mutants (Tang et al., 2010). Genes 2-fold higher
or lower in the misexpression versus mutant line were respectively classified as ‘Nr2f-
activated’ and ‘Nr2f-inhibited’ (see Methods). Among the 350 genes with arch-enriched
expression in wild-type embryos, 112 were strongly inhibited by Nr2f2/5 but only 5 were
activated (Tables 1, S1-S2). Nr2f-inhibited genes are associated with lower jaw development
(e.g. dIx3b/4a/4b/5a, hand2, msxla (formerly msxe), nkx3.2) and cartilage differentiation
(barx1, sox9a, sim2). Consistent with the reciprocal mutant skeletal phenotypes, many genes
were oppositely regulated by Nr2f and Edn1, including 15 of the top 20 Nr2f-inhibited genes
and 3 of the 5 Nr2f-activated genes (Fig. 4A, Tables 1, S2). Hierarchical clustering of
transcriptome data grouped the two independent nr2f2; nr2f5 mutant samples with a
previously published Ednl-misexpressing sample, whereas the Nr2f5-misexpressing sample
clustered with two eadnI mutants (Fig. 4B) (Barske et al., 2016, Askary et al., 2017). Thus,
Nr2fs and Ednl act oppositely to regulate both jaw molecular identity and skeletal
composition/morphology.

In line with the RNAseq data, in situ hybridizations confirmed expansion of d/x3b, dlx5a,
dlx6a, and msxIaexpression into the maxillary domain of nr2f2; nr2f5 mutants, and
reduction upon nr2f5 misexpression (Fig. 4C-D). The shifts in dfx5a/6a expression were
evident as early as 24 hpf (Fig. 4C), consistent with the early sufficiency window for nr2f5
affecting lower jaw morphology. We also found that nkx3.2, which is specifically expressed
in the first arch and required for formation of the lower jaw retroarticular process (Miller et
al., 2003), was expanded in mutants and lost in misexpression embryos, consistent with the
ectopic retroarticular-like process observed in some nr2f mutants. Distal mandibular
expression of Aand2was also lost upon nr2f5 misexpression and elevated in mutants,
although not into the maxillary domain. Thus, loss of Nr2fs triggers an extensive yet
incomplete molecular transformation of the maxillary domain.

In addition to the gene expression changes observed, the first arch of 7r2f5 misexpression
embryos was smaller. This reduction in arch size correlated with a modest decrease in
proliferation yet no change in apoptosis of arch NCCs (Fig. S3B-C), again similar to what
has been reported for edrnZ mutants (Sasaki et al., 2013). As many d/xZa+ NCCs are still
present in the mandibular domain of n72f5 misexpression and eadnZ mutant embryos, the loss
of mandibular gene expression cannot solely be due to reduced numbers of NCCs. In
addition, the second arch of nr2f2; nr2f5 mutants was also smaller compared with controls,
and changes in gene expression were less straightforward than in the first arch, with dix5a
and hana?2 expanded yet dix3b, dix6a, and msxlareduced. Given the reduction of the upper

Dev Cell. Author manuscript; available in PMC 2019 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barske et al.

Page 7

hyoid skeleton in the mutants (Fig. 2C), these molecular differences suggest distinct roles
for Nr2f genes in the maxillary domain versus the second arch.

In contrast to the extensive inhibition of the mandibular program by Nr2fs, RNAseq
identified only 5 putative Nr2f-activated genes. One of these, pitx2, was expressed in cells
adjacent to but not co-localizing with dix2a+ maxillary NCCs, whereas meis2b was mostly
confined to the hyoid arch at 36 hpf, with expression of both largely unaltered in nr2f2;
nr2f5mutants (Fig. S4A). Expression of jag1b, which marks dorsal mandibular and hyoid
but not maxillary NCCs (Zuniga et al., 2010), was also largely unaffected in mutants (Fig.
S4B), as were markers of the frontonasal NCC population (alxZ, gata3) (Fig. S4C).
Consistently, the anterior neurocranium, derived in part from frontonasal NCCs, formed
normally in mutants (Fig. S4D). Nr2fs therefore function primarily to silence the mandibular
expression program in the maxillary domain rather than activate maxillary-specific genes
(Fig. 4E).

Reducing Nr2f dosage fully rescues lower jaw development in ednl mutants

Given the opposite effects of Nr2fs and Ednl on mandibular gene expression, we
investigated their epistatic relationship in lower jaw patterning. Expression of edn was
unaltered in nr2f2; nr2f5 mutants at 20 and 30 hpf (Fig. 5A), and the Edn1 receptors were
either unchanged (ednrab) or reduced (ednraa) (Fig. 5B), arguing against expansion of
mandibular gene expression being due to increased Ednl signaling. Conversely, we observed
varying degrees of ectopic expression of all four Nr2f genes in the mandibular domain of
ednl mutants at 30 hpf, and loss of their maxillary expression upon Ednl misexpression
(Fig. 5C, S5).

We therefore tested whether ectopic mandibular expression of Nr2fs might underlie the
lower jaw defects of ednZ mutants. Strikingly, removal of 3-6 alleles of nr2f1b, nr2f2, and
nr2f5 completely rescued Meckel’s cartilage formation in many ean mutants (Fig. 6A-E,
G; S6). We also infrequently observed restoration of the jaw joint, the element most sensitive
to Edn1 loss (Fig. 6D, F, 12/106 mutants) (Kimmel et al., 2007). In contrast, the hyoid arch-
derived ceratohyal and posterior arch-derived ceratobranchial defects of eanZ mutants were
not rescued. Some nr2f2; nr2f5; ednl mutants also developed an enlarged upper jaw (Fig.
6E), further indicating that the upper jaw transformations of Nr2f mutants are not due to
inappropriate Edn1 signaling. The rescue of lower jaw cartilage defects in nr2f; edn1
mutants was preceded by restoration of dfx5a, dix6a, and hanaZ2 expression to relatively
normal patterns in mandibular arch NCCs (Fig. 6H-J). Furthermore, progenitor markers
Jaglband prrx1b, which are upregulated in ventral NCCs in ednZ mutants (Zuniga et al.,
2010, Barske et al., 2016), were also restored to more typical patterns in the first arch of
nr2f; ednl mutants (Fig. 6K). However, hyoid arch expression of all five genes was not
restored, correlating with the failure of hyoid cartilage rescue in compound mutants. In
summary, the complete rescue of mandibular gene expression and lower jaw skeletal
morphology in some nr2f; eadnl mutants demonstrate that the primary function of Ednl is to
prevent the Nr2f-dependent repression of mandibular gene expression.
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Discussion

Here we demonstrate that Nr2f nuclear receptors function in post-migratory NCCs to confer
a distinct identity to maxillary precursors of the upper jaw. The broad expression of
mandibular genes throughout nr2f mutant arches, even in the absence of Edn1 signaling,
highlights a key role for Nr2fs in restricting mandibular gene expression. An extensive body
of work in cell culture and mammalian models has shown that Nr2fs can function as both
transcriptional activators and repressors, dependent on the cellular context (reviewed in
Pereira et al., 2000)). A previous study uncovered an activator function for human NR2F1/2
in migratory neural crest-like cells, with NR2F1/2 detected at more than 3000 neural crest
gene-associated enhancers with active chromatin signatures (Rada-Iglesias et al., 2012).
Whether Nr2fs bind to similar enhancers in post-migratory NCCs of the maxillary domain
remains to be determined. As our RNA sequencing was performed at 36 hpf, ~16 hours after
the critical window of Nr2f function, the observed mandibular upregulation in mutants might
be indirect. It therefore remains possible that genes transiently activated by Nr2fs just after
NCC migration might instead account for the observed mandibular upregulation at later
stages, which could be addressed in the future through Nr2f chromatin binding assays.

The robust expression of mandibular genes (e.g. d/x5a/64) in the combined absence of Ednl
and Nr2fs was also surprising given the large body of work showing a central role for Ednl
in their expression (reviewed in Clouthier et al., 2010). Although we had previously shown
that Bmp4 misexpression also partially rescues the skeletal defects of ednZ mutants, Bmp4
was unable to restore DIx expression (Zuniga et al., 2011), in contrast to what we show here
for Nr2f reduction. It is therefore unlikely that the lower jaw rescue in nr2f; edni mutants is
due to increased Bmp signaling. Data from mice suggest that Edn1 drives lower jaw
development through a Calmodulin-CamKII-histone deacetylase cascade that de-represses
Mef2c, which then transactivates D/x5/6 expression (Verzi et al., 2007, Hu et al., 2015). One
possibility is that Mef2c functions to reverse Nr2f repression of dlx5a/6a, and potentially
other mandibular genes, such that, if Nr2f repression is reduced, Edn1-mediated Mef2c
transactivation is no longer required. Alternately, reduced Nr2f levels could allow Mef2c to
be activated in an Ednl-independent manner. Future identification and analysis of direct
targets of Nr2fs in post-migratory NCCs will be required to address these questions.

A marked asymmetry in jaw development is that cartilage differentiation initiates earlier and
to a greater extent in the lower jaw (Schilling and Kimmel, 1997). This disparity first
manifests as an early mandibular bias in barxZ and sox9a expression (Barske et al., 2016),
which mark prechondrogenic condensations. A number of mandibular genes, including D/x5
and Msx1, have also been implicated in skeletal differentiation (e.g. Orestes-Cardoso et al.,
2001, Ferrari and Kosher, 2002) and co-localize with sox9a expression in pre-chondrocytes.
One possibility then is that the mandibular program represents an early pro-differentiation
network, with chondrocytes being the first differentiated cell type arising in the arches. As
such, Nr2fs might function to block this early differentiation network in the maxillary
domain, thus preserving a pool of progenitors for later dermal bone formation. Consistently,
nr2f2; nr2f5 mutants show elevated cartilage and reduced bone formation in the maxillary
domain, and Nr2f expression continues to be excluded from the chondrogenic sox9a+
domain as arch development proceeds. Future lineage studies will be required to test if this
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represents a direct fate shift of cells from bone to cartilage. In the mouse limb, NR2F2
protein is similarly enriched in mesenchymal precursors relative to differentiating
chondrocytes. However, in contrast to our findings in the skull, Ar2f2knockdown in
mesenchymal cell culture leads to increased osteogenesis, and conditional ablation of ANr2f2
in the limb results in delayed cartilage maturation (Xie et al., 2011). Further genetic studies
are therefore necessary to determine whether Nr2f genes have multiple and/or discrete roles
in in the NCC- and mesoderm-derived skeletons.

Our work suggests a simple model of jaw asymmetry, in which the large Meckel’s cartilage
of the lower jaw serves as a template that distinctly organizes later dermal bone development
relative to the upper jaw. In developing mammalian embryos, differences in skeletal
composition are even more striking, with the upper jaw forming without any cartilage
template. Although mammalian upper jawbones derive from a homologous population of
maxillary NCCs, whether mammalian upper jaw identity also depends on Nr2f function
remains to be determined. Single Nr2f1 mutants die perinatally without overt craniofacial
abnormalities (Qiu et al., 1997), while Ar2f2 mouse mutants die with angiogenic and cardiac
defects by E10.5 (Pereira et al., 1999). A recent study has shown that conditional mutation
of Nr2f2within NCCs results in ectopic Sox9expression and abnormalities in the tympanic
ring (Hsu et al., 2017), a proximal first arch-derived dermal bone (Mallo, 2001, Hsu et al.,
2017), consistent with our finding that Nr2fs inhibit maxillary sox9a expression in fish.
Deletions spanning the NR2F1 and NR2F2 genomic loci have also been identified in
isolated human patients with craniofacial anomalies (Poot et al., 2007, Brown et al., 2009).
Our finding of widespread redundancy between Nr2f family members means that a
conditional double mouse mutant will likely be needed to determine whether Nr2f genes are
similarly required to establish morphological asymmetry of the mammalian jaws.

STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Gage Crump (gcrump@usc.edu).

EXPERIMENTAL MODEL DETAILS

Animals—The Institutional Animal Care and Use Committee of the University of Southern
California approved all animal experiments performed in this study (No. 10885, 20540).
Zebrafish (Danio rerio) embryos were raised in defined Embryo Medium (Westerfield, 2007)
at 28.5°C and staged as described (Kimmel et al., 1995). Mutant and transgenic lines were
maintained on the Tuebingen wild-type background (Haffter et al., 1996) and housed in
groups of 10-15 fish. Published mutant and transgenic lines include sucker/edn1216 (RRID:
ZDB-GENO0-070209-215) (Miller et al., 2000), nr2f122"22 (Duong et al., 2017),
To(flila:EGFPY! (RRID: ZDB-ALT-011017-8) (Lawson and Weinstein, 2002),
T9(50x10:DsRed-Express)?! 20 and Ty(sox10:Gal4\/P16)¢/ 159 (Das and Crump, 2012),
T9(-1.5hsp70l-Gal4)k4 (RRID: ZDB-GENO-070209-168) (Scheer et al., 2001),
T9(~4.950x10:kikGR)F*Z (Balczerski et al., 2012), dix521073Et (RRID: ZDB-
ALT-100209-11) (referred to as d/x5a.GFP. Talbot et al., 2010), Tg(hand2:Gal4V/P16)P1226
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(Nichols et al., 2013) and Tg(UAS:Edni;a-crystallin:Cerulean)??*? (Zuniga et al., 2011).
edn116 and Gal4 and UAS transgenes were genotyped as described (Miller et al., 2000,
Barske et al., 2016; also see Table S4). Two new transgenic lines ( Tg(UAS:Nr2f5;a-
crystallin:Cerulean) and Tg(colZala-R2:Gal4\/P16)?/647) and three targeted mutant lines
(nr2f1be1523, nraf2el596, and nr2f5e/611) were generated for this study (see below).
Transgenic lines were propagated by selecting larvae expressing fluorescent protein markers
or by outcrossing putative adult Gal4 carriers to UAS reporter lines. For mutant lines, fin
biopsies were collected at 14 dpf or 3 mpf, lysed with proteinase K, genotyped by PCR
using GoTag DNA polymerase (Promega, Madison, WI), and digested with the appropriate
restriction enzymes where necessary. Genotyping details for each line are provided in Table
S4.

METHOD DETAILS

Generation of zebrafish transgenic and mutant lines—The UASNr2f5; a-
crystallin.Cerulean construct was assembled with the Gateway (Invitrogen) Tol2kit (Kwan et
al., 2007) by creating a pME containing the nr2f5 coding sequence and combining it with
p5E-UAS, p3E-polyA and pDestTol2AB2. colZala-R2:Gal4dVP16 was derived from the R2-
E1bEGFP plasmid (Dale and Topczewski, 2011) via restriction cloning to replace EGFP
with the Gal4VP16 sequence. Tg(col2ala-R2:Gal4VP16)F/647 and two alleles of
TQ(UAS:Nr2r5,a-crystallin:Cerulean) (1662, el663) were generated by injecting these
constructs with transposase RNA and selecting for germline transmission of Cerulean
fluorescence in the lens or expression of a UAS reporter construct, respectively.

Zebrafish mutant lines for nr2fla, nr2f1b, nr2f2 and nr2f5were generated via TALEN-
based targeted mutagenesis. TALEN constructs were generated using the PCR-based
platform (Sanjana et al., 2012) and digested with Stul (New England Biolabs, Ipswich, MA).
RNAs were synthesized off the linearized constructs using the mMessage mMachine T7
Ultra kit (Ambion/Life Technologies, Carlsbad, CA, USA). TALEN RNAs were injected at
100 ng/ul into 1-cell-stage embryos, and mosaic germline founders were identified by
screening their progeny by PCR and restriction digestion. Two to five separate mutant alleles
were examined for each single mutant. The nr2f1a°12, nr2f1b£"23, nr2f2¢59%, and
nr2f5el611 glleles are frameshift mutations that interrupt the coding sequence upstream of or
in the first functional domain (Fig. S2). The TALEN sequences and genotyping primers used
to produce and identify mutations in each gene are provided in Table S4.

Misexpression analyses—Gal4 expression was induced in Asp70/l-Gal4; UAS.Edn1 and
hsp70l:Gal4; UAS.:Nr2f5embryos by ramping up a programmable incubator to 40°C for the
indicated duration and then allowing it to cool back to 28.5°C. Distal truncation of Meckel’s
cartilage was observed upon hana2.Gal4-driven misexpression only in fish carrying the
stronger TQ(UAS:nr2f5:a-crystallin:Cerulean)f'%63 allele. For each Gal4/UAS combination,
4-15 individual larvae carrying both transgenes were selected for dissection and imaging.

FACS of arch NCCs—To profile the 36 hpf stage of development, we moved 27 hpf
embryos to a 22°C incubator to slow their development so that they acquired morphological
criteria associated with the desired stage the following morning. flila.EGFP; sox10.DsRed
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double-positive embryos were selected under a fluorescent dissecting microscope. nr2f2;
nr2f5; flila:EGFP, sox10.DsRed double mutant embryos were identified based on their fully
penetrant coloboma phenotype (Fig. S2D). sox10:Gal4V/P16; flila.EGFP, sox10.DsRed and
S0x10:Gal4VP16; UAS:Nr2f5, flila.EGFP; sox10:DsRedtransgenics were identified by
genotyping fin biopsies taken at 24 hpf for Gal4 and Cerulean (Table S4). Two independent
replicates of the nr2f2; nr2f5 cross were assayed, and sox10.Gal4\/P16" individuals were
used as intra-run controls. To prepare cell suspensions for FACS (Covassin et al., 2006),
batches of 30-40 dechorionated embryos were de-yolked by gentle agitation in fresh
Ringer’s solution for approximately 10 min, then transferred to a protease cocktail
containing 0.25% trypsin (Life Technologies), 1 mM EDTA, and 2 mg/ml Collagenase P
(Roche Life Science, Indianapolis, IN) in PBS. The samples were pipetted intermittently
over a 15-min incubation at 28.5°C to promote dissociation. The enzymatic reaction was
stopped by adding 1/6 volume of 6 mM CaCl, and 30% fetal bovine serum (FBS) in PBS.
Cells were centrifuged at 2000 rpm for 5 min at 4°C, resuspended in suspension medium
(1% FBS, 0.8 mM CaCly, 50 U/ml penicillin, and 0.05 mg/ml streptomycin (Sigma-Aldrich,
St. Louis, MO) in Leibovitz’s L15 medium (Life Technologies)), centrifuged as above,
resuspended in 500 pl suspension medium, filtered into a FACS tube, and chilled on ice.
Cells were sorted for GFP and DsRed on a MoFlo Astrios (Beckman-Coulter, Brea, CA),
and double-positive cells were collected into RLT lysis buffer (Qiagen). For the two nr2f2;
nr2f5 mutant replicates, we dissociated 37 and 84 embryos and collected 18,858 and 30,655
double-positive cells, respectively. For the sox10:Gal4VP16; UAS:Nr2f5and
s0x10:Gal4V/P16 embryos, 84 and 69 embryos yielded 56,866 and 86,517 cells, respectively.

RNA sequencing—Total RNA was immediately extracted from sorted cells using the
RNeasy Micro kit (Qiagen) according to the manufacturer’s instructions. The purified RNA
was evaluated for quality and quantity on a BioAnalyzer Pico RNA chip (Agilent, Santa
Clara, CA) and then reverse-transcribed into cDNA using the SMARTer kit (Clontech,
Mountain View, CA). cDNA amplification was adjusted based on the RNA input quantity,
and the size and amount of generated cDNA was measured by BioAnalyzer. The samples
were sonicated on a S2 ultrasonicator (Covaris, Woburn, MA) according to Clontech’s
recommendations. DNA libraries were assembled using the Kapa Hyper Prep kit (Kapa
Biosystems, Wilmington, MA) with NextFlex adapters (Bioo Scientific, Austin, TX),
assessed by Bioanalyzer, and quantified using gPCR (Kapa Library Quantification kit, Kapa
Biosystems). Sequencing was performed on a NextSeq500, using 75-bp paired end reads
(IMlumina, San Diego, CA). Library construction and sequencing were performed at the USC
Molecular Genomics Core.

In situ hybridization, immunostaining, and cell death assay—In situ probes
include dix2aand dIx3b (Akimenko et al., 1994), dix6a (Walker et al., 2006), eani (Miller et
al., 2000), dIx5aand jag1b (Zuniga et al., 2010), hana2 (Angelo et al., 2000), msxIa
(Akimenko et al., 1995), nkx3.2 (Miller et al., 2003), prrx1b (Barske et al., 2016), sox9a
(Yan et al., 2002), and sox10 (Dutton et al., 2001). Partial cDNAs for alx1, gata3, meiszb,
nr2fla, nr2f1b, nr2f2, nr2f5, and pitx2 were amplified with Herculase Il Fusion DNA
Polymerase (Agilent) and cloned into pCR™-Blunt 1I-TOPO™ (Thermofisher Scientific,
Waltham, MA). Plasmids were linearized by restriction digestion, and antisense probes were
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synthesized with Sp6 or T7 polymerase using dioxygenin (DIG)- or dinitrophenol (DNP)-
labeled nucleotides (Roche) (Table S3).

Fluorescent in situ hybridizations were performed as described (Talbot et al., 2010), with
minor modifications. The full protocol is available online (https://wiki.zfin.org/display/prot/
Triple+Fluorescent+In+Situ). We increased the proteinase K concentration to 1.25 ug/ml,
applied the anti-DIG-peroxidase (#11207733910, Roche) and anti-DNP-peroxidase
antibodies (#NEL747B001KT, Perkin Elmer) at 1:500 and 1:200, respectively, and diluted
the TSA-fluorescein and TSA-Cy3 to 1:75 in Perkin Elmer Amplification Diluent.
Colorimetric in situs were performed following the same protocol until after the stringency
washes. At this point, the embryos were washed twice in phosphate-buffered saline with
0.1% Tween-20 (PBST), blocked in PBST containing 5 mg/ml BSA and 10% sheep serum,
and incubated overnight at 4°C with an anti-DI1G-alkaline phosphatase antibody (1:10,000;
#11093274910, Roche). The next day, embryos were washed ten times in PBST, equilibrated
twice in NTMT buffer (100 mM NaCl, 50 mM MgCl,, 100 mM Tris-HCI, 0.05%
Tween-20), and exposed to NBT/BCIP (stock diluted 1:50 in NTMT; #11681451001,
Roche) in the dark. The color reaction was stopped by replacing the solution with PBST, and
embryos were post-fixed for 20 min in 4% paraformaldehyde (PFA) and moved into glycerol
for imaging. For each probe combination, 3-10 mutants or misexpression embryos were
evaluated alongside a similar number of controls. Representative examples are shown.

For immunostaining, embryos were fixed in 4% PFA overnight and then exposed to rabbit
anti-Sox10 (1:200, Genetex GTX128374), rabbit anti-Osterix (Sp7) (1:100, Santa Cruz
Biotechnology sc-22536; RRID: AB_831618), rabbit anti-phospho-Histone H3 (Ser10)
(1:500, Millipore 06-570; RRID: AB_310177), rabbit anti-GFP (1:1000, Torrey Pines
Biolabs TP401; RRID: AB_10013661), or chicken anti-mCherry (1:200, Novus Biologicals
NBP2-25158; RRID: AB_2636881) primary antibodies, followed by Alexa 568-donkey
anti-rabbit, Alexa 647-goat anti-rabbit, or Alexa 633-goat anti-chicken secondary antibodies
(Thermofisher) and counterstaining with Hoechst 33342 (Life Technologies H1399).

Dying cells in 32 hpf sox10:.Gal4VP16,; UAS.Nr2f5transgenic embryos were labeled using
the ApopTag® Fluorescein In Situ Apoptosis Detection Kit (Millipore-Sigma S7110)
according to the manufacturer’s instructions. Labeled cells that co-express the arch NCC
marker soxZ0.DsRed within the first two arches were manually counted.

All fluorescently stained samples were imaged on a Zeiss LSM800 confocal microscope and
are presented as representative optical sections or maximum intensity projections.
Colorimetric in situs were imaged on a Leica S8APO. Levels were modified consistently
across samples in Adobe Photoshop CS6.

Photoconversion and fate mapping—Transgenic sox10:kikGR embryos were
anesthetized with Tricaine (Sigma A5040) at 35 hpf and mounted in agarose for imaging on
a Zeiss LSMB800 confocal. A region of interest within the first arch was defined using the
ROI tool in the ZEN software and then exposed to a 405 nm laser at 65% power for
approximately 3 s to irreversibly convert the green fluorescent kikGR protein to red. The
embryos were then allowed to recover in fresh Embryo Medium in the dark. At 5 dpf,
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photoconverted red cells were located within the larval facial skeleton and reimaged. By this
stage, only chondrocytes strongly express high levels of green kikGR protein (Balczerski et
al., 2012).

Skeletal staining—Alcian Blue (cartilage) and Alizarin Red (bone) staining was
performed at room temperature as described (Walker and Kimmel, 2007). Briefly, larvae
were anesthetized with Tricaine (Sigma A5040), fixed for one hour in 2% PFA, rinsed for 10
min in 100 mM Tris (pH 7.5) with 10 mM MgCl,, then incubated overnight in Alcian Blue
solution (0.04% Alcian Blue, 80% ethanol, 100 mM Tris pH 7.5, 10 mM MgCl,). Larvae
were rehydrated through 10-min washes in 80%, 50%, 25% ethanol solutions containing 100
mM Tris (pH 7.5) and 10 mM MgCls, then bleached for 10 min in 3% H,0, with 0.5%
KOH under a lamp. Samples were washed twice in 25% glycerol with 0.1% KOH, stained
for 30-45 min with Alizarin Red (0.01% Alizarin Red, 25% glycerol, 100 mM Tris (pH
7.5)), and de-stained in 50% glycerol containing 0.1% KOH. Whole-mount and dissected
specimens were mounted in 50% glycerol and imaged with LAS v4.4 software on Leica
S8APO and DM2500 microscopes, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNAseq data analysis—In pre-alignment QC, the raw reads from all samples were
typically of high quality, with average sample quality scores exceeding 33. The reads were
trimmed at both ends based on the Phred quality score, with a minimum end quality level of
20 and a minimum acceptable read length of 25. Paired-end reads were then aligned to the
Danio rerio GRCz10 assembly (Ensembl_v80) by TopHat2 (Kim et al., 2013) in Partek
Flow® (Partek Inc., St. Louis, MO). Aligned reads were quantified with the Partek E/M
algorithm and normalized to generate Transcript Per Million (TPM) values. Values obtained
for the two nr2f2; nr2f5 mutant replicates were compared in Excel (Microsoft) and proved
highly similar (RZ = 0.89262, or 0.95312 with ten most highly expressed genes removed).

To focus our analysis on genes with enriched expression in the pharyngeal arches, we
referenced published data from wild-type flila.GFP; sox10:DsRed double- and single-
positive cells (GEO Accession No. GSE95812) (Askary et al., 2017) and filtered the new
dataset to include only those genes with an average TPM value = 2 in double-positive cells
of three published 36 hpf wild-type samples and with enrichment > 1.5-fold in GFP*/DsRed
*arch NCCs versus single GFP* and DsRed" cells. Filtering for genes enriched in double-
positive cells removes those genes known to be associated with the blood/endothelial
(fli1a.GFP+) or ear (sox10.DsRed) lineages, the presence of which likely reflects some
small degree of contamination of our double-positive population with single-positive cells
(Barske et al., 2016). We applied a final filter for a TPM = 0.5 in the new control
sox10:Gal4V/P16" sample to remove genes with very low expression in the current batch.

This process left 350 genes with arch-enriched expression in wild-type embryos at 36 hpf.
We then calculated the fold-change values of these genes in the nr2f2; nr2f5 mutant and
s0x10:Gal4VP16; UAS:Nr2f5 (OE) transgenic samples relative to the sox10.Gal4VP16
control, with the reciprocal presented in Table 1 for ratios < 1. Genes for which the OE/
control ratio was = 1 and the OE/mutant ratio > 2 were classified as ‘Nr2f-activated’, and
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genes with a mutant/control ratio = 1 and an OE/mutant ratio < —2 were deemed ‘Nr2f-
inhibited’.

For hierarchical clustering, we included fold-change values relative to controls for the 350
arch-enriched genes in ednl mutants and /Asp70/:Gal4; UAS:Edn1 transgenics, calculated
from published TPM values (GEO Accession No. GSE95812) (Askary et al., 2017). Log-
transformed fold-change values were submitted to Gene Cluster v.3.0 (de Hoon et al., 2004)
for hierarchical clustering with the average linkage method and visualized in Java TreeView
v.1.1.6r4 (Saldanha, 2004).

Scoring of Meckel’s cartilage rescue and analysis of cell death and
proliferation—The degree of lower jaw rescue in nr2f; ednl mutants was scored as 1
(typical edni mutant) through 5 (typical wild-type) (see Fig. S5). We summed these scores
across individuals with the same number of mutant Nr2f alleles, which ranged from 0-6. For
example, individuals with the genotype nr2f1b*~; nr2f2~~; nr2f5~~ were grouped with
nr2f1b™=; nr2f2*; nr2f5~ and nr2f1b™"; nr2f2”~; nr2f5* individuals, all of which
carried 5 mutant Nr2f alleles. Chi-squared analysis was performed in Excel to analyze the
distribution of scores across genotypes, with p < 0.01 considered significant.

The numbers of dying (ApopTag+) and proliferating (pHH3+) cells in the first two arches
were compared between control and sox10-Gal4VP16; UAS.Nr2f5 embryos using the non-
parametric Mann Whitney U test, with p < 0.05 taken as marginally significant.

DATA AND SOFTWARE AVAILABILITY

Raw RNAseq files are accessible through NCBI’s Gene Expression Omnibus Series,
Accession No. GSE101719. Filtered TPM and fold-change values for all arch-enriched
genes are provided in Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The upper jaw transforms into a lower jaw-like structure in Nr2f mutant
zebrafish

Nr2fs globally inhibit lower jaw gene expression in upper jaw precursors
Reducing Nr2f dosage fully rescues lower jaw defects in endothelinl mutants

Nr2fs drive jaw asymmetry by limiting cartilage differentiation in the upper
jaw
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Fig. 1. Enrichment of Nr2f genes in the maxillary domain
(A) The pterygoid process (Ptp) of the larval upper jaw derives from cells in the maxillary

prominence (green), whereas the body of the palatoquadrate cartilage (Pq) derives from a
large dix5a+ precartilaginous condensation (magenta) that also gives rise to the lower jaw
Meckel’s cartilage (M). (B) dix5a.GFP staining (magenta) in the body of the Pq but not the
Ptp (asterisk) confirms their distinct origins. Chondrocytes are labeled by soxZ0.DsRed
(green). (C) Double fluorescent in situ hybridizations for four Nr2f genes (magenta) at 24
hpf, with dix2a (green) marking arch NCCs. Dashed lines represent arch boundaries; white
arrows indicate maxillary expression. Images are representative maximum intensity
projections. Also see Fig. S1 for quantitative expression data and Table S3 for in situ probe
information. (D) Nr2f expression (magenta) is largely excluded from nascent sox9a+
prechondrocytes (green) at 36 and 48 hpf. Dashed lines reflect approximate arch boundaries.
Top images are single z-slices; bottom images are maximum intensity projections. (E)
Summed Nr2f expression domains in the first and second arches and relative to developing
cartilage elements. (F) dlx5a co-localizes with sox9a expression (single z-slice). (G) Co-
staining shows a sharp boundary between maxillary nr2f2and mandibular d/x5a expression
(maximum intensity projection). Scale bars = 20 pum.
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Fig. 2. Transformation of the upper jaw in Nr2f mutants
(A-C) Larval heads stained for cartilage (Alcian blue) and bone (Alizarin red). Boxed area

in A represents the approximate region of the dissected upper and lower jaw cartilages in A
‘—C’. In mutants (B’—C"), the pterygoid process (Ptp, green in A”) of the palatoquadrate
(Pq) is thickened (black arrows) to resemble Meckel’s (M, magenta in A”). Skeletal
structures derived from the dorsal hyoid arch are reduced in the triple mutant (magenta
arrow in C). (D) Frequency of the thickened Ptp phenotype across different nr2fib; nr2r2;
nr2r5 genotypes. (E) Some nr2f2; nr2f5 mutants form an ectopic process (ra*) that
resembles the retroarticular process (ra) of Meckel’s. (F) Fluorescent in situs show
expansion of sox9a expression into the mutant maxillary prominence (white arrow; dix2a
labels all arch NCCs). (G) Formation of a larger cartilage (soxZ0.DsRed+, magenta) in the
mutant is accompanied by a reduction in the number of Sp7+ osteoblasts (green) in the
neighboring dermal entopterygoid bone (en; white double arrowhead). Mutants have normal
numbers of Sp7+ osteoblasts in the lower jaw dentary bone (den). (H) soxZ0+ NCCs are
specified at the neural plate border in all Nr2f mutants (n = 18 nr2f1a®"V, nr2f1°";
nr2f27=; nr2f57=; n = 2 quadruple). The nr2f2; nr2f5 double mutant shown is also nr2fla
*=: nr2f1b™~. (1) Three streams of Sox10+ NCCs (white arrows) are evident in all mutant
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combinations (n = 13 nr2f1a; nr2f1P"Y,; nr2f2~~; nr2f5") except the quadruple mutant
(n = 1). Sox10+ otic cells (yellow double arrow) are indicated for reference. Scale bars: C, E
=100 pm; F-I =50 um. Also see Fig. S2 and Table S4 for mutation details and skeletal
phenotypes of single and other combinatorial mutants.
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(A-G) Alcian blue and Alizarin red staining of dissected facial skeletons shown from the
ventral perspective. The upper jaw (Ptp, green in A’—C”) remains, but the lower jaw (M,
magenta in A”) is reduced and transformed (black arrows) in sox10:Gal4\/P16;
UAS:Nr2f5¢1662 transgenic fish (B), similar to ednz mutants (C). Putative transformations
are schematized in A’—C’. Late-onset /72f5 misexpression in chondrocytes
(colZala:Gal4VP16) did not affect the facial skeleton (D). Misexpression in post-migratory
mandibular NCCs (hand2:Gal4V/P16) reduced the distal tips of Meckel’s (black arrow, E).

Heat-shock-induced embryo-wide misexpression (Asp70l-Gal4) reduced the lower jaw

(black arrow) when applied at 15-17 (F) but not 19-21 hpf (G). (H) Approximate timing of

Nr2f5 protein overexpression (OE) in the different driver lines, with the approximate
window of sufficiency indicated in magenta. Scale bar = 50 um. Also see Fig. S3 for

additional analyses of the sox10:Gal4VP16; UAS.Nr2f5 phenotype.
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Fig. 4. Nr2f2/5 broadly inhibit mandibular gene expression
(A) Venn diagrams depicting the overlap between genes inhibited and activated by Nr2fs and

Ednl. (B) Hierarchical clustering of log, fold-change values relative to controls for 350
arch-enriched genes in nr2f2; nr2f5 mutants, sox10.Gal4VP16; UAS:Nr2f5 transgenics
(Nr2f5 OE), edn1 mutants, and Asp70I:Gal4; UAS:Edn1 (Ednl OE) transgenics. Reference
data are from Askary et al. (2017). See Table S1 for TPM values of all arch-enriched genes.
(C-D) Fluorescent in situs for dysregulated genes (magenta) relative to all arch NCCs (d/x2a
+, green) in nr2f2; nr2f5 mutants (nr2f1b genotype indicated) and sox10:Gal4VP16;
UAS:Nr2f5 transgenics at 24 (C) or 36 hpf (D). Arrowheads indicate ectopic maxillary
expression. Images are representative maximum intensity projections. Scale bars = 20 pm.
(E) Schematized shifts in arch gene expression territories. See Fig. S4 for expression
patterns of non-mandibular genes.
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hsp70l:Gal4;

control edn1 mutant UAS:Edn1

A control nr2f2; nr2f5 mutant  C
20 hpf 1pmut

Fig. 5. Ednl inhibits Nr2f expression in the mandibular prominence
(A) ednlis expressed comparably in the ventral ectoderm of wild-type controls and mutants

at 20 hpf (arrowheads) and 30 hpf (magenta). (B) Expression of the Edn1 receptors is
reduced (ednraa) or largely unaffected (ednrab) in Nr2f mutants. Arch NCCs are labeled
with dx2a (green), and nr2f1b genotypes are indicated. (C) In ean mutants, expression of
all four Nr2f genes (magenta) ectopically increases to varying degrees in the mandibular
domain (white arrows). Misexpression of edn? induced by a heat shock of Asp70l:Gal4;
UAS:Edn1 embryos from 20-24 hpf reduced Nr2f expression throughout the arches. Images
are maximum intensity projections. Merged images with dlx2aarch NCC staining are
presented in Fig. S5. Scale bars: A (top panel) = 100 um; A (bottom panel), B, C =20 um.
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Fig. 6. Reducing Nr2f gene dosage can fully rescue the lower jaw in edn1 mutants
(A-E) Facial skeletons of fish carrying n72fand/or ean mutations, schematized in A’-E’.

Whereas nr2f2; nr2f5 mutants have a thickened upper jaw (double arrowhead), ednl mutants
have a much reduced lower jaw. Reducing Nr2f alleles in ednZ mutants can rescue the jaw
joint (black arrows in D, E) and Meckel’s cartilage (compare C to D—E). The upper jaw is
still enlarged in nr2f2; nr2f5; ednl combinatorial mutants (double arrowhead). M, Meckel’s
cartilage; Ptp, pterygoid process; jj, jaw joint. Scale bar in E = 50 um. (F, G) Quantification
of jaw joint and Meckel’s rescue across different summed n72f; eanl genotypes. One or both
jaw joints were rescued in 12/106 mutants lacking 3—6 Nr2f alleles. See Fig. S6 for
Meckel’s scoring system. n = 16, 29, 30, 53, 42, 10, and 2 for ednI mutants with 0—-6 mutant
Nr2f alleles, respectively. Error bars are the standard error of the mean. Scores in G were
non-evenly distributed across genotype classes (p < 0.0001, Chi-squared). (H-J) d/x5a,
dix6a, and hand2 (magenta) are expanded in n72f2; nr2f5 mutants (white arrowheads),
reduced in ean mutants, and restored in the first arch of nr2f5; ean1 mutants (nr2f1b/nr2f2
genotypes indicated). Some ectopic expansion into maxillary cells was still evident in the
combinatorial mutants (white arrowheads), yet second arch expression was not restored
(double arrowheads). di/x2a (green) labels arch NCCs, and dashed lines in J indicate arch
boundaries. (K) Ectopic ventral expression of jagZb (magenta) and prrx1b (green) in ednl
mutants (white arrows) is reversed in the mandibular (asterisk) but not hyoid (double
arrowheads) domains of nr2f1b; nr2f2; nr2f5; edni mutants. White outlines depict the first
endodermal pouch. Scale bars in E = 50 pm; H-K = 20 um.
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