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Abstract

Cranial neural crest cells are a multipotent cell population that generate all the elements of the
pharyngeal cartilage with differentiation into chondrocytes tightly regulated by temporal
intracellular and extracellular cues. Here, we demonstrate a novel role for miR-27, a highly
enriched microRNA in the pharyngeal arches, as a positive regulator of chondrogenesis. Knock
down of miR-27ed to nearly complete loss of pharyngeal cartilage by attenuating proliferation
and blocking differentiation of pre-chondrogenic cells. Focal adhesion kinase (FAK) is a key
regulator in integrin-mediated extracellular matrix (ECM) adhesion and has been proposed to
function as a negative regulator of chondrogenesis. We show that FAK is downregulated in the
pharyngeal arches during chondrogenesis and is a direct target of miR-27. Suppressing the
accumulation of FAK in m/R-27 morphants partially rescued the severe pharyngeal cartilage
defects observed upon knock down of miR-27. These data support a crucial role for miR-27in
promoting chondrogenic differentiation in the pharyngeal arches through regulation of FAK.
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1. Introduction

Craniofacial abnormalities are among the most common human birth defects, cleft lip and
palate being among the five most common congenital malformations (Gorlin et al., 1990).
Although an increasing number of genetic mutations have been implicated with these
malformations, there is limited information about the etiology of congenital craniofacial
disorders. In zebrafish, many features that control craniofacial development and pharyngeal
skeletal elements are conserved with that of higher vertebrates (Yelick and Schilling, 2002).
Most skeletal structures in the skull and the entire pharyngeal skeleton are derived from a
unique population of cells, cranial neural crest (CNC) cells (Couly et al., 1993; Lumsden et
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al., 1991; Schilling and Kimmel, 1994). CNC cells migrate from the dorsal neural tube in
three streams to populate the pharyngeal arches. Post-migratory CNC cells go through
mesenchymal condensation during which pre-chondrogenic cells (PCCs) aggregate and
increase their cell-cell contacts. Coincident with dynamic changes in the extracellular matrix
(ECM), PCC:s differentiate into chondrocytes surrounded by a type-I1 collagen and aggrecan
rich matrix (Hall and Miyake, 2000; Kozhemyakina et al., 2015).

Vertebrate CNCs are a migratory, multipotent cell population, able to differentiate into
cartilage, bone, teeth forming cells, and non-ectomesenchyme derivatives, such as neurons,
pigment cells and glia (Baroffio et al., 1991). Chondrogenic differentiation of CNC cells is
regulated by various signaling pathways including Tgf-p, Bmp, and Fgf pathways, as well as
changes in cell shape (Kozhemyakina et al., 2015). As cell-cell interactions increase during
mesenchymal condensation, PCCs become more rounded. Recent studies have shown that
restricting cell spreading on synthetic substrates, or by maintaining high-cell density to
prevent cell spreading, promotes chondrogenic differentiation of mesenchymal stem cells
(Gao et al., 2010; McBride and Knothe Tate, 2008). Interestingly, mechanical forces or
changes in the ECM that perturb cell shape lead to the formation of integrin-mediated focal
adhesions, which in turn prevents chondrogenesis (Eyckmans et al., 2011; Tang et al., 2013;
Yim and Sheetz, 2012). Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase and
an essential component of focal adhesions (Parsons, 2003). Apart from its well-established
roles in cell adhesion and migration, FAK is also involved in regulating mesenchymal stem
cell fates in response to cell shape changes and integrin-B1 activation (Mitra et al., 2005;
Pala et al., 2008; Takahashi et al., 2003; Tang et al., 2013). Exactly how FAK is regulated in
the pharyngeal arches during chondrogenesis is not known.

miRNAs are small noncoding RNAS that regulate the expression of target MRNAs at the
post-transcriptional level. miRNAs bind to the 3"UTR of their targets with imperfect base
pairing and induce dead-enylation, translational repression, and degradation of the target
MRNA (Huntzinger and lzaurralde, 2011; Krol et al., 2010). Tissue-specific expression of
miRNAs allows them to regulate multiple developmental processes in diverse organisms
(Flynt et al., 2007; Kloosterman and Plasterk, 2006; Li et al., 2011; Wei et al., 2013;
Wienholds, 2005). Previous studies reported that miRNAs are required for skeletal
development using mice with conditional deletion of Dicer, an RNaselll-like enzyme
required for miRNA biogenesis, in either NC cells or early chondrocytes in the craniofacial
cartilage or growth plate (Kobayashi et al., 2008; Zehir et al., 2010). Global deficiency of all
miRNAs in NC cells resulted in the loss of the majority of NC-derived craniofacial cartilage
and bone (Zehir et al., 2010). These studies show that miRNA expression is crucial for
skeletal development but only a small subset of miRNASs have been characterized as to their
targets and control of whole organism cartilage and bone development (miR-92a, miR-140
and miR-452) (Eberhart et al., 2008; Nakamura et al., 2011; Ning et al., 2013; Sheehy et al.,
2010).

In this study, we demonstrate a novel role for miR-27, a highly conserved miRNA family,
during craniofacial cartilage development. Knock down of m/R-27 inhibited pharyngeal arch
morphogenesis and caused severe defects in the neurocranium. We show that these
craniofacial defects are caused by impaired proliferation and differentiation of chondrogenic
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progenitors. Knock down of ptk2aa (FAK), a direct target of miR-27, can partially rescue the
cartilage defects in m/R-27 morphants indicating a novel mechanism whereby miR-27
regulates chondrogenic differentiation in the pharyngeal arches through modulation of FAK
levels.

2.1. Zebrafish miR-27 is expressed in pharyngeal arches

In zebrafish, there are five members of the m/R-27family with nearly identical mature
miRNA sequences, but encoded on separate chromosomes (Fig. S1A). miR-27is a highly
conserved miRNA family, the sequences of mature miR-27a among different vertebrate
species are identical except for a single nucleotide at the 3" end (Fig. S1B). The seed
sequences are identical among family members suggesting that identical target mRNAs are
commonly regulated. Microarray and high-throughput sequencing analyses during early
zebrafish development have shown that m/R-27 family members are expressed as early as 24
h post fertilization (hpf), but upregulated at later stages (Wei et al., 2012; Wienholds, 2005).
To determine the onset of expression of each miR-27 member, we performed gRT-PCR at
several key developmental stages starting from the 1-cell stage (Fig. 1A, B). Overall, all
miR-27 members have low expression levels between the 2 somite-stage (2ss) and 24hpf,
while their expression is upregulated starting at 48hpf, reaching a peak at 72hpf. miR-27cis
expressed at significantly higher levels compared to other members, while miR-27d and
miR-27e have very low expression levels throughout the stages we analyzed. For this reason,
we focused on spatial expression of miR-27a, miR-27band miR-27c¢ by performing whole-
mount /n situ hybridization by locked nucleic acid (LNA) probes on zebrafish embryos (Fig.
1C-E, Fig. S1C-F). At 4dpf, miR-27a, b and c are expressed strongly in the pharyngeal
arches (Fig. 1C-E, Fig. SID-F). Earlier during development, miR-27ais detected in the
pharyngeal arch primordia that are composed of post-migratory chondrocyte progenitors, as
well as in the eye, vasculature, the midbrain-hindbrain boundary (MHB), and the pectoral
fins at 24 and 32 hpf (Fig. S1C). At 48 and 72hpf, miR-27a expression is more confined to
the pharyngeal cartilage, cartilage joints and pectoral fins along with less expression in the
ethmoid plate (EP) and brain. Strong expression of m/R-27in the pharyngeal arches, as well
as earlier prechondrogenic mesenchyme, suggest that m/R-27 may regulate cartilage
development in zebrafish.

2.2. Knockdown of miR-27 leads to craniofacial and pectoral fin cartilage defects

To determine the function of miR-27, we performed loss-of-function experiments by
injecting antisense morpholinos against miR-27. The first morpholino we tested was
designed complementary to the mature m/R-27 sequence (MO-27) and targets all members
of the miR-27family (Table 1). Injection with MO-27 resulted in approximately 70% loss of
miR-27 (Fig. 1J). Knockdown of miR-27did not lead to any gross morphological changes
during early development, but by 3 dpf and even more so by 4 dpf, m/R-27 morphants
displayed pectoral fin outgrowth defects and severely reduced pharyngeal cartilage,
concomitant with smaller heads and eyes (Fig. 1F-I). To analyze the cartilage defects more
specifically, we performed Alcian blue staining. In m/R-27 morphants, nearly all of the
cartilage in the pharyngeal arches, as well as in the pectoral fins, was missing (Fig. 10-R).
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In addition, m/iR-27 knockdown led to an abridged palate in the neurocranium, where the
bilateral trabeculae were joined in the midline but the ethmoid plate did not extend properly.
Closer examination of the pectoral fins revealed that the cleithrum (cl) and scapulocoracoid
(sc) cartilages and postcoracoid process (pc) of pectoral fins were missing and the
endoskeletal disc cartilage (ed) was smaller in m/R-27 morphants compared to the controls

(Fig. 1Q, R).

To ensure specificity with the morpholino knockdowns, we per formed a series of control
experiments. First, apart from the use of a standard control morpholino (MO-ctl; Gene
Tools), we designed a morpholino containing four-base mismatches (MO27-4mis) compared
to MO-27 (Fig. 1M, N). MO27-4mis injection did not cause any defects in pharyngeal arch
morphogenesis. Second, we designed a third set of morpholinos complementary to the loop
sequences of each precursor mir-27 member (Fig. S3A-C, Table 1). Compared to MO-27
which targets all miR-27family members, loop morpholinos target individual family
members by inhibiting the processing of the corresponding precursor miRNA (Kloosterman
et al., 2007). Knock down of miR-27aby MO27a loop led to exactly the same phenotype as
the MO-27 injections with loss of nearly all the pharyngeal cartilage and a severely reduced
neurocranium (Fig. S3A). Knock down of miR-27b using the MO27b loop morpholino led
to loss of branchial arches along with severely reduced Meckel’s and ceratohyal cartilage, as
well as an abridged neurocranium (Fig. S3B). In contrast, knockdown of miR-27c did not
affect the pharyngeal arches (Fig. S3C). These experiments enabled us to determine which
miR-27 members are involved in pharyngeal cartilage formation, as well as provide evidence
that the defects observed upon loss of all miR-27family members using the MO-27
morpholino are unlikely to be due to nonspecific effects or toxicity. In addition, the effects
of the MO-27 and miR-27loop morpholinos were dose dependent across an order of
magnitude concentration as determined by alcian blue staining on embryos injected with
different doses (Fig. S2A-B, Fig. S3A-C). Injection of the mismatch morpholino did not
generate any observable phenotypes at any concentration tested (Fig. S2A, B). Knockdown
miR-27aand miR-27b separately also showed dose-dependent defects in pharyngeal
cartilage formation (Fig. S3A, B). Finally, we tested the knockdown efficiency of each
morpholino. By Northern blots, we confirmed approximately 70% loss of miR-27upon
MO-27 injection at the single cell stage (Fig. 1J). To determine the efficacy of the miRNA
loop morpholinos, we performed gRT-PCR for miR-27a, miR-27band miR-27c¢ in 48hpf
embryos injected with two different concentrations of MO-27a loop, MO-27b loop and
MO27c loop (Fig. S3E-G). All loop morpholinos led to knockdowns in the range of 50—
90% of the targeted mature miR-27.

As miR-27is required for pharyngeal arch development, we next tested whether conditional
miR-27 overexpression would induce any craniofacial cartilage defects as well. To
conditionally overexpress miR-27, we established two separate transgenic lines,
Tg(hsp70l:miR27¢CFF) in which pri-miR-27bis expressed under the heat shock promoter
(hsp70l), and 7g(sox10:miR-27GFF)in which pri-miR-27 is expressed under the neural-
crest specific sox10 promoter (Fig. S4). We induced the expression of miR-27in
Tg(hsp70l:miR27¢CFF) at 24 hpf and confirmed upregulation at 48hpf by gRT-PCR (Fig.
S4B). After overexpression, we performed alcian blue staining at 4 dpf and detected no
significant differences in the pharyngeal cartilage as well as in the neurocranium in
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hsp70:miR27¢GFF transgenic embryos relative to their non-transgenic siblings (Fig. S4A).
When miR-27was overexpressed in the sox10+ NC cells in Tg(sox10:miR-276¢GFF)
embryos, we again did not detect any defects in craniofacial cartilage morphogenesis in the
transgenic embryos compared to their non-transgenic siblings (Fig. S4C).

2.3. miR-27 is required in post-migratory CNC cells for proper pharyngeal arch
morphogenesis

Because craniofacial cartilage elements are derived from ectomesenchymal CNC cells, we
tested whether m/iR-27knockdown perturbs early neural crest migration. To determine
whether the migration of CNC cells was affected, we analyzed CNC cells during migration
into the pharyngeal arches using a transgenic line that expresses another marker of CNC
cells, sox10(Tg(sox10(7.2).mRFP)vu234) (Dutton et al., 2001). The sox10* arches did not
differ in size between embryos at 18 and 24 hpf (Fig. 2A). Complementary /n situ
hybridization experiments for soxZ0and another CNC cell marker, d/xZa, showed the same
expression patterns at 16 hpf and 22 hpf in morphants and controls (Fig. 2B, C), suggesting
that mir-27 knockdown does not affect CNC cell specification or migration.

To determine the earliest time point when the m/R-27 morphants show defects in
craniofacial development, we analyzed pre-cartilage condensation within the pharyngeal
arches using a transgenic line marking the ectomesenchyme lineage of CNC cells
(7g(flila.eGFP)yI1) (Lawson and Weinstein, 2002; Fig. 3A). In Tg(flila:eGFP)y1 embryos
at 26 hpf, we did not detect any differences in the size and patterning of the fli:EGFP*
arches. However, at 30 and 36 hpf, the size and fluorescence intensity of the flila.eGFP*
arches were significantly perturbed in the m/R-27 morphants (Fig. 3A, B). We also detected
reduced expression domains for the post-migratory CNC cell marker, d/xZa, at 36 hpf in the
posterior pharyngeal arches, while at 30 hpf there was not a detectable reduction in dixZa
expression yet (Fig. 3C, D). It is important to note that by 36 hpf, the patterning of the
pharyngeal arches was similar between control embryos and miR-27 morphants, while
elongation of the arches along the dorsal-ventral axis was disrupted upon miR-27
knockdown. By 48 hpf, defects in the pharyngeal arch sizes were more severe in the
morphants and morphogenesis of the first two arches was not complete (Fig. 3A, B). These
data suggest that the onset of the pharyngeal arch morphogenesis defects upon loss of
miR-27is between 30 and 36 hpf.

To gain insight into the requirement of m/R-27in pharyngeal arch morphogenetic
movements, we performed /in vivo time-lapse imaging of pre-chondrogenic crest cells in
Tg(flila.eGFP)y1 embryos. Timelapse imaging showed that migration of CNC cells into the
pharyngeal arches in the anterior-posterior axis was slower in m/R-27 morphants compared
to the controls. Convergence of the first two arches by 48hpf was not complete in the
morphants as the first pouch in between the two arches was still visible, while in control
embryos the first two arches did not have any clear boundary at this point (Movies S1 and
S2). These findings suggest that miR-27is required for pharyngeal arch morphogenesis, but
not in early patterning of the arches by 30hpf.

Supplementary material related to this article can be found online at: doi:10.1016/j.ydbio.
2017.06.013.
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2.4. miR-27 is required for the differentiation of pre-chondrogenic crest cells

To identify what stage of cartilage development mir-27 regulates, we analyzed pharyngeal
mesenchymal condensation and chondrogenic differentiation of post-migratory PCCs. To
assess mesenchymal condensation, we stained with peanut agglutinin (PNA), a lectin that
preferentially binds to the cell surface during condensation (Hall and Miyake, 1995). PNA
staining of the flila.eGFP* PCCs showed that mesenchymal condensations were equally
detectable in miR-27morphants and control embryos at 48 hpf (data not shown). Next, we
analyzed the distribution of the extracellular matrix (ECM) protein fibronectin which is
highly expressed during mesenchymal condensation (Hall and Miyake, 2000; Singh and
Schwarzbauer, 2014). PCCs in both morphants and control embryos had equal fibronectin
matrix distribution at 48 hpf (Fig. S5). To analyze the differentiation of PCCs, we performed
in situhybridization for the chondrogenic differentiation marker sox9a (Bi et al., 1999; Yan
et al., 2002) at 55 hpf and for co/Zala, the major collagen in chondrocytes, at 72 hpf (Fig.
4A). Both markers showed reduced expression domains in the ethmoid plate precursor and
first two pharyngeal arches, as well as complete loss of expression in the ventral pharyngeal
arches of the miR-27morphants. We could not detect expression of the osteogenic
differentiation marker, runx2b (Flores et al., 2004) in the pharyngeal arches of miR-27
morphants at 60hpf.

To assess the differentiation of PCCs further, we analyzed mature chondrocytes in the
pharyngeal arches by immunostaining with anti-Col2 in f/ila:eGFPembryos at 61hpf. In
control embryos we could easily detect /iZa;.eGFP" cells in the first two arch condensations
that are secreting Col2 into the ECM, while in miR-27 morphants there were very few to no
Col2* flila:eGFP* cells detected (Fig. 4B). To determine whether m/R-27 only perturbs
collagen production or completely blocks chondrogenic differentiation, we performed wheat
germ agglutinin (WGA) staining to detect mature chondrocytes. WGA staining indicated
that in miR-27morphants, mature chondrocytes are missing, while the control embryos had
WGA labeled chondrocytes in flila.eGFP" condensations at 61hpf. These results together
suggest that loss of miR-27 does not affect mesenchymal condensation of CNC cells, but
completely blocks differentiation of pharyngeal PCCs.

2.5. miR-27 knock down impairs the PCC proliferation and survival

Defects in the extension of the pharyngeal arches in miR-27 morphants suggest that
inactivation of miR-27 causes PCC proliferation defects. We analyzed the proliferation of
pre-chondrogenic cells at 30 and 36 hpf, the earliest time points where defects can be
detected in the pharyngeal arches (Fig. 3A). Immunostaining for phosphorylated histone 3
(pH3) in fliZa; eGFPembryos showed that there was a significant reduction in the number of
mitotic PCCs in miR-27 morphants compared to controls at both 30 and 36hpf (Fig. 5A, B).
Upon mir-27 knockdown, the impairment in PCC proliferation was more severe at 36hpf
compared to 30 hpf (Fig. 5A, B).

Next, we investigated whether apoptosis in prechondrogenic cells might contribute to the
pharyngeal arch extension defects in m/R-27morphants. TUNEL assays in f/i.EGFP
embryos showed that at 36hpf there was not a significant difference in the number of
apoptotic PCCs in miR-27 morphants compared to control embryos. However, at 54hpf,
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when PCCs are differentiating into mature chondrocytes, there was a significant increase in
the number of apoptotic PCCs in the morphants compared to the controls (Fig. 5C, D).
These findings suggest that the initial pharyngeal arch growth defects in miR-27morphants
are due to a decrease in PCC proliferation. At later stages, PCCs that were not able to
differentiate into chondrocytes undergo apoptosis.

2.6. Ptk2aa (FAK) is a direct target of miR-27 in vivo

To investigate the molecular mechanism through which miR-27regulates pharyngeal
cartilage development, we tested candidate mRNA targets of /m/R-27 using the online target
prediction algorithm TargetScanFish (Lewis et al., 2005). We focused on a subset of
potential target mMRNAs based on their spatiotemporal expression patterns at different
developmental stages. After initial testing of multiple candidate mMRNASs, ptkZaa was
selected for further functional analyses. Ptk2aa is a zebrafish focal adhesion kinase (FAK)
gene whose expression is ubiquitous at the shield stage and accumulates in the head, axial
region and tail at the 10-somite stage (Crawford et al., 2003). At 24 hpf, there is strong
expression detected in the head and dorsal axis (Fig. S6A, B). Since we detected miR-27
expression in the pharyngeal arch region starting at 24 hpf (Fig. S1C), and because
pharyngeal arch defects in m/R-27 morphants are first observed around 30-36 hpf (Fig. 3A),
we decided to determine the expression pattern of ptkZaa at these crucial time points. Early
ptkZaa expression was detected strongly in the head, as previously reported, and between 30
and 48 hpf, was detected in the midbrain, MHB, and paraxial mesoderm axis, with low
expression in the pharyngeal region (Fig. S6C—F; Crawford et al., 2003). At 58 hpf, ptk2aa
expression in the jaw cartilage was not detectable (Fig. S6G). Consistent with the /n situ
data, active FAK protein (FAK-pY397) showed little to no co-localization with the arches as
marked by fliZa.eGFP at 36 and 48hpf (Fig. STA, B). The reduction of ptkZaa expression in
the pharyngeal arch region compared to the higher expression in the head at 24hpf is
consistent with the prediction that ptk2aa might be targeted by miR-27.

Ptk2aa has two miRNA binding elements (MREs) for miR-27in the 3'UTR (Fig. 6A). To
test whether miR-27 can target ptkZaa, we performed GFP reporter assays. As shown in Fig.
6B, injection of GFP-ptk2aa 3 UTR mRNA into one-cell stage embryos caused strong GFP
expression at 24hpf, while co-injection of the mRNA and mature m/R-27 mimic RNAs
decreased GFP fluorescence levels. Western blots of pooled protein lysates from these
embryos confirmed that co-injection of miR-27significantly decreased GFP protein levels
(Fig. 6D, E). To demonstrate specificity of targeting, we created mutations that disrupted the
miR-27 seed regions within both MREs in the ptk2aa 3" UTR. Co-injection of the mutated
transcripts with m/R-27did not decrease the GFP fluorescence compared to injection of the
reporters alone (Fig. 6C). These results support the hypothesis that m/R-27 can regulate
ptkZaathrough the two MREs in its 3'UTR.

Next, we tested whether m/R-27regulates endogenous ptkZaa. \We injected mature miR-27
mimic RNAs in two different concentrations into single cell embryos and then prepared
protein lysates from injected embryos at 24 hpf followed by western blots with antibodies
against FAK. Increasing doses of miR-27led to a 50-70% decrease in endogenous FAK
protein levels (Fig. 6F). As a complementary experiment, we analyzed FAK protein levels
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when miR-27was knocked down. We injected either /m/R-27morpholinos or control
morpholinos into single cell embryos at the same concentration as we used in the functional
analyses described above. Western blot analyses showed that FAK levels were more than 2-
fold upregulated in the miR-27 morphants compared to control embryos at 2dpf (Fig. 6G,
H). Collectively, these results indicate that miR-27 regulates FAK in vivo.

2.7. Knock down of ptk2aa (FAK) partially rescues pharyngeal cartilage defects in miR-27

morphants

Next, we investigated whether the pharyngeal cartilage defects in miR-27 morphants are
caused by misregulation of ptk2aa (FAK). Given that FAK is upregulated in miR-27
morphants, we hypothesized that knocking down FAK in the morphants would rescue the
pharyngeal cartilage defects. To knock down FAK, we designed antisense morpholinos that
block the translation start site of both ptkZaa and ptkZ2ab. We titrated the ptk2 morpholinos
and determined the highest concentration (3 ng) that did not disrupt normal morphological
development at 1 dpf (data not shown). At this concentration, Ptk2 morpholinos (MO-ptk2)
efficiently blocked translation of a ptkZaa reporter construct (Fig. S8). We then injected
morpholinos against miR-27in two different concentrations, co-injected with either control
or ptkZ morpholinos, and examined whether the craniofacial defects were suppressed upon
knockdown of miR-27. \We categorized the pharyngeal cartilage phenotypes observed at 4
dpf into three groups (CH1, CH2 and CH3) based on the ceratohyal position and size (Fig.
7A). CH1 had the least severe cartilage phenotype with Meckel’s cartilage not as anteriorly
extended as compared to wild type embryos, along with three missing posterior branchial
arches. In CH2, the sizes of all visible pharyngeal cartilage elements were shorter in
comparison to CH1, the ceratohyal cartilage was not able to extend anteriorly, and all
branchial arches were missing. CH3 had the most severe cartilage phenotype with Meckel’s
cartilage and the branchial arch phenotypes similar to CH2, but the ceratohyal cartilage had
a more severe phenotype by shifting posteriorly. Co-injection of ptk2 morpholinos and
miR-27 morpholinos both at low (2 ng) and high (4 ng) concentrations increased the
frequency of the CH1 phenotype, while significantly decreasing the frequency of the more
severe phenotypes (CH2, CH3) (Fig. 7B). The ability to suppress the cartilage defects in
miR-27 morphants by coincident knockdown of ptk2aais consistent with regulation of FAK
by miR-27.

Next, we quantitatively evaluated the level of rescue in extension of the ceratohyal cartilage
in the anterior-posterior axis. We measured the distance between Meckel’s cartilage and the
ceratohyal cartilage to a reference point where the palatoquadrate cartilage and
hyosymplectic cartilage joint (Fig. 7C). To normalize these lengths to the width of the
pharyngeal skeleton, we measured the distance between the palatoquadrate cartilage and the
hyosymplectic cartilage joins, as previously described (Wu et al., 2015). The ratio (C/A),
which represents the normalized length of Meckel’s cartilage, did not show any significant
difference in MO-ptk2 and MO-27 (2 ng) co-injected embryos compared to injection of only
MO-27 (2 ng) (data not shown). The ratio (C-B)/A represents the positional relationship
between Meckel’s cartilage and the ceratohyal cartilage. As the phenotypes get more severe,
the ceratohyal cartilage shifts more posteriorly and the (C-B)/A ratio increased in miR-27
morphants compared to controls (Fig. 7D). However, when we knocked down ptk2 along
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with miR-27, the ratio was significantly smaller than in m/R-27 morphants, consistent with
defects observed when we used higher miR-27 morpholino concentrations (data not shown).
This indicates that ptk2 knockdown partially suppresses the severe ceratohyal positioning in
the mild m/R-27morphants. Overall, these results demonstrate that m/R-27knock down
leads to craniofacial cartilage defects due to misregulation of prk2.

3. Discussion

3.1. miR-27 is essential for chondrogenic differentiation

We show that miR-27is required for cartilage development both in the pharyngeal arches
and the pectoral fins, which are derived from CNC cells and the paraxial mesoderm,
respectively (Le Douarin et al., 2004; Lee et al., 2013). Using loss-of-function studies, we
show that miR-27knockdown does not affect neural crest specification and migration of the
CNC cell streams, but is instead required for the proliferation and differentiation of PCCs.
This suggests that m/R-27 promotes a chondrogenic differentiation program regardless of
the origin of the pre-chondrogenic progenitor cells. Biallelic knockout clones for the
miR-23a~27a~24-2 and miR-23b~27b~24-1 clusters in ESCs demonstrated that these
clusters are indispensable for ESC differentiation /in vitro and in vivo (Ma et al., 2014). Our
study shows that either miR-27a or miR-27b knockdown leads to severe craniofacial defects
(Fig. S3), consistent with the requirement for both isoforms in ESC differentiation and
supporting the idea that both family members cooperate to control chondrogenic
differentiation.

Although the role of miR-27in chondrogenesis has not been reported before, the
miR-23a~27a~24-2 cluster was implicated in skeletal development by negatively regulating
in vitro osteogenic differentiation (Hassan et al., 2010). Interestingly, one of the most crucial
bone-specific transcription factors, Runx2, was reported to suppress the transcription of the
miR-23a~27a~24-2 cluster early in osteogenesis, while in the final osteocyte stage of
differentiation this cluster is upregulated and functions to attenuate continuing bone
formation. These findings, along with our results demonstrating that m/R-27is a positive
regulator of chondrogenesis, suggest that m/R-27 plays a major role in the cell fate
commitment program of skeletal stem cells.

3.2. miRNA knockdown and knockout experiments

Loss-of-function studies using morpholinos must be interpreted carefully with multiple
controls to avoid possible off-target effects, as well as a reliable confirmation of morpholino
efficacy. We have performed multiple control experiments following published guidelines
such as the use of mismatch control morpholinos, targeting the same gene with two
morpholinos, testing dose dependent effects, and ensuring the efficacy of knock downs
(Eisen and Smith, 2008). In addition, the TUNEL assays showed that there was no increase
in apoptosis in pre-chondrogenic cells at the stage when pharyngeal arch defects were
detected suggesting that the morphant phenotype is not due to p53-induced apoptosis (Robu
et al., 2007). Due to the fact that MO-27 targets the mature full length m/R-27 RNA, we do
not have a miR-27isoform that is immune to the MO which could be used to rescue the
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morphant phenotype. However, and most importantly, we were able to suppress the effects
of miR-27knockdown by co-injection of morpholinos against the m/R-27target ptkZaa.

An ideal strategy to confirm morpholino associated phenotypes is to analyze mutant alleles
of the same gene. There have been concerns about the lack of concordance between mutant
and morphant phenotypes of the same genes in zebrafish (Kok et al., 2015; Stainier et al.,
2015). To address these concerns, we generated a miR-27a mutant line (miR-27a2/2) that
carried a 6 bp deletion in the miRNA seed region using the CRISPR/Cas9 system (Fig. S9A,
B). Analysis of F2 and F3 embryos of heterozygous mutant parents either did not show any
detectable craniofacial defects or the phenotypes similar to the m/R27 morphants were
observed with low penetrance in the homozygous mutants. There could be multiple reasons
for the discrepancy between the m/iR-27 morphants and the mutants. One possibility is
genetic compensation upon CRISPR-mediated mutation of the m/R-27a gene, as has been
reported recently, after other CRISPR and TALEN mediated mutations (Blum et al., 2015;
Rossi et al., 2015). The candidate genes most likely contributing to the genetic compensation
would be the other members of miR-27family. Since we already showed that m/iR-27bis
also required for pharyngeal cartilage morphogenesis (Fig. S3B), we hypothesized that
miR-27b expression might compensate for the loss of miR-27ain miR-27a> embryos.
Injection of MO27b-loop at low concentration normally results in no detectable defects in
the pharyngeal cartilage (Fig. S3B, Fig. S9C). However, we found that exclusively
homozygous miR-27a%/2 embryos are sensitized to limited loss of miR-27b knockdown
compared to miR-27a"2 and WT siblings (Fig. SOC—F). miR-27b knockdown with low
doses of MO injection resulted in shorter pharyngeal elements, as shown by significant
decreases in Meckel’s extension compared to miR-27a"2 heterozygotes and WT siblings
(Fig. S9E-F). This indicates that m/R-27b can contribute to compensation of the miR-27a
loss in miR-27a’A embryos. However, there could also be other genes that compensate for
the loss of miR-27a, including protein coding genes as well as other miRNAs. Most
miRNAs target multiple mRNAs, it is unlikely that ptkZaa (FAK) is only targeted by miR-27
family members, consistent with the finding that we were only able to partially suppress the
severe ceratohyal positioning defect in the miR-27morphants by coincident ptk2
knockdown. TargetScan predicts 7 miRNAs with significant seed matches that could target
ptk2.2 and could conceivably compensate for the loss of miR-27and retain proper regulation
of ptk2.2. 1t remains to be determined whether any of these miRNAs are temporally and
spatially expressed in a manner consistent with regulation of pharyngeal arch development.

While generation of 5 independent lines and crosses to generate a line lacking expression of
all miR-27family members is beyond the scope of this report, we did attempt to utilize
multiplex CRISPR/Cas9 using guide RNAs that target all miR-27 family members in early
embryos (Narayanan et al., 2016). Unfortunately, we did not observe any resulting
phenotypes at 4dpf, potentially due to the fact that the level of miR-27knockdown in early
embryos was not sufficient, averaging less than 50%.

3.3. miR-27 regulates pharyngeal cartilage development through targeting FAK

miRNAs are well-known for their role in preventing translation and accelerating decay of
target MRNAs, thereby providing a precise mechanism for spatiotemporal control of
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developmental processes (Krol et al., 2010; Zhao and Srivastava, 2007). Given that miR-27
knockdown prevents chondrogenic differentiation, the target MRNA of miR-27would be
hypothesized to be a negative regulator of PCC proliferation and differentiation. Here, we
identify ptk2aa (FAK) as a novel in vivotarget of miR-27. Ptk2aa and ptk2ab are paralogs of
the zebrafish focal adhesion kinase (FAK) gene (Crawford et al., 2003; Henry et al., 2001).
ptk2ab also carries two MREs for miR-27in its 3" UTR but our GFP reporter assays showed
no detectable regulation of ptk2ab3’UTR by miR-27. Importantly, we show that
craniofacial cartilage defects can be partially rescued by ptkZa (FAK) knockdown (Fig. 7).
This suggests that FAK accumulation is required for proper chondrogenesis.

3.4. Potential roles of FAK during chondrogenic differentiation

Loss of miR-27does not prevent mesenchymal condensation of the PCCs (Fig. S3).
However, PCC proliferation was significantly impaired in miR-27 morphants during the
condensation stage (Fig. 5A, B). We hypothesize that FAK accumulation due to miR-27
knockdown does not affect condensation, but rather proliferation and differentiation of
PCCs. A remaining question is whether in m/R-27 morphants, the effect of FAK
accumulation during chondrogenesis is cell-autonomous. Previous studies have shown a
cell-autonomous role of FAK on mesenchymal stem cells by performing in vitro
chondrogenesis assays (Bursell et al., 2007; DeL.ise et al., 2000; Pala et al., 2008; Tang et al.,
2013). Conditional deletion of the membrane-anchored metalloproteinase MT1-MMP in
mesenchymal progenitors caused a loss of B1 integrin/FAK signaling activation and thereby
promoted differentiation towards the chondrogenic versus adipogenic or osteogenic lineages
(Tang et al., 2013). Similarly, using a micromass model of chondrogenesis with FAK*/* and
FAK ™~ embryonic fibroblasts, FAK signaling was reported as a negative regulator of
chondrogenesis (Pala et al., 2008). Loss of FAK in embryonic mesenchymal cells resulted in
a significant increase in chondrogenic differentiation along with a higher expression of
chondrogenic genes compared to wild-type cells (Pala et al., 2008). Induction of
chondrogenic differentiation observed in FAK null cells is strikingly similar to effects
reported upon inhibition of other components in the FAK signaling pathway. For example,
inhibition of the FAK interacting kinase Src and the RhoA/ROCK pathway downstream of
FAK/Src complex resulted in cell rounding and loss of stress fibers along with upregulation
of chrondrogenic markers, Sox9, collagen type Il and aggrecan during /n vitro
chondrogenesis (Bursell et al., 2007; Woods et al., 2005; Woods and Beier, 2006). All these
findings demonstrate that FAK signaling suppresses chondrogenic differentiation with likely
involvement of downstream RhoA/Rock signaling

An important role for FAK in focal adhesion complexes is to control mechanotransduction in
cells that are subject to external mechanical forces or ECM remodeling (Eyckmans et al.,
2011; Yim and Sheetz, 2012). Interestingly, mechanical stretching or ECM-mediated cell
shape changes activate p1-integrin/FAK signaling and consequently inhibit chondrogenesis
of mesenchymal stem cells (Onodera et al., 2005; Takahashi et al., 2003; Tang et al., 2013;
Woods et al., 2007). These studies support our hypothesis that m/R-27regulates
chondrogenesis in the pharyngeal arches by maintaining low levels of FAK.
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3.5. miR-27 regulates differentiation programs in other tissue types

The miR-23~27~24 cluster has been implicated as a positive regulator for mesoderm
differentiation of embryonic stem cells (ESC) by directly targeting pluripotency-
maintenance factors (Ma et al., 2014). We show that m/iR-27is also essential for
development of specific mesoderm and neural crest-derived cell/tissue types /in vivo.
Previous reports showed that m/R-27is required for angiogenesis, adipogenesis, and
development of the embryonic vasculature consistent with phenotypes we observe upon
knockdown of miR-27 (Biyashev et al., 2012; Kang et al., 2013; Urbich et al., 2012; Zhou et
al., 2011; Fig. S10). Together, miR-27 emerges as a key factor that negatively regulates the
stemness of progenitor cells promoting the differentiation of multiple tissue types.

4. Materials and methods

4.1. Zebrafish husbandry and lines

Wild-type (AB) (Walker, 1999), Tg(flila:eGFP)y1 (Lawson and Weinstein, 2002),
Tg(s0x10(7.2).mRFP)vu234 (Kirby et al., 2006) lines were maintained at 28.5 °C on a 14:10
h light:dark cycle. Embryos were raised in egg water (0.03% Instant Ocean) at 28.5°C,
staged by morphology (Kimmel et al., 1995) and hours post fertilization (hpf). For whole-
mount immunohistochemistry and /n s/t hybridization analyses, embryos were raised in egg
water supplemented with 0.003% N-phenylthiourea (PTU; Sigma-Aldrich) to prevent
melanin formation. Zebrafish maintenance, embryo collection, and analyses were performed
with the approval of the Vanderbilt University Institutional Animal Care and Use Committee
(M/09/398).

4.2. Constructs

The ptk2aa (NM_198819.1) mRNA 3’UTR was amplified by RT-PCR using forward (5'-
GGCGAATTCGACCTCCACACTGGCTGGAT CATC-3") and reverse (5'-
CGGCTCGACCTGAGCATTCGGTACACA CTTTCTGTATTA-3") primers. ptk2ab
(NM_131796.1) mRNA 3’UTR was amplified by RT-PCR using forward (5'-
CGGACTAGTCTACTC ACCCACCCTCACGTTAAGC-3") and reverse (5'-
CGGCTCGAGTGCCTT GCTGTTAAACATCATTTGG-3") primers. Each 3"UTR was
cloned downstream of the GFP coding sequence in the PCS2+ vector. miRNA recognition
elements (MRES) within the ptkZaa 3’ UTR were deleted using the QuikChange Lightning
Site-Directed Mutagenesis Kit (Stratagene). The first MRE was deleted using sense (5'-
GAATAATAATACTGAAGCTGACGGAGGGCTGAGGTA -3") and anti-sense (5”-
TACCTCAGCCCTCCGTCAGCTTCAGTATTATTATTC -3") primers. The second MRE
was deleted using sense (5"-CAAAAT
CAGTTCTATGGTGAAGGGGCGGGATTAAACAA -3") and anti-sense (5'-
TTGTTTAATCCCGCCCCTTCACCATAGAACTGATTTTG -3”) primers. For the ptkZaa in
situprobe, a 1.1 kb region was amplified by RT-PCR using forward (5’-
GTAGTAGGATCCTCAGAAACAGAC GACTACGCA-3") and reverse (5'-
GTAGTACTCGAGTGGTTC CAGCTCTCAAGCG-3") primers containing BamH|1 and
Xhol sites for cloning into PCS2+. The ptkZaa coding region without the 3"UTR was
amplified by RT-PCR using forward (5'-GTAGTAGAATTCCCTA
GCGTACGGTAAAGGCA-3") and reverse (5'-GTAGTACTCGAGAAG
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GGTGATGTTCCTCCGTG-3") primers and cloned into PCS2+. For the reporter construct
for MO-ptk2, GFP was amplified with a forward primer carrying the MO binding site
overlapping the ptkZaatranslation start site (5" -GTAGTAGGATCCAAGGCATGGCG
ACGGCATTCCTGGACATGGTGAGCAAGGGCGAGG-3") and reverse (5'-
GTAGTAGAATTCGCCTTCTAGAGCTCGTCCA -3") primer and cloned into pCS2+.

512 pME-miR was a gift from Nathan Lawson (Addgene plasmid # 26032). Around 300 bp
fragment spanning the miR-27b gene was amplified using genomic DNA from 24 hpf old
embryos and cloned into 512pME-miR using £coRl restriction digestion site.
Hsp70l:miR27b-eGFP and sox10:miR27b-eGFP plasmids were generated using
pDestTol2CG2 vector, pSE-/Asp70/ (Kwan et al., 2007), p5SE-sox10 (Das and Crump, 2012),
p3E-eGFPpA (Kwan et al., 2007) and assembled using the Multisite Gateway cloning
system (Invitrogen).

4.3. Transgenesis

To generate the Tg(hsp70l:-miR27b-eGFP) and Tg(sox10.miR-27b-eGFP) lines, the mixture
of Tol2 mRNA (25 pg) and plasmid (20 pg) was injected into the single-cell stage embryos.
Injected embryos were prescreened for GFP fluorescence and raised in egg water at 28°C for
five days before transferring them Aquatic Habitats system. Transgenic F1 lines were
established by crossing founder and wild-type adults.

4.4. RNA synthesis

mMRNASs were /n vitro synthesized from linearized constructs using mMESSAGE
mMACHINE® SP6 Transcription Kit (Life Technologies). Digoxigenin-UTP-labeled anti-
sense RNA probes were in vitro synthesized from linearized constructs using either T7 or T3
RNA polymerases and DIG RNA labeling mix (Roche Applied Sciences). /n vitro
transcribed RNA was purified by NucAway ™ Spin Columns (Life Technologies).

4.5. Morpholinos, microinjections

Morpholinos were purchased from Gene Tools and their sequences are listed in Table 1.
MO-27 was designed complementary to mature m/R-27a and the MO-27a loop targets the
Dicer cleavage site and the loop of the miR-27a precursor. MO-ptk2 was designed against
the translation start site of ptk2aa. All injections were performed in fertilized 1-cell stage
embryos. For reporter assays, GFP-ptk2aa3’ UTR mRNA was injected at 150 pg/embryo
concentration either alone or with a synthetic miR-27a duplex (Dharmacon) at 75 pg/
embryo. Double stranded mature m/iR-27awas synthesized with 3’-UU overhangs for the
following target sequence: 5"-UUCACAGUGGCUAAGUUCCGCU-3’. MO-27
morpholinos were injected at 5 ng/embryo concentration unless specified.

4.6. Alcian Blue Staining

Embryos were fixed with 4% phosphate-buffered paraformaldehyde (PFA) for 1 h at room
temperature. Fixed embryos were rinsed in PBS with 0.1% Tween-20 two times and rinsed
in 50% EtOH for 10 min on a rocker. Embryos were then stained in 0.2% Alcian blue, 30
mM MgCI2 in 75% EtOH overnight on a rocker and bleached with 1.5% H,0, and 1%
KOH for 20 min.
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4.7. Generation of miRNA mutants by CRIPSR/Cas9

sgRNAs were designed using CRISPRscan (http://www.crisprscan.org). sgRNA and Cas9
mMRNAs were prepared as described previously (Yin et al., 2015). The sgRNA target region
for miR-27a gene was 5" -GGATATCCTATGTTCACAG-3’. WT embryos were injected at
the one-cell stage with 300 ng/uL Cas9 mRNA and 50 ng/uL sgRNA. Mutagenesis
efficiency was confirmed by heteroduplex mobility assay analysis of the PCR amplicon of
the CRISPR targeted genomic region. F1 heterozygous mutant embryos were obtained by
crossing founder adults carrying germline miR-27a mutations with WT adults. Indels in the
miR-27agene in the F1 adults were identified and a 6 bp deletion in the miRNA seed region
was selected for further breeding.

4.8. gqRT-PCR

Tagman small RNA assays (Life Technologies) were used to perform gRT-PCR of the
indicated miRNAs. 5 ng of total RNA isolated from 50 pooled embryos at the indicated
stages were used per RT reaction and 1.33 pL of 1:2 diluted resultant cDNA was used in 10
pL gPCR reaction in technical triplicates. gPCR reactions were conducted in either 96-well
plates using Bio-Rad CFX96 Real-time system or in 384-well plates using Bio-Rad CFX384
Real-time System. All quantifications were normalized to an endogenous U6 SnRNA
control. Fold changes were calculated using the AAC(t) method, where A = C(t) miRNA —
C(t)U6 snRNA, and AAC(t) = AC(t)conditionl — AC(t) condition2, and FC = 2-AAC(%).
Tagman probe #: U6 snRNA: 001973; dre-miR-27a-3p: 007138 _mat; dre-miR-27b:
008075_mat; dre-miR-27c: 006826 _mat; dre-miR-27d: 003373_mat; dre-miR-27e:
007922_mat.

4.9. Immunoblotting and Northern Blots

Embryos were deyolked at the indicated time points and placed in RIPA buffer with
Complete Protease Inhibitor Cocktail (Roche 04693159001), followed by homogenization
with a pestle. Separation of total proteins and transfer was performed as described (Olena et
al., 2015). The following antibodies were used for western blots: rabbit anti-GFP (1:1000,
Torrey Pines), rabbit anti-a-tubulin (1:1000, Abcam), mouse anti-FAK (1:300, H-1 Santa
Cruz Biotechnology), mouse anti-GAPDH (1:20,000, Ambion), anti-rabbit and anti-mouse
HRP-conjugated secondary antibodies (1:5000, GE Healthcare). Quantification of band
intensities was performed in ImageJ and intensities for each protein of interest were
normalized to the loading control levels (either a-tubulin or gapdh). Data was represented as
the mean for normalized band intensities from at least 3 independent pools of protein
extract. Northern blots were performed as described (Flynt et al., 2007; Wei et al., 2013).
Quantification of the band intensities was performed in ImageJ and intensities for miR-27
were normalized to the loading control levels (U6).

4.10. In situ hybridization

Whole-mount /n situ hybridization was performed as described (Thisse and Thisse, 2008).
Embryos were hybridized to digoxygenin-UTP labeled RNA probes for foxd3 (Kelsh et al.,
2000), sox10(Dutton et al., 2001), d/x2a (Akimenko et al., 1994), sox9a (Chiang et al.,
2001) and colZal (Yan et al., 1995) at 70 °C in a hybridization solution containing 50%
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formamide. Hybridized probes were detected using anti-digoxigenin alkaline-phosphatase
conjugated antibodies, followed by incubation with nitro blue tetrazolium chloride and 5-
bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP) solution (Roche Applied Sciences).
Whole-mount miRNA /n situ hybridization was performed as described (Olena et al., 2015)
using miRCURY 5’-and 3’-DIG labeled LNA (locked nucleic acid) probes (Exigon). LNA
probe #: dre-miR-27a: 613249-360; dre-miR-27b: 613734-360; dre-miR-27c-3p:
613613-360.

4.11. Immunofluorescent staining

To visualize mature chondrocytes, anti-type Il collagen (anti-Col2) antibodies and wheat
germ agglutinin (WGA) were used for staining of sections. Tg(flila.eGFP)yI embryos at 61
h post fertilization (hpf) were fixed in 4%PFA at 4°C overnight, washed with PBT twice and
permeabilized with proteinase K (10 ug/ml) for 30 min. Embryos were then incubated in
blocking buffer (2 mg/ml BSA, 2% donkey serum, 4% DMSO, 0.1% Triton-X in PBS) for 2
h and stained with anti-GFP (1:500, A-11120 Invitrogen), anti-collagen type Il (Col2)
(1:200, Rockland) or WGA-Alexa-Fluor-555 conjugate (1:200, Molecular Probes) overnight
at 4°C, followed by Cy3-conjugated and Alexa Fluor 488-conjugated secondary antibody
(1:100 and 1:200, Jackson Immuno) staining for 2 h.

For phospho-histone 3 (pH3) staining, embryos were fixed, permeabilized as above, and
incubated in blocking buffer (10 mg/ml BSA, 2% donkey serum, 1%DMSO, 0.1% Triton-X
in PBS). Embryos were then stained with anti-pH3 (1:200, 06-570 Millipore) in blocking
buffer. For anti-fibronectin immunostainings, 7g(flila.eGFP)y1 embryos were fixed,
cryopreserved, and mounted in Cryomatrix (Thermo). 12 pm thick cryosections were
incubated in blocking buffer (1 mg/ml BSA, 1%DMSO, 1% Triton-X in PBS) and then
stained with anti-fibronectin (1:100, Sigma F-3648), Alexa 568 conjugate (Life
Technologies, L32458) along with anti-GFP (1:500, Life Technologies, A11120) in blocking
buffer.

To detect apoptosis, whole-mount TUNEL labeling was performed using an in situ Cell
Death Detection Kit, TMR red (Roche), followed by anti-GFP (1:500, Torrey Pines Biolabs)
staining.

Phospho-FAK pTyr397 (pFAK) staining was performed as described (Crawford et al., 2003;
Koshida et al., 2005) using anti-pFAK [pY397] antibody (Invitrogen, 44-624 G, originally
from BioSource). This antibody was validated in zebrafish embryos previously by Western
blotting and immunohistochemistry (Crawford et al., 2003; Henry et al., 2001). We also
validated the specificity of the anti-pFAK [pY397] antibody by loss of pFAK signal in in
MO-ptk2 embryos (Fig. S7C). 12 um thick cryosections of 7g(flila.eGFP)y1 embryos were
incubated with anti-pFAK at 1:300 and anti-GFP (A-11120 Invitrogen) at 1:500, then stained
with Cy3-conjugated and Alexa Fluor 488-conjugated secondary antibodies (1:100 and
1:200, Jackson Immuno) for 2 h. For pFAK staining in wild-type embryos shown in
Supplemental Fig. 7C, embryos were stained with Alexa Fluor 488-conjugated phalloidin
(1:200, Molecular Probes) and TO-PRO-3 (1:1000, Molecular Probes) along with the Cy3-
conjugated secondary antibody for pFAK.
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4.12. Imaging and image processing

For time-lapse imaging, 7g(flila.eGFP)y1 embryos were anesthetized at the indicated time
points and mounted laterally in 0.6% agarose. Confocal stacks of the pharyngeal arch region
were taken at 15 min intervals using a PerkinElmer spinning disk confocal microscope with
a heating unit (PerkinElmer, 20x objective). For imaging of immunofluorescent stainings,
either a PerkinElmer spinning disk confocal microscope or a META Zeiss LSM 510 Meta
confocal microscope were used. Images were processed using either Volocity software
(Improvision/PerkinElmer) or ImageJ software.

4.13. Cell counts and statistical analyses

For quantifying the pH3* and TUNEL™ cells in flila:eGFP* pharyngeal arches, cells
positive for both GFP and marker of interest were counted, normalized to the whole area for
flila:eGFP* arch region using ImageJ software. Data were represented as a mean for
normalized counts for the marker of interest and statistical analyses was performed using a
two-tailed Student’s #test.

Fluorescence intensity measurements are done using ImageJ software as described (Gavet
and Pines, 2010). For each image, “integrated density”, “area” and “mean gray value” of the
flila:eGFP™* region, as well as background were measured. Corrected fluorescence intensity
of the selected region was calculated according to the formula: “Corrected fluorescence
intensity= Integrated Density - (Area of selected region * mean fluorescence of
background)”. Data were represented as a mean of corrected fluorescence intensity for each
experimental condition and statistical analyses were performed using a two-tailed Student’s
ttest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Knock down of miR-27leads to craniofacial and pectoral fin defects. (A, B) gRT-PCR for

miR-27a-e at the indicated developmental stages normalized to U6 snRNA. Fold changes
were calculated using AAC(t) method comparing all miR-27levels to miR-27¢ levels at the 3
somite stage (ss). Due to comparably higher levels, miR-27c¢ expression profile is shown
separately. (C-E) Expression of miR-27a, miR-27band miR-27c in 4dpf embryos detected
by whole-mount /n situ hybridization by locked nucleic acid (LNA) probes. All are ventral
views of the head. (F, G) Dorsal view of 3 dpf live embryos injected with either 5 ng
standard control morpholino (MO-ctl) or MO-27 at the single-cell stage. Pectoral fins are
indicated with arrowheads. (H, 1) Morphology of the head in 4 dpf embryos injected with
either MO-ctl or MO-27. Lateral views, jaws are indicated with arrowheads. Scale bar, 300
pum. (J) miR-27and U6 levels in uninjected control and miR-27 morpholino (MO-27)
injected embryos at 48hpf detected by Northern blot. (K-P) Head cartilages stained with
Alcian blue in 4dpf embryos injected with (K, L) standard control morpholino (MO-ctl), (M,
N) 4-mismatch miR-27 morpholino (MO27-4mis) and (O, P) MO-27. Top panels, ventral
views; bottom panels, lateral views. The indicated ratio represents the number of embryos
with the represented phenotype/total number of observed embryos. Cartilage labels: ep,
ethmoid plate; tc, trabeculae cranii; m, Meckel’s cartilage; pq, palatoquadrate; ch,
ceratohyal; hs, hyosymplectic; cb, ceratobranchial. Anterior side of the embryos is to the
left. (Q, R) Staining of pectoral fin skeleton in 4dpf embryos by Alcian blue. The right side
pectoral fin is shown with anterior to the top. The cleithrum (cl) and scapulocoracoid (sc)
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cartilages and postcoracoid process (pc) of pectoral fins are missing and the endoskeletal
disc cartilage (ed) is smaller in m/R-27morphants compared to the controls. Scale bar, 200
um.
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Fig. 2.

Ez?rly cranial neural crest (CNC) cell specification and migration are not affected in miR-27
morphants. (A) Lateral view of Tg(sox10(7.2)-mRFP)vu234 embryos injected either with
MO-ctl or MO27 showing cranial neural crest cell streams populating the pharyngeal arches
at 18hpf and 24hpf. Anterior is to the left and posterior is to the right. Neural crest streams
are numbered from 1 to 3. The indicated ratio represents the number of embryos with the
represented phenotype/total number of observed embryos. (B, C) Expression of the neural
crest cell marker, sox10, and CNC marker d/x2ain MO-ctl and MO27 embryos at 16 hpf
and 22 hpf detected by whole-mount /n s/itu hybridization. Dorsal view of embryos with
anterior side to the top.
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Fig. 3.

M%rphogenesis of the pharyngeal arches is disrupted in miR-27a morphants between 30 and
36hpf. (A) Live images of 7g(flila.eGFP)y1embryos at 26, 30, 36, 48 hpf; lateral views
with anterior to the left. Each pharyngeal arch is numbered. Embryos were injected with
either 5 ng MO-ctl or MO-27 at the single cell stage and observed with confocal microscopy
at the indicated stages. Time-lapse videos captured by spinning-disk confocal microscopy
are shown in Supp. Movies 1 and 2. Scale bar, 100 um. (B) Quantification of normalized and
relative fliZa.eGFP fluorescence intensity in the pharyngeal arches of MO-ctl and MO-27
embryos at the indicated time points. The relative fluorescence intensities were normalized
to the area of the arches selected and the fluorescence background in each image. Error bars
indicate SEM and the number of embryos analyzed is indicated above the bars. For 26 hpf,
n=3; for 30 hpf, n=5; for 36 hpf, n=4; for 48 hpf, n=4. Data represent three independent
experimental trials. The n.s. non-significant, **p < 0.01, ****p < 0.0001 (Student’s #test).
(C-D) Expression of the CNC marker d/xZain embryos at 30 and 36 hpf. Embryos were
injected with the corresponding morpholinos as described above. Pharyngeal arch expression
domains are labeled. The indicated ratio represents the number of embryos with the
represented phenotype/total number of observed embryos. Scale bar, 200 um.
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m?R-27 is required for differentiation of pre-chondrogenic crest (PCC) cells in pharyngeal
arches. (A) Expression of the chondrogenic marker sox9a, the osteogenic marker, runx2b,
and the chondrocyte-specific marker col2aiain MO-ctl or MO-27 (5 ng) injected embryos,
detected by whole-mount /n situ hybridization. Arrowheads indicate the expression domain
of the ceratobranchial arches. All panels except the top panel for co/2alaare lateral views.
Top panel for colZalaexpression is a ventral view with the first pharyngeal arch indicated by
an arrowhead. (B) Anti-Col2 and anti-GFP immunostaining in the pharyngeal arch region
between the eye and otic vesicle (ov) in Tg(flila.eGFP)y1 embryos at 61hpf. A single
optical section of the confocal stacks is shown in each image, with anterior to the left.
Embryos were injected with the corresponding morpholinos as described above. (C) Wheat-
germ agglutinin staining and anti-GFP immunostaining in the pharyngeal arch region
between the eye and otic vesicle (ov) in 7g(flila:eGFP)y1 embryos at 61hpf. The indicated
ratio represents the number of embryos with the represented phenotype/total number of
observed embryos. Scale bar, 50 pm.
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Fig. 5.

m?R—27 knock-down impairs proliferation and survival of PCC cells. (A) Anti-phospho
histone 3 (pH3) and anti-GFP immunostaining in 7g(flila:eGFP)yI embryos at 32 and 36
hpf. Embryos were injected with either 5 ng MO-ctl or MO-27 at the single cell stage.
Lateral view with anterior to the left. (B) Quantification of pH3*GFP* cells normalized to
the GFP* area in each embryo. For 30 hpf, n=7; for 36 hpf, n=8. (C) TUNEL staining and
anti-GFP immunostaining in 7g(flila.eGFP)y1 embryos at 36 and 54 hpf. Embryos were
injected with the corresponding morpholinos and image layouts are as described above. (D)
Quantification of TUNEL*GFP* cells normalized to the GFP* area in each embryo. Error
bars indicate SEM. For 36 hpf, n=9; for 54 hpf, n=5. *p < 0.05, ***p < 0.001 (Student’s &
test). Data are from four independent experiments. Scale bars, 100 um.
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Fig. 6.

m?/?-27 targets FAK and regulates FAK levels /n vivo. (A) Schematic of the reporter mRNA
consisting of the coding sequence of GFP fused to the ptk2aa 3’ UTR. Two predicted
miRNA recognition elements (MREs) are indicated. Predicted base-pairing between MREs
(shown in green) and the miR-27a sequence (shown in red). (B) Embryos injected with
either GFP-ptk2aa 3 UTR reporter mRNA alone or co-injected with /m/R-27aimaged at
24hpf. (C) Reporter assays with GFP-ptkZaa 3°UTR mRNA containing mutations in the
miR-27 seed sites. (D) Western blots with anti-GFP and anti-tubulin antibodies using the
lysates from embryos injected with the GFP-ptk2aa 3 UTR reporter mRNA alone or co-
injected with miR-27a. (E) Quantification of GFP levels by Western blots normalized to the
levels of tubulin. (F) Western blots with anti-FAK and anti-GAPDH antibodies using lysates
from 24hpf embryos either uninjected or injected with 100 or 200 pg miR-27a. (G) Western
blots with anti-FAK and anti-GAPDH antibodies using lysates from 48hpf embryos injected
either with MO-ctl or MO-27. (H) Quantification of FAK levels from Western blots shown
in (G) normalized to the levels of tubulin. At least 20 embryos were pooled for protein
lysates. Error bars indicate SEM. **p < 0.01 (Student’s ~test).
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Fig. 7.

Sugppressing FAK in miR-27 morphants partially rescues cartilage defects. (A) Three
categories of representative head cartilage phenotypes in 4dpf old embryos injected with
MO-27, along with either standard control morpholino MO-ctl or translation blocking MO-
ptk2 at the single-cell stage. Ventral views of head cartilage stained with alcian blue.
Ceratohyal cartilage indicated by an arrowhead and Meckel’s cartilage indicated with an
arrow. (B) Embryos were injected with 2 ng or 4 ng MO-27 either co-injected with 3 ng
MO-ctl or MO-ptk2. Percentage of embryos with the corresponding head cartilage
phenotypes (CH1-CH3) at 4dpf. The distribution of phenotypes in MO-ptk2 and MO-27
injected embryos are compared to those injected with MO-ctl and MO-27. ***p < 0.0001
(Chi-squared goodness of fit test), n=40-60 embryos. Data are from three independent
experiments. (C) Analysis of cartilage positions. Ventral view of head cartilages in wild-type
embryos stained with alcian blue. A represents the distance between the palataquadrate (pq)
and ceratohyal (ch) cartilage joints. B represents the distance from the anterior joint of the
two ceratohyals to the baseline shown by a dashed line. C represents the distance from the
anterior end of Meckel’s cartilage (m) to the baseline. (D) (C-B)/A ratio was calculated for
guantitative analysis of anterior-posterior extension of the ceratohyal cartilage. This ratio
increases as the ceratohyal position extends posteriorly instead of anteriorly. Percentage
increase of the (C-B)/A ratio in MO-27 and MO-ctl injected embryos or embryos co-injected
with both MO-27 and MO-ptk2 compared to the ratio in wild-type embryos. Error bars
represent SEM. n=40-60 embryos, **p < 0.01 (student’s £test).
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