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Abstract

Both Frasl and Itga8 connect mesenchymal cells to epithelia by way of an extracellular ‘Fraser
protein complex’ that functions in signaling and adhesion; these proteins are vital to the
development of several vertebrate organs. We previously found that zebrafish frasz mutants have
craniofacial defects, specifically, shortened symplectic cartilages and cartilage fusions that spare
joint elements. During a forward mutagenesis screen, we identified a new zebrafish mutation,
b1161, that we show here disrupts 7tga8, as confirmed using CRISPR-generated /tga8alleles. fras1
and /stga8single mutants and double mutants have similar craniofacial phenotypes, a result
expected if loss of either gene disrupts function of the Fraser protein complex. Unlike fras
mutants or other Fraser-related mutants, /izga8 mutants do not show blistered tail fins. Thus, the
function of the Fraser complex differs in the craniofacial skeleton and the tail fin. Focusing on the
face, we find that /zga8 mutants consistently show defective outpocketing of a late-forming portion
of the first pharyngeal pouch, and variably express skeletal defects, matching previously
characterized frasZ mutant phenotypes. In jfga8and frasl mutants, skeletal severity varies
markedly between sides, indicating that both mutants have increased developmental instability.
Whereas fras1 is expressed in epithelia, we show that /fga8is expressed complementarily in facial
mesenchyme. Paired with the observed phenotypic similarity, this expression indicates that the
genes function in epithelial-mesenchymal interactions. Similar interactions between Fras1 and
Itga8 have previously been found in mouse kidney, where these genes both regulate Nephronectin
(Npnt) protein abundance. We find that zebrafish facial tissues express both npntand the Fraser
gene fibrillin2b (fbn2b), but their transcript levels do not depend on frasI or jtga& function. Using
a revertible fras1 allele, we find that the critical window for frasZ function in the craniofacial
skeleton is between 1.5 and 3 days post fertilization, which coincides with the onset of frasi-
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dependent and /tga&-dependent morphogenesis. We propose a model wherein Frasl and Itga8
interact during late pharyngeal pouch morphogenesis to sculpt pharyngeal arches through
epithelial-mesenchymal interactions, thereby stabilizing the developing craniofacial skeleton.

Introduction

Epithelia are comprised of cohesive planar sheets of cells, whereas mesenchyme is
comprised of loosely associated cells embedded in abundant matrix; interactions between
these two tissue types are critical to animal development. The epithelially-expressed gene
Fras1 (Gautier et al., 2008; McGregor et al., 2003; Vrontou et al., 2003) and the
mesenchymally-expressed gene /ntegrin alpha8 (/tga8) (Benjamin et al., 2009; Schnapp et
al., 1995a) are each thought to mediate epithelial-mesenchymal interactions (Smyth and
Scambler, 2005). Mammalian Itga8 is a transmembrane protein involved in cell adhesion
(Schnapp et al., 1995b) and signaling (Linton et al., 2007; Pitera et al., 2012). Mature Frasl
protein is secreted into the extracellular matrix, where it also has been implicated in cell
adhesion and signaling (Carney et al., 2010; McGregor et al., 2003; Vrontou et al., 2003).
Both Frasiand /tga8 single mutant mice exhibit similar severe epithelial-mesenchymal
adhesion defects (Benjamin et al., 2009; Petrou, 2005), kidney agenesis (Mller et al., 1997;
Pitera et al., 2008; Vrontou et al., 2003) and lung defects (Benjamin et al., 2009; Petrou,
2005); suggesting a connection between these two genes (McGregor et al., 2003; Pitera et
al., 2008). Furthermore, adhesion assays in cell culture reveal that mammalian Itga8 binds to
Frem1, which functions in the core “Fraser protein complex’ (FPC) (Kiyozumi et al., 2006,
2005). The FPC is a ternary structure made of three enormous proteins, Frasl and Fras-
Related ECM (Frem) proteins Frem1 and Frem2 (Carney et al., 2010; Kiyozumi et al., 2006;
Pavlakis et al., 2011). The FPC is found in the sub-lamina densa (Dalezios et al., 2007) of
the epithelial basal lamina (Carney et al., 2010; Kiyozumi et al., 2006), which is the portion
of the basal lamina directly apposed to embryonic mesenchyme. Other proteins associate
with the core FPC, for example normal FPC function may sometimes require 7ga8. In cell
culture, Itga8 binds directly to the Arg-Gly-Asp (RGD)-containing domain of Frem1, and
RGD-binding is necessary for Frem1-mediated cell adhesion (Kiyozumi et al., 2005).
However the Frem1 RGD domain is dispensable for mouse kidney, skin, and limb
development (Kiyozumi et al., 2012). In mouse kidneys, Itga8 also binds directly to the
RGD domain of Nephronectin (Npnt), another ECM glycoprotein (Brandenberger, 2001;
Sato et al., 2009); Npnt binds to Frem1 (Kiyozumi et al., 2012), and Ajpntis itself required
for kidney formation (Linton et al., 2007), suggesting that Npnt may help to link 1tga8 with
the FPC. However, it was unclear from previous work how important Itga8 is to FPC-
mediated epithelial mesenchymal interactions, and which tissues require Itga8-FPC
interaction.

Defective interactions between epithelia and mesenchyme underlie many diseases, including
Fraser syndrome and related diseases (Smyth and Scambler, 2005). Fraser syndrome is a
human congenital disorder that affects many tissues including skin, kidneys, lungs, and
craniofacial structures. Symptomatic severity varies between Fraser syndrome patients, and
can even vary between the left and right sides of individual patients. The causes of Fraser
syndrome variability are not yet fully understood, but variation is likely influenced by
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genetics, environment, and stochastic effects on development (Slavotinek et al., 2006; Talbot
et al., 2012). Mutations in any of several genes cause Fraser syndrome or related Fraser-
spectrum diseases. For example, truncating lesions in human FRASI (McGregor et al.,
2003; Slavotinek et al., 2006; van Haelst et al., 2008), FREMZ (Shafeghati et al., 2008), and
GRIP1 (Schanze et al., 2014; Vogel et al., 2012) each cause Fraser syndrome. Although
several Fraser genes have been identified, lesions in these genes do not explain every case of
Fraser syndrome, indicating that more Fraser-genes await discovery (van Haelst et al., 2008).
Additionally, mutations in FREM!I can cause less severe Fraser-spectrum diseases (Alazami
et al., 2009; Nathanson et al., 2013; Slavotinek et al., 2011). Hypomorphic lesions in
FRASI, FREM1, and other Fraser-genes also cause less-severe Fraser-spectrum diseases,
including ‘isolated congenital anomalies of kidney and urinary tract’ (CAKUT) (Kohl et al.,
2014). Recently, a homozygous /TGA8 lesion was identified in one CAKUT patient,
implicating /TGA&in this Fraser-spectrum disease (Kohl et al., 2014). Similarly, kidney
formation is severely disrupted in mouse /fga8 mutants (Miller et al., 1997), and in mutants
for several FPC components (Jadeja et al., 2005; Smyth et al., 2004; Vrontou et al., 2003). In
addition to mouse models, human Fraser syndrome has been modeled using zebrafish; in
zebrafish, frasis vital to normal tail epithelial adhesion (Carney et al., 2010) and
craniofacial development (Talbot et al., 2012). Prior to our current study, Itga8 function had
not been investigated in zebrafish, and had not been implicated in craniofacial development
in any organism.

In this study, we find that /fga8is necessary for normal craniofacial development in
zebrafish, and that the faces of /fga8 mutants closely phenocopy frasZ mutants, suggesting
that the two genes function similarly, perhaps through interactions via the FPC. This
inference is supported by our observation that frasi,/tga8 double mutants have faces similar
to the two single mutants. In contrast, /ifga8 appears to be dispensable for tail epithelial
morphology, indicating that frasZ and 7tga8 are only co-required in some tissue contexts. In
pharyngeal arches, we find /fga8 MRNA expression in mesenchyme adjacent to epithelial
fras1 expression, suggesting that I1tga8 and the FPC may interact at epithelial-mesenchymal
boundaries in the face. Itga8 may interact with the FPC through several mechanisms, such as
protein-protein adhesion, the proteins regulating one another, and/or co-regulating
downstream targets; some of these mechanisms have been confirmed previously in mouse
kidneys (Kiyozumi et al., 2012; Pitera et al., 2008). However, a survey of several candidate
genes expressed during zebrafish facial development revealed no evidence for signal
transduction downstream of frasz or ifga8, instead, adhesive interactions between the two
proteins may be of particular importance. We previously found that frasZ is required for a
late forming portion of the first endodermal pouch, termed late-p1 (Talbot et al., 2012). Here
we find that, like frasi, itga8is also required for late-p1 formation. The /fga8 defects in
skeleton and epithelia begin to appear during the period of late-p1 formation; we
demonstrate, using a conditional allele, that frasZ function is specifically required during this
time period. We propose a model that 1tga8 interacts with the FPC at the boundary between
pharyngeal epithelia and mesenchyme; this interaction occurs during late-p1 morphogenesis,
and sculpts both pharyngeal endoderm and the mesenchymally derived skeleton.
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Materials and Methods

Fish maintenance, husbandry, strains, and genotyping

Fish were raised as described (Kimmel et al., 1995; Westerfield, 2007). Mutant lines were
maintained on the AB background. The following lines have been previously described:
S0x9a7°8119 (hereafter: sox9a:EGFP) (Bonkowsky and Chien, 2005; Eames et al., 2013),
T9(hsp701:Cre)?93 (Feng et al., 2007), fras1%¢262d (Carney et al., 2010), and fras1m0L56Gt
(Clark et al., 2011). We identified frasz02948 mutants using previously identified fully
penetrant tail fin blisters, or previously described PCR genotyping protocols (Carney et al.,
2010). A screen of N-ethyl-N-nitrosourea (ENU) mutagenized Alcian blue and Alizarin red
stained gynogenetic embryos (Beattie et al., 1999) identified 67161 mutants. Molecular
cloning of the 61161 lesion (Fig. 1B) is described below. The PCR primers itga8IDF
(CCCAGTTACATAACAAAGGTCCGAG) and itga8IDR
(TAAGCCCAGTCAAGTTTTTGCC) produce a 510 bp band in wild type, a 431 bp band in
b1161 mutants, and both sizes in heterozygous fish.

CRISPR mutagenesis of itga8

The CRISPR target sequence (AAAGCGAACACCTCTCAGCC) was cloned into plasmid
pDR274 (Hwang et al., 2013). Mutagenesis, mutant recovery, and subsequent outcrosses
were performed as described (Talbot and Amacher, 2014). Mutants were initially identified
by high resolution melt analysis (HRMA) (Dahlem et al., 2012), after PCR amplification
using primers itga8 HRM_F (AGCATGTCGGTGTTGGTTG) and itga8 HRM_R
(AGGAGTCTGGGTCTGATGC). /tgas®?6 and itgas®?’ lesions (Fig. 1C) were identified
using sequencing primers itga8_Seq_F (AGCACCACCAATATGGACCAAC) and
itga8_Seq R (GGAATTTATGCAGCCGAGTCTG). Both the oz6and o0z7 lesions destroy a
Ddel (NEB R0175S) restriction enzyme site found in the wild-type allele, so in subsequent
generations 7fga8 CRISPR mutations were genotyped by amplifying templates with
itga8_Seq_F/itga8_Seq_R primers and then digesting the PCR products with Ddel.

Conditional induction of fras1

Animals heterozygous for the fras1/¢262 gllele, which also carried a single copy of the heat-
shock inducible Cretransgene Tg(hsp70l:Cre)??3 \were pair-wise crossed to animals
heterozygous for the fras1™0156Gt revertible conditional allele (Clark et al., 2011). Heat-
shock treatment (5 minutes at 40°C) at 24, 32, 48 or 72 hours post fertilization (hpf) induced
Cre expression in animals that inherited the transgene; siblings lacking the Cre transgene
served as controls. Animals were raised to 6 days post fertilization (dpf), then fixed and
stained for cartilage and bone. Homozygous fras11€2624/mn0156Gt |aryae were identified by
the fully penetrant tail phenotype and /sp70!:Cre heterozygotes were identified by PCR with
the primers creF (GCGGCATGGTGCAAGTTGAAT) and creR
(CGTTCACCGGCATCAACGTTT). Heat shock, even as early as 24 hpf, did not alter the
tail phenotype (not shown). Several replicates of each reversion time point were scored for
head skeletal phenotypes as described (Talbot et al., 2012) to compare the penetrance of
each phenotype in reverted (Cre+) animals to control (Cre-) animals.
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Tissue labeling

Alcian and Alizarin staining performed as described (https://wiki.zfin.org/x/cwDI) (Walker
and Kimmel, 2007). Skeletal defects were scored and statistically analyzed as described
(Talbot et al., 2012). For antibody labeling and RNA in situ hybridization, melanogenesis
was inhibited by raising embryos in 0.0015% PTU (Westerfield, 2007). RNA in situ
hybridization followed by NBT/BCIP colorimetric labeling was performed as described
(Rodriguez-Mari et al., 2005). Detailed protocols for whole mount fluorescent RNA in situ
hybridization (https://wiki.zfin.org/x/OwHI) (Talbot et al., 2010), fluorescent RNA in situ
hybridization on tissue sections (http://wiki.zfin.org/x/XQBrAQ), and antibody labeling on
tissue sections (https://wiki.zfin.org/x/XACIAQ) (Talbot et al., 2012) are available online.
Epithelia were labeled with Anti-P63 (4A4, SCBT). Epithelial nuclei were labeled with
Anti-P63 (4A4, SCBT). Four antibodies to human ITGA8 (SCBT H-180, T-20, S-16, Sigma-
Aldrich HPA003432) failed to show specific expression patterns when tested on zebrafish.
To generate RNA probes for fbnZa, fon2b, gdnfa, grip1, grip2b, itga8, and npnt transcripts,
cDNA fragments were amplified using primer pairs shown in Table S1. Probes covering
separate regions of the /fga8transcript reveal similar expression patterns (not shown). The
resulting PCR fragments were cloned into pCR4-TOPO (Invitrogen), and clones from these
fragments were used as templates to generate RNA probes. Other mMRNA probes used were
colZal (Yan et al., 1995), dix2a (Akimenko et al., 1994), and fras1 (Carney et al., 2010).
Images were processed with LSM, Volocity, ImageJ, and Metamorph software packages.

Quantification of phenotypic variation

Results

Quantification of skeletal fusions, endoderm-ectoderm distances, and symplectic lengths
were performed and statistically analyzed as previously described (Talbot et al., 2012). The
present study includes previously reported wild type and frasZ mutant data that were
collected at the same time as data for the /fga8 mutant and published separately (Talbot et
al., 2012). We reproduce these data here for the convenience of the reader, with permission
from the Company of Biologists. The specific items are wild type and frasZ data shown in
Fig. 3D-E, wild type and fras1 data shown in Fig. 6E, and frasZ mutant data shown in Fig.
7A.

itga8 lesions cause facial skeletal defects

In a forward genetic screen for zebrafish craniofacial mutants we identified a mutant, 62161,
showing specific cartilage defects that vary in severity from fish to fish (Fig. 1A, B). The
b1161 facial cartilage defects are very similar to defects caused by frasZ mutation,
suggesting that 67261 might either disrupt frasZ, or a gene of similar function. Although
facial defects are similar to frasZ mutants (Table 1), 62161 complements fras1?104 (Table
2), eliminating the former possibility. Bulked segregant analysis using RAD-tagged SNPs
(Floragenex) placed 61161 on a 10 Mb region of linkage group 16, a location later refined
using traditional Z markers to a 4 Mb interval (Fig. 1C); this interval contains dozens of
genes centered around Jfga8 (Fig. 1C), which is itself an excellent candidate. We sequenced
itga8 genomic DNA and cDNA and found that both jzga8?16 cDNA and jtgagb1161
genomic DNA contains a large indel in exon 25 that is never detected in wild-type siblings
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(Fig. 1D). To confirm that the 562161 lesion was indeed due to disruption of /fga8, we used
CRISPR-induced mutagenesis to generate two additional /fga8alleles (0z6 and oz7, Fig.
1E). Whereas the 61161 lesion frame-shifts the Itga8 protein midway through the integrin
alpha domain, 7fga8°Z6 and itga8°?” both terminate the protein much earlier (Fig. 1F).
Complementation tests between the 67761 ENU allele and the CRISPR-induced /fga8alleles
confirm that the facial phenotypes in 61161 are caused by 7fga8 mutation (Table 1).
Additionally, when homozygous, all three alleles show similar levels of overall phenotypic
severity (Table 1), indicating that all three alleles cause equivalently severe loss of function.
Homozygous Jtga8??161 mutants sometimes survive to adulthood and are fertile, producing
offspring that lack both maternal and zygotic gene function; these ‘maternal-zygotic’
embryos show penetrance indistinguishable from the offspring of heterozygous parents
(Table 1), indicating that /zga8 mutant phenotypic variation is not caused by maternally-
deposited wild-type transcripts or protein. Hence, we conclude that severe zygotic loss of
ftga8 function results in variable craniofacial skeletal defects.

Facial skeleton morphology suggests that itga8 and frasl are co-required for craniofacial
development

Craniofacial phenotypic similarities between fras1 and Jitga8 mutants suggest that these two
genes may be required for similar processes. For instance, both frasZ and Jjfga8 mutants
display the same three cartilage defects — short symplectic, symplectic-ceratohyal fusion,
and Meckel's-palatoquadrate fusion (Table 1, Fig. 2). For mutants in both genes, cartilage
fusions characteristically spare joint elements (retroarticular process and interhyal cartilage;
Fig. 2). To test the genetic relationship between frasZ and 7tga8, we constructed

fras101048 -jtgaghl161 double mutants, and found that the double mutants have skeletal
phenotypes similar to those of single mutants (Fig. 2A-E). In fras and jtga8single and
double mutants, each skeletal defect shows partial penetrance (Table 2). Penetrance of the
three cartilage defects are significantly higher in frasZ mutants compared to /fga8 mutants
(Tables 2, S2), and although the double mutant has higher penetrance than frasZ for some
defects, these differences are not statistically significant (Tables 2, S2). In contrast to their
craniofacial similarities, frasZ and /fga8 mutant phenotypes differ in the tail; ifga8?116Z
mutants, as well as itga8°?6 and jtga8°?” mutants, have wild-type tail fin morphology
whereas fras1 mutants and all other Fraser mutants found to date have blistered fins (Carney
et al., 2010) (compare Fig. 2F, G with Fig. 2H, I; data not shown). The phenotypic
differences between head and tail indicate that /zga8 function is essential in some, but not all,
tissues that also require frasI function. Because all aspects of facial skeletal defects in the
double mutant are comparable to either single mutant, we propose that frasZ and /tga8are
both required for the same steps of craniofacial development, with both genes being
necessary for facial FPC function.

itga8 mutants show fluctuating asymmetry, similar to frasl mutants

In fras1 mutants, skeletal defect severity varies approximately randomly between the left and
right sides of embryos (Talbot et al., 2012). This type of variation, termed “fluctuating
asymmetry’, may result from underlying developmental instability, i.e., the loss of buffering
of stochastic noise (Graham et al., 2010). The hypothesis that loss of either fras1 or itga8
both disrupt FPC function predicts that /zga8and frasZ mutants both might show similar
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levels of phenotypic variation. Just like frasZ mutants, the left and right sides of individual
ftga8 mutant embryos are often asymmetric, differing dramatically in phenotypic severity
(Fig. 3A-C). Rarely, frasI and 7tga8 mutant faces appear almost normal, with only one
skeletal defect found unilaterally; also rarely, in the most severe fish all three defects are
seen bilaterally. Thus, /fga8 mutants exhibit both asymmetry (Fig. 3D, E) and phenotypic
variation (Fig. 3E) indistinguishable from variation in frasZ mutants (Talbot et al., 2012). For
each defect there is a range of severity; for instance, symplectic lengths range continuously
from 40-174 pm, overlapping the wild-type range 128-245 um (Fig. 3E). When individual
cartilages were measured twice, we found that measurement error is small compared to
phenotypic severity (Fig. 3D). Phenotypes are not biased to the left or right sides, ruling out
directional asymmetry (Fig. 3E). When variable phenotypes meet these conditions, the
variation is thought to be caused by developmental instability (Dongen, 2006). These
findings indicate that both frasZ and Jjtga8 mutations reduce buffering of stochastic
developmental variation during facial morphogenesis.

itga8 mMRNA is expressed in pharyngeal arch mesenchyme surrounded by epithelia
expressing frasl mRNA

The phenotypic similarity we discovered between frasI and Jifga8 mutants suggests that the
products of these genes should be concurrently expressed either in the same tissue or in
physically interacting tissues, such as facial epithelia and mesenchyme. Consistent with
previous reports (Carney et al., 2010; Gautier et al., 2008; Talbot et al., 2012; Westcot et al.,
2015), fras1 transcript is prominently expressed in ectoderm and endoderm lining
pharyngeal arches (Fig. 4A, B). At 36 hpf and 72 hpf, izga8 mRNA is expressed in arch
mesenchyme, but not in the ectoderm or endoderm that line the arches (Fig. 4C, D). Because
ftga8and fras1 transcripts show no tissue overlap (Fig. 4A-G), we conclude that /tga8is not
expressed in epithelia. Because /fga8transcript has little overlap with co/Za1 transcript (Fig.
4F, G), a cartilage marker (Yan et al., 1995), we propose that /fga8 likely down-regulates
when mesenchyme differentiates into cartilage. Consistent with previous reports (Carney et
al., 2010; Talbot et al., 2012), Frasl protein is deposited at the basal surface of wild-type
epithelia (Fig. 5D), potentially exposing it to adjacent mesenchyme. These expression
analyses provide strong support for our hypothesis that the FPC interacts with Itga8 at the
interface of pharyngeal arch epithelia and mesenchyme.

fras1l and itga8 do not regulate one another, nor do they regulate npnt or fbn2b

Based on these data, we hypothesized that Frasl and Itga8 shape facial morphology via a
combination of tissue adhesive and/or regulatory interactions dependent upon the FPC, as
has been indicated previously in mouse kidney (Kiyozumi et al., 2012; Pitera et al., 2008).
To test this hypothesis, we first examined whether fras and/or ifga8regulate one another at
the level of transcript expression. In itga8%262 and fras192046 mutants, itga8expression
appears normal (Fig. 5A-C). Additionally, izga8°261 mutants express and localize Frasl
protein normally (Fig. 5D, E), and also express normal fras transcripts (Fig. 5F-K). These
results indicate that frasZ and /fga8 do not regulate one another, at least at the transcript
level. To test whether frasZ and 7tga&regulate shared downstream transcriptional targets, we
examined the expression of several candidate genes identified in previous studies (Carney et
al., 2010; Kiyozumi et al., 2012; Linton et al., 2007; Pitera et al., 2008) including 7bnZ2a,
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nb2b, ganfa, gripl, grip2b, and npnt (Fig. S1). Several candidates (fbn2a, ganfa, grip1, and
grip2b) have little or no expression in pharyngeal regions at 60 or 72 hpf, but two candidates
are prominently expressed during facial development (Fig. S1): fon2b is expressed primarily
in facial mesenchyme, and rpntis expressed in endoderm and adjacent mesenchyme (Fig.
S1, S2). However, expression of fon2b (Fig. 5L-N) and npnt (Fig. 50-Q) appears largely
normal in fras161948 and jtgag?161 mutants. To summarize, we find no evidence that frasZ
and 7tga8regulate one another transcriptionally, nor that /zga8regulates Frasl post-
transcriptionally, nor that fras1 or jtga8 control the transcriptional expression of candidate
targets npntor fon2b.

itga8 is necessary for normal facial endodermal morphology

At the cellular level zebrafish frasZ functions in endoderm to produce late ventral out-
pocketing of pharyngeal pouch-1 (late-p1) during facial development. Outpocketing fails in
fras1 mutants, which in turn appears responsible for the skeletal defects in the mesenchyme
(Talbot et al., 2012). To explain the similarities between frasi and 7tga8 mutant skeletal
defects, we hypothesize that mesenchymally-derived Itga8 is also required for FPC function
during late-p1 formation. In support, every 7fga8 mutant examined showed late-p1 defects,
indicated by an increased distance between endoderm and ectoderm at 72 hpf, and the
severity of jzga8?2261 mutant late-p1 defects (Fig. 6) is indistinguishable from late-p1 defects
found in fras121046 mutants (Talbot et al., 2012). In both mutants, the pouch phenotype is
fully penetrant, in contrast to the partially penetrant cartilage phenotypes. Serial sections of
ftga8 mutants confirm that the defect spans the entirety of late-p1 (Movie 1). Similar to
skeletal defects, severity of late-p1 defects do not appear enhanced in fras101048 -jtgagbl161
double mutants when compared to the two single mutants (Fig. 6A-D). Although the late-p1
defect in mutants is both penetrant and severe, the degree of late-p1 severity does vary
among individuals, as we could examine quantitatively in single mutants (Fig. 6E). Thus,
our data show that like frasi, itga8is essential for generating a discrete epithelial structure,
late-p1, in the zebrafish face.

itga8 mutant endodermal and skeletal phenotypes arise concurrently with frasl
phenotypes

Interestingly, the late-p1 variation just described does not predict the severity of skeletal
defect (short Sy) when both were measured on the same sides of individual fish at 72 hpf
(Fig. 6E). Again, ifga8”1161 mutants and fras1?20% mutants are similar to one another in this
respect. Given the overall similarity between frasZ and jtga8 mutant phenotypes, we
reasoned that defects might arise concurrently in the two mutants. In frasZ mutants,
craniofacial defects become apparent between 36 and 72 hpf (Talbot et al., 2012), during a
period of dramatic craniofacial morphogenesis that includes both endodermal outpocketing
and skeletal morphogenesis. Indeed, as in frasZ mutants, we find that /fga8 mutant facial
morphology looks normal at 36 hpf, but is overtly abnormal by 72 hpf (Fig. 7A). These
matching temporal correlations add further support to the hypothesis that both mutants are
disrupting the same underlying process, that we suppose to be the functioning of the FPC in
late-p1 morphogenesis.
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The critical period for frasl function is during late-p1 outpocketing

Craniofacial phenotypes in /itga8°2261 and fras121946 mutants begin to diverge from wild-
type during the time-window of late-p1 morphogenesis, perhaps suggesting that they are
required during this morphogenesis. However, knowing the time of phenotypic onset does
not necessarily reveal when fras and jtga8are required — for some genes, earlier
misfunctioning can sometimes result in a later mutant phenotype. To directly test when fras
is required for facial mutagenesis, that is, the “critical period’ for gene function, we used a
recently described, Cre-revertable fras1 allele (mn0156Gi) (Clark et al., 2011). The gene-
trapped (mutant) allelic form contains an exon that terminates f7asZ transcript prematurely.
When Cre recombinase is expressed, the gene trap cassette is excised, restoring wild-type
function (Fig. 7B). Heat shock induction of Cre fully rescues craniofacial phenotypes in
fras1mnO156Gt mytants only when heat shock is applied at or before 32 hpf (Fig. 7C-E). In
contrast, reversion of frasZ to wild type at 72 hpf or later yields skeletal defects
indistinguishable from other mutant alleles (Fig. 7C-E). At 48 hpf, part way through late-p1
development (Talbot et al., 2012), frasz reversion provides an intermediate level of rescue
(Fig. 7C-E). The same trend was found for all three frasZ mutant skeletal phenotypes,
suggesting that a common underlying defect causes all three phenotypes. To ascertain
whether late p1 was also restored, we examined whole-mounted animals with differential
interference contrast (DIC) optics and found a nearly perfect correlation between reversion
of the skeletal defects and reversion of pouch outpocketing in the Cre-expressing (N=31/32)
and Cre-nonexpressing (N=20/20) heat-shocked animals (examples and quantitation in
Figure S3). These experiments support the hypothesis that frasZ sculpts wild-type late-p1
and skeleton when late-p1 is outpocketing — the time when endodermal and skeletal
phenotypes first appear in frasi and /tga8 mutants.

Discussion

itga8 and fras1 facilitate epithelial-mesenchymal interactions during facial development

Epithelial-mesenchymal interaction defects underlie some mammalian FrasZ mutant
phenotypes (Smyth and Scambler, 2005). Here, we show that zebrafish /fga8 mutants have
craniofacial defects that strongly resemble frasZ mutants. Although frasZ and jtga8 appear to
function in different tissues, fras1,7tga8 double mutants closely resemble the two single
mutants. Since both mutations affect epithelial tissues (late-p1) and mesenchyme-derived
tissues (cartilage), we infer that the two genes facilitate epithelial-mesenchymal interactions
during craniofacial development. Our favorite physical model to explain these epithelial-
mesenchymal interactions (Fig 8A) comes primarily from studies in mouse. In this model
Frasl and Itga8 proteins function in the ECM (Kiyozumi et al., 2006; Pavlakis et al., 2011),
and Itga8 interacts with Frasl by binding to the FPC core protein Frem1 (Kiyozumi et al.,
2005) or other FPC-associated proteins like Npnt (Kiyozumi et al., 2012). We suspect that
Itga8 interacts with the core FPC proteins, rather than being itself part of this core complex
because, unlike core FPC components (Kiyozumi et al., 2006), /fga8is not essential for
Frasl localization. This model suggests a number of studies, biochemical or molecular in
nature, that could provide direct evidence relevant to this issue. The present study reveals
how important interaction is to the function of both genes. fras and itga8 single mutants
show similar severe skeletal and endodermal phenotypes that share similar time of
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phenotype onset and similar phenotypic variation; these striking similarities suggest that
most of Frasl and Itga8 function is mediated by their interactions (indirectly at the
molecular level, via the FPC). Consistent with that idea, double mutant embryos have
phenotypes similar to both single mutants. However, the higher defect penetrance we
observe in frasI mutants, compared to jfga8 mutants, may suggest that Frasl protein
accomplishes a small portion of its function independently of 1tga8 protein. Together, our
findings suggest that interactions between frasZ and 7tga8 products are vital to epithelial-
mesenchymal interactions that sculpt zebrafish facial morphology.

Interaction between Frasl1 and Itga8 may utilize a combination of tissue adhesion and

signaling

Both Frasl and Itga8 are known to mediate cell adhesion and cell signaling (Short et al.,
2007; Zargham, 2010). For instance, cultured /fga8 mutant cells from mouse lung and
kidney are less adhesive and more migratory than wild-type counterparts (Benjamin et al.,
2009; Bieritz et al., 2003; Short et al., 2007). In cell culture, Frem1-Itga8 binding increases
cell adhesion (Kiyozumi et al., 2005), though their interaction may require additional
proteins in vivo (Kiyozumi et al., 2012). In support of a tissue adhesion mechanism,
adhesive defects could explain the observed epithelial (Fig. 8A-C) and skeletal (Talbot et al.,
2012) defects found in zebrafish fras1 and /tga8 mutants. Nonetheless, signaling functions
may be key to understanding Frasl and Itga8 activity. For instance, during mammalian
kidney development, /fga8and Frasl are both necessary to activate transcription of Ganf
mRNA (Linton et al., 2007; Pitera et al., 2008). Gdnf protein in turn activates Fgf signaling,
and fittingly, kidney development is rescued in both /fga8and Fras1 mutants when the Fgf
inhibitor Sprouty1 is also mutated (Linton et al., 2007; Pitera et al., 2012). During zebrafish
craniofacial development Fgfs are essential for endodermal and skeletal morphogenesis
(Crump, 2004; David et al., 2002; Larbuisson et al., 2013; Walshe and Mason, 2003), though
phenotypes caused by Fgf loss do not resemble frasZ or itga8 mutant phenotypes. Although
we did not detect ganfa expression in any zebrafish craniofacial tissue, it is possible that
Fras1 or Itga8 stimulate Fgf activity or another signaling activity, via a different mediator,
during craniofacial development.

fras1l-itga8 mediated epithelial-mesenchymal interactions sculpt craniofacial morphology

We propose that during zebrafish facial development, Fras1 and Itga8 help bind pharyngeal
arch epithelia to arch mesenchyme, thereby generating late-p1 (Fig. 8B, C). We propose that
ftga&-expressing arch mesenchyme, when situated between two frasZ-expressing epithelial
sheets, draws them together (Fig. 8B) during late-p1 development (Fig. 8C). Consistent with
this idea, we observe the strongest /fga8 transcript expression in undifferentiated arch
mesenchyme, and expression subsequently decreases as the tissue differentiates into
skeleton. Since both mesenchyme and perichondrium contact the endoderm, Itga8 could
mediate adhesion between either tissue and Frasl1-expressing epithelia to drive late-p1
formation (Fig. 8C). We previously proposed that late-p1 defects account for the skeletal
defects observed in frasZ mutants (Talbot et al., 2012); it follows that late-p1 defects also
account for /fga8 mutant skeletal defects. There are many precedents for our claim that
endoderm influences skeletal morphogenesis; for example, in zebrafish 7fga5 mutants, loss
of an early-forming portion of endodermal pouch 1 causes hyomandibular cartilage defects
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(Crump et al., 2004). Thus, while not ruling out the possibility of signaling functions, a
simple adhesive model for Itga8 and Frasl function can explain both skeletal and epithelial
defects in frasZ and itga8single and double mutants.

Variable facial phenotypes may be explained by late-p1 defects

In both jtga8and fras1 mutants, skeletal phenotypes are highly variable. We previously
argued that strong loss of fras function leads to variable phenotypes, because fras mutants
lose the developmental buffering provided by late-p1 (Talbot et al., 2012). Here, we bolster
this argument by demonstrating that phenotypes are also variable in /fga8 mutants, which
lack the mesenchymal portion of the proposed Fras1/Itga8 containing complex. frasZ and
ftga8 are each required for late-p1 formation, though the degree of late-p1 phenotypic
severity varies among mutant individuals. We know the presence of late-p1 is not absolutely
required for seemingly normal cartilage morphology because the severities of particular
phenotypes (e.g. symplectic cartilage length) can be mild or undetected in individual frasz or
ftga8 mutants, which consistently display severe late-p1 defects. Therefore, we propose that
the presence of the well-formed pouch stabilizes, or “buffers”, development by providing the
correct environment for reliable skeletal morphogenesis. For instance, wild-type late-p1 may
provide a physical barrier preventing skeletal fusion in wild-type embryos, but in mutants
late-p1 absence allows skeletal elements to move more freely and sometimes fuse (Figure
8C). We investigated other potential sources of variation, but find these to be unlikely
explanations. For example, the degree of skeletal variation is not influenced by maternal
genotype. Phenotypic variation is similar for all three jtga&alleles, including alleles
produced in different AB sub-lines (61161 vs. 0z6, 0z7). Phenotypic variation is likely not
due to hypomorphic residual function because all three jtga8alleles are putative null alleles
that truncate the protein prior to critical domains. Matching what we show for zebrafish,
ITGA8may also be required to stabilize human development; a potentially hypomorphic
human lesion may cause kidney disease, with severity ranging in different individuals from
complete kidney agenesis (severe) to specific defects within kidneys (milder) (Humbert et
al., 2014; Kohl et al., 2014). To our knowledge, the development of pharyngeal pouches has
not yet been critically examined in mammalian Itga8 or Frasl mutants. Perhaps ITGA8
helps sculpt developmental buffers during human development, possibly in the same way
zebrafish 1tga8 helps sculpt late-p1 during craniofacial development.

Fras1 and Itga8 sculpt facial shape during a critical phase of morphogenesis

Early pharyngeal arch development can be divided into two major phases: patterning and
morphogenesis (Fig. 8D). Arch patterning occurs between 20 and 30-36 hpf, when
pharyngeal arch mesenchyme is divided into major domains by signaling and transcription
factors (Alexander et al., 2014; Miller, 2003; Miller et al., 2000; Nichols et al., 2013; Talbot
et al., 2010; Zuniga et al., 2010). During this same phase, early endodermal pouch-1 forms
(Schilling and Kimmel, 1994) and is a rich source of patterning signals (Choe and Crump,
2015). Then, between 30-36 and 72 hpf, pharyngeal arches undergo dramatic morphogenesis
in response to earlier patterning events. During this same period, cartilages acquire their
larval shapes (Knight and Schilling, 2006) and late-p1 forms (Talbot et al., 2012). We find
that restoration of frasI expression fully rescues both skeletal and endodermal development
even when it is restored as late as 32 hpf, indicating that frasZ function is dispensable during
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the early facial patterning phase. However, there is only moderate rescue of craniofacial
development when the frasZ mutation is reverted at 48 hpf, and no rescue at 72 hpf,
indicating that f7asZ” is necessary during the morphogenesis phase of cartilage and late-p1
development. We propose that, although Frasl is expressed prior to craniofacial
morphogenesis, its primary function in pharyngeal endoderm is to directly mold facial
morphology. Similar to fras single mutants (Talbot et al., 2012), /ifga8 mutant defects also
arise between 36 and 72 hpf; we propose that the reason why /fga8 mutant phenotypes arise
concurrently is because during this time period Itga8 protein functions (via the Frasl-
containing FPC), to help drive this morphogenesis.

Frasl1 and Itga8 may mediate epithelial-mesenchymal interactions in several, but not all,

tissues

In this study, we primarily focused on the role of frasZ and /tga&in shaping facial
morphologies, but it is worth contemplating how craniofacial fras? and itga8 functions
compare to their functions in other tissues. I1tga8 does not necessarily interact with Frasl in
all fras1-expressing tissues; for instance we show that /zga8is dispensable for tail fin
development, a process that requires frasZ and all other FPC-related genes investigated to
date (Carney et al., 2010; Richardson et al., 2013). Although the composition of Frasl1-
containing complexes may differ between tissues, the co-requirement of frasZ and /tga8in
the developing zebrafish face mirrors previous proposals that these two genes each mediate
epithelial-mesenchymal interactions leading to mammalian kidney formation (Kiyozumi et
al., 2012; Kohl et al., 2014; McGregor et al., 2003; Pitera et al., 2008). Mutation of mouse
Frasl (Petrou et al., 2005) or Itga8 (Benjamin et al., 2009) also results in similar discrete
lung defects; specifically, both mutations disrupt epithelial-mesenchymal interactions,
leading to fusion of medial and caudal lobes in the right lung. In mouse kidney, Npnt
directly binds to Itga8 with high affinity, and also to Frem1, indicating that Npnt helps link
Itga8 to the FPC (Kiyozumi et al., 2012). Consistent with this connection, zebrafish
endoderm expresses high levels of npntat sites of late-p1 formation. In mouse kidney, both
Fras1and /tga8regulate downstream targets including Npnt protein (Kiyozumi et al., 2012;
Pitera et al., 2008). However, regulation appears to occur post-transcriptionally, because
Npnttranscript levels are normal in mouse FrasI mutants (Kiyozumi et al., 2012). Similarly,
we find that zebrafish npnttranscripts appear normal in fras and 7tga8, though our studies
do not test Npnt regulation at the protein level. Therefore, while Frasl and Itga8 may
facilitate epithelial-mesenchymal interactions only in certain tissues, they may use similar
mechanisms to interact in multiple tissues.

Conclusion

Previous research proposed that Frasl and Itga8 physically interact in an adhesive complex.
We propose that fras1 and itga8are both vital to epithelial-mesenchymal interactions that
sculpt facial morphology when late-p1 forms, during a phase of dramatic skeletal
morphogenesis. A deeper understanding of how these two genes interact in different tissues,
and the relative importance of adhesion versus signaling for their interactions, will provide
further insights into normal embryonic development and Fraser-spectrum diseases.
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Highlights

ftga8is necessary for zebrafish facial endoderm and cartilage
development.

ftga8is expressed in facial mesenchyme, surrounded by frasi-
expressing epithelia.

Craniofacial defects in /ifga8 mutants phenocopy frasI and frasl,itga8
mutants.

In faces, fras1 and 7fga8function between 1.5 and 3 days post
fertilization.

We propose that /fga8and fras1 interactions stabilize zebrafish facial
development.
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Figure 1.
Skeletal defects in 62161 mutants are caused by lesions in 7fga8. (A, B) Alcian and alizarin

staining of (A) wild type and (B) Jtga8°?261 homozygotes shows skeletal defects caused by
ftga8 mutations. Homozygous /fga8 mutants often show cartilage fusions in the first two
pharyngeal arches and defects in symplectic length. (C) Linkage analysis reveals no
recombinants (0/696 individuals) between 41161 and the itga8°126Z, placing them at the
same map position. Map distances (blue) of additional markers from 61167 are shown above
in Mb and below in cM. (D) Sequence of the 7fga8°2261 |esion reveals a 7 bp insertion in
exon 25 (green), followed by a 79 bp deletion (orange) (wild type: GenBank JN399198,
b1161: GenBank JN399198). This lesion results in protein truncation after amino acid 845
of 1059 with the predicted addition of 21 aberrant amino acids
(EFTHWSWRPRLFRTLQSYWAS). (E) Sequence of two CRISPR-induced /zga8 lesions,
itga8°?6 (11 bp deletion) and /tgas8°?’ (5 bp deletion), reveal that both introduce frameshifts
after amino acid 79 of 1059; /fga8°?¢ causes an immediate stop codon after the frameshift,
while 7zga8°?’ introduces 30 aberrant amino acids
(HLSAGDCGGRSGVLLPLAGIRPRLLPPDPL) before terminating. (F) 1tga8 protein
diagram with locations of 0z6, 0z7, and b1161 mutations along with predicted protein
motifs. Protein motifs are designated as follows: signal sequence (pink box), integrin beta
domains (teal circles); integrin alpha domain (purple oval), transmembrane domain (peach
box), and an intracellular integrin domain (red box). Cartilage abbreviations: Meckel's (Me),
Retroarticular process (Ra), Palatoquadrate (Pq), Symplectic (Sy), Ceratohyal (Ch),
Interhyal (1h). Scale bar (100 um) in B also applies to A.
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eye cartilage bone fin fold

fras1??

Figure 2.
Comparison of skeletal, endodermal, and tail ectoderm phenotypes between wild type,

itga81161 mutants, fras102048 mutants, and 7fga8?1161 fras191048 double mutants. (A)
Illustration of a zebrafish larva, indicating regions shown in subsequent (B-I) panels. (B-E)
Skeletal morphology is revealed using sox9a.EGFP expression (cartilage) and alizarin red
staining (bone) at 7 dpf; 7fga8and fras1 single and double mutants display similar cartilage
defects, in particular, Meckel's-palatoquadrate joint fusion (arrowhead) and symplectic-
ceratohyal fusions (asterisk). (F-1) Bright field images showing normal fin fold morphology
(outlined blue) in (F) wild type and (G) /tga8°226Z individuals versus the “blister
phenotypes” in (H) fras101046 and (1) itga81161,fras191048 mutants. Scale bars (E, 1) are 100
um. Scale bar in E applies to B-E; Scale bar in | applies to F-I.
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Figure 3.
Phenotypic variation in fras and jtga8 mutant phenotypes shows fluctuating asymmetry. (A-

C’) Facial cartilage skeleton marked by sox9a.GFP expression at 7.5 dpf, region shown is
boxed in red in A”. Compared to wild type (A), the itga8??161 mutant skeleton is often
asymmetric (B, C). For instance, the fish in (B) shows an extended symplectic cartilage
fused to the ceratohyal cartilage on the right side and an unfused, severely shortened,
symplectic phenotype on its left side (B’). In another example, both “Short Sy” and “Fused
Sy-Ch” symplectic phenotypes (C) are found in a fish presenting only subtle defects on the
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opposite side (C’). (D, E) At 7.5 dpf, average symplectic length in jfga8 mutants is shorter
than wild type, but comparable to frasZ mutants. Symplectic cartilages in /tga8 mutants show
asymmetry similar to frasZ mutants, which is twice as high as wild-type asymmetry. (E) Plot
of symplectic lengths measured on left and right sides, with grouped 95% density ellipses.
Symplectic lengths for wild types were along the diagonal as expected for a high degree of
left/right correlation, but for jtgag??161 and fras101948 mutants, symplectics were much
shorter and do not correlate well between sides. Scale bar (A) is 100 um, applicable to A-C’.
Error bars (D) show 95% confidence intervals: 1.95 times standard error.
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Figure 4.

fras1 and Jrtga8 are expressed in adjacent facial tissues. (A-D) Colorimetric in situ
hybridization, developed using NBT/BCIP on wild-type sections, showing frasi expression
in pharyngeal and ectodermal epithelia (A, B) and /fga8 expression in mesenchyme (C, D) at
36 hpf (A, C) and 72 hpf (B,D). (E) Color-coded diagram of lateral and transverse sections
from a wild-type 60 hpf embryo, showing the first two pharyngeal arches (green), ectoderm
(orange), cartilage (blue), and endoderm (red). (F, G) Fluorescent RNA in situ for frasz,
ftga8, and col2al expression in a 60 hpf transverse section of wild-type embryos at (F) low
and (G) higher magnification. All scale bars: 50 pm.
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Figure 5.
fras1 and 7tga8 do not regulate one another, nor do they regulate candidate targets npnt or

fon2b. (A-C) RNA in situ hybridization for /fga8 transcripts on transverse sections in 60 hpf
wild-type and mutant embryos, developed colorimetrically, oriented as shown in C'. These
transcripts appear similar in (A) wild type, (B) /tga8 mutants, and (C) fras mutants. The
black crescent in (B) is eye pigment. (D, E) 72 hpf tissue sections, labeled for Frasl protein,
epithelial nuclei (anti-P63) and cartilage (sox9a:GFP). Frasl protein levels and localization
appears similar in wild type (D) and /zga8°2262 mutants (E). (F-Q) Triple in situ
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hybridization for fras1, npnt, and fbn2b transcripts on 60 hpf tissue sections, oriented as in
Fig. 4E. (F-H) Merged overlays of all three probes, which are also shown separately for
fras1 (1-K), npnt (L-N) , and fbn2b (0O-Q). For all three genes, expression is similar between
wild type, frasl mutants, and /tga8 mutants. All scale bars: 50 pm. Scale bar in A applies to
A-C. Scale bar, in D applies D, E. Scale bar in F applies to F-Q.
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Figure 6.
Late-p1 is severely affected in jtga8and fras1 single and double mutants. (A-D) Tissue

sections labeled with anti-P63 (epithelial nuclei) and sox9a:EGFP (cartilage) at 72 hpf, and
oriented as shown in A'. The late-forming outpocketing of pouch-1 (late-p1) is indicated
with a yellow dotted line in wild type. However, late-p1 is absent in (B) itga8"116, (C)
fras161048 and (D) fras161048. jtgagb?161 double mutants, leaving a large gap (blue line)
between endoderm and ectoderm. (E) Symplectic cartilage length and ectoderm-endoderm
gap distance were measured on confocal stacks of whole-mounted embryos expressing
sox9a:GFPand labeled with anti-P63. Each measurement pair is plotted as a dot, with 95%
density ellipses shown for each genotype.
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B Strategy for Cre-induced fras1 reversion
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fras1 and 7tga8 mutant defects appear between 36 and 72 hpf, during a critical window for
fras1 function. (A) Symplectic length and endoderm-ectoderm gap distance, measured at 36
hpf and 72 hpf, as shown in (Talbot et al., 2012). For both symplectic length and
endodermectoderm gap distance, mutants are significantly different (*, p<0.01) from wild
type at 72 hpf, but the differences are not significant (n.s.) at 36 hpf. Symplectic cartilage
was marked using sox9a:GFP and epithelial tissues were marked using anti-P63. Symplectic

cartilage length and the endoderm-ectoderm gap were measured and recorded for each
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individual embryo. (B) Diagram of the frasZ revertible allele experiment. Embryos trans-
heterozygous for fras1m™0156G and fras1%262d were heat-shocked at different developmental
stages to induce Cre recombinase expression in the half of the clutch that inherited the
hsp70I:Cretransgene. Cre activity removes the insertion trap transgene (which, when
present, encodes an mRFP tag and a premature stop codon after exon 15), and restores fras
function. Skeletal preparations of heat-shocked animals carrying the Cretransgene (Cre+,
reverted) were compared to siblings that did not inherit the transgene (Cre-, control). (C-E)
Larvae heat shocked at the indicated time were stained for cartilage and bone at 6 dpf,
genotyped for hsp70I:Cre, and each fish was scored for the indicated skeletal trait. Graphs
show the penetrance per fish, defined as the percent of fish with a given defect on at least
one side of the embryo. Error bars in A are 95% confidence intervals: 1.95 times the
standard error. Error bars in C-E are standard deviations; * indicates P<0.05, and ** denotes
P<0.001.
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Figure 8.
Epithelial-mesenchymal Frasl1-Itga8 interactions sculpt zebrafish facial development. (A)

Proposed structure of a Fras1-Itga8 interacting complex. Frasl protein (orange circle) is part
of the FPC (gray filled circles), that interacts with 1tga8, directly or indirectly (dotted lines),
to attach mesenchymal cells to the lamina densa (orange bar), which is itself attached
(orange arches) to epithelial cells. Frasl may be able to participate in weak epithelial/
mesenchymal interactions independently of 1tga8 (narrow dotted lines), but most of their
function occurs via one another (broad dotted lines). (B) Diagram modeling how epithelial-
mesenchymal adhesion might narrow the space between endoderm and ectoderm, e.g. during
endodermal pouching. (C) Hlustration of late-p1 formation, with mesenchyme and skeletal
elements shown. In fras1 and jtga8 mutants, epithelial-mesenchymal interactions are lost and
late-p1 fails to form. (D) Timeline of frasZ and /tga8 functions during different stages of
facial development.. Rescue experiments indicate that frasZ is required (brown) during the
cartilage morphogenesis phase of development (green), concurrent with late-p1 formation
(orange). Frasl is dispensable during early endodermal pouching (pink) and cartilage
patterning (yellow). In both frasZ and /fga8 mutants, phenotypes start to diverge from wild
type by 36 hpf, and are severe by 72 hpf (red).
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Table 1

ftga8 mutant fish show partially penetrant craniofacial defects

Genotypea nb Me—Pqusionc Sy-Ch fusion® Syshortc

Siblings 611 0% 0% 0%

itgad?H61 (zyg) 129 26% 64% 42%
itga8P161 (mat+zyg) 54 26% 55% 43%
ifgag®? 41 9% 34% 73%

itgag®?” 18 28% 44% 67%

itgagoz6roz7 16 38% 31% 78%
ftgageze/b1i6l 30 5% 38% 53%
fras1e262 147 19% 57% 68%

aSee Methods for details. “Siblings” includes both wild type and individuals heterozygous for 61161. itga8b1151 (zyqg) fish are derived from
incross of 61161 heterozygotes; itga8b1151 (mat+zyg) fish from an incross of 62161 homozygotes.

n, number of individuals for which both left and right sides of the face were scored for cartilage defects.
Fish were labeled with alcian/alizarin-stain to reveal cartilage and bone defects at 6 dpf. Individual defects are shown as the percentage of

occurrence per side. Me-PQ fusion = fusion between Meckel's and palatoquadrate cartilages; Sy-Ch fusion = fusion between symplectic and
ceratohyal cartilages; Sy short = shortened symplectic cartilage.
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Table 2

Penetrance of cartilage defects in frasl/itga8single and double mutants.

Genotypea nb Me—quusionC Sy—ChfusionC SyshortC

Siblings 225 2% 0% 0%

itga8hl161 78 36% 18% 51%

fras1b104 63 60% 50% 72%
fras1b1048: jrgaghll6l 33 7% 55% 88%

aSee methods for details. The “Siblings” category includes genetically wild type fish, siblings heterozygous for fras, siblings heterozygous for
itga8, and siblings trans-heterozygous for both genes; the heterozygous siblings appear phenotypically normal.

bn, number of individuals for which both left and right sides of the face were scored for cartilage defects.
Fish scored live for skeletal defects at 7 dpf, using sox9a:EGFP expression to mark cartilages. Individual defects are shown as the percentage of

occurrence per side. Me-PQ fusion = fusion between Meckel's and palatoquadrate cartilages; Sy-Ch fusion = fusion between symplectic and
ceratohyal cartilages; Sy short = shortened symplectic cartilage.
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