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Abstract

Background—PRDM proteins are evolutionary conserved Zn-Finger transcription factors that

share a characteristic protein domain organization. Previous studies have shown that prdm1a is

required for the specification and differentiation of neural crest cells in the zebrafish.

Results—Here we examine other members of this family, specifically prdm3, 5, and 16, in the

differentiation of the zebrafish craniofacial skeleton. prdm3 and prdm16 are strongly expressed in

the pharyngeal arches, while prdm5 is expressed specifically in the area of the forming

neurocranium. Knockdown of prdm3 and prdm16 results in a reduction in the neural crest markers

dlx2a and barx1 and defects in both the viscerocranium and the neurocranium. The knockdown of

prdm3 and prdm16 in combination is additive in the neurocranium, but not in the viscerocranium.

Injection of sub-optimal doses of prdm1a with prdm3 or prdm16 Morpholinos together leads to

more severe phenotypes in the viscerocranium and neurocranium. prdm5 mutants have defects in

the neurocranium and prdm1a and prdm5 double mutants also show more severe phenotypes.

Conclusions—Overall, our data reveal that prdm3, 5, and 16 are involved in the zebrafish

craniofacial development and that prdm1a may interact with prdm3, 5, and 16 in the formation of

the craniofacial skeleton in zebrafish.
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INTRODUCTION

Cranial neural crest cells are a multipotent population of cells that originate from the dorsal

neural tube and migrate to form multiple derivatives including the craniofacial skeleton,

neurons and glia of the peripheral nervous system and melanocytes (LaBonne and Bronner-

Fraser, 1998; Le Douarin, 1982). The population of skeletogenic neural crest cells migrates

anteriorly around the eye and ventrally into the pharyngeal arches to give rise to cartilage

and bone of the face (Graham, 2003; Le Douarin, 1982; Raible et al., 1992; Schilling and
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Kimmel, 1994; Trainor and Krumlauf, 2001). The cranial neural crest cells that migrate

ventrolaterally from the posterior midbrain and the hindbrain move as three distinct streams

into the pharyngeal arches. Once there, the cranial neural crest cells interact with other tissue

layers in the arches, including the ectoderm, endoderm, and mesoderm, to form the zebrafish

viscero- and neurocranium. The viscerocranium consists of cartilages that contribute to the

jaw and gills, including Meckel’s cartilage, derived from the first pharyngeal arch,

ceratohyal and hyosymplectic from the second arch, and posterior ceratobranchial cartilages

from more posterior arches three through seven (Couly et al., 1993; Fraser, 1990;

Horstadius, 1946; Le Douarin, 1982; Le Douarin et al., 1993; Le Lie`vre, 1978; Lumsden et

al., 1991; Osumi-Yamashita et al., 1994; Schilling and Kimmel, 1994). The more anterior

migrating stream of NCCs from the forebrain and anterior midbrain contributes to the

anterior portion of the more dorsal neurocranium, a cartilage that supports the brain and

auditory capsule (Kimmel and Eberhart, 2008; Wada et al., 2005). The most anterior part of

the neurocranium, the ethmoid plate, also represents the zebrafish palate and is connected to

the more posterior neurocranium by the trabecular cartilages. Recent fate mapping studies

suggest that the medial ethmoid plate is derived from anteriorly migrating neural crest cells

while the trabeculae arise from more posterior migrating cells from the maxillary portion of

arch 1 (Swartz et al., 2011; Wada et al., 2005). While several genes have been identified as

being involved in patterning the craniofacial skeleton, there is still a deficiency regarding

our knowledge of the transcriptional control of this process.

PRDM proteins control several critical aspects of development including differentiation, cell

growth, and apoptosis and are thus considered to be important regulators of cell fate (Turner

et al., 1994; Deng and Huang et al., 2004; Fog et al., 2012; He et al., 1998; Hohenauer and

Moore, 2012; Yan et al., 2007). PRDMs are part of a large evolutionary conserved Zn-

Finger transcription factor family that has variable numbers of Zn-Finger repeats that

mediate DNA binding. In addition, they contain an N-terminal PR domain that is similar to

SET domain proteins found in a class of histone methyltransferases that mediate recruitment

of histone-modifying enzymes. Because of this, PRDM function is mostly associated with

transcriptional repression. There are a total of five subfamilies, which include 17 different

genes that have been identified in humans and 15 in the Fugu rubripes fish. The

phylogenetic relationships between PRDM genes have been proposed and suggest that while

there are similarities and differences between all the family members, subfamilies can be

identified based on similar gene sequence and protein structure and number of Zn-finger

repeats: PRDM 2, 3, 5, and 16 belong to the same subfamily and PRDM1 shares a

relationship with PRDM 4, 10, 15 (Fumasoni et al., 2007).

The founding member of the PRDM family is Prdm1, also called Blimp1 in mammals.

Previous studies from multiple labs have shown that Prdm1 is necessary for B-cell

development and is required for the differentiation of B-cells into plasma cells (Shaffer et

al., 2002; Shapiro-Shelef et al., 2003; Turner et al., 1994), and is further implicated in

craniofacial, limb, and germ cell development in mouse (Ohinata et al., 2005; Vincent et al.,

2005). In the zebrafish, prdm1a mutant embryos have reduced specification of neural crest

cells and Rohon-Beard sensory neurons (Artinger et al., 1999; Roy and Ng, 2004,

Hernandez-Lagunas et al., 2005), an absence of slow twitch muscle cells (Beermann et al.,
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2010), and defects in prechordal plate and fin development (Mercader et al., 2006; Wilm and

Solnica-Krezel, 2005). Specifically in craniofacial development, prdm1a is expressed in a

large domain covering the posterior pharyngeal arches, which give rise to the posterior

viscerocranium and pharyngeal teeth (Birkholz et al., 2009; Sun et al., 2008). In both mouse

and zebrafish, prdm1 is required for the formation of the posterior craniofacial structures

and glands, such as the thymus, likely functioning by regulating cell proliferation (Birkholz

et al., 2009; Robertson et al., 2007; Wilm and Solnica-Krezel, 2005).

While a great deal is known about PRDM1, much less is known about the function of other

PRDM proteins during development, although more interest is emerging (Fog et al., 2012;

Hohenauer and Moore, 2012; Swartz et al., 2012). PRDM3, also known as EVI-1, is

associated with a role in human cancers including acute myelogenous leukemia (Buonamici

et al., 2003; Morishita et al., 1988; Russell et al., 1994; Senyuk et al., 2011) and some solid

tumors (Brooks et al., 1996; Sunde et al., 2006). Xenopus prdm3 and Mouse Prdm3/Evi1 are

expressed in the head folds and first and second pharyngeal arches at late tailbud stage and

from E8.5–10.5, respectively (Hoyt et al., 1997; Mead et al., 2005). Mice with a targeted

disruption of Prdm3/Evi1 die at E10.5 from cardiovascular and/or placental defects. These

embryos also exhibit changes in neural crest–derived structures, including loss of dorsal root

and cranial ganglia and hypoplasia of the pharyngeal arches (Hoyt et al., 1997). PRDM5 is

inactivated in different types of tumors, suggesting that it functions as a tumor suppressor

(Cheng et al., 2010; Duan et al., 2007; Watanabe et al., 2007). In zebrafish, prdm5 is

expressed ubiquitously from early cleavage stages and knockdown leads to a cyclopic

phenotype with defects in the formation of the head (Meani et al., 2009). In humans,

PRDM16 is associated with various disease states including myeloid leukemias and adult T-

cell leukemia (Mochizuki et al., 2000; Nishikata et al., 2003), and controls the cell fate

choice between brown fat and skeletal muscle cells (Kajimura et al., 2008, 2009; Seale et al.,

2007, 2008). In mouse craniofacial development, Prdm16 is expressed in neural crest–

derived tissues, similar to Prdm3, as well as in the pharyngeal arches, and the area of the

forming palate and Meckel’s cartilage by E11.5. An ENU-derived Prdm16 mutant in mouse

has developmental abnormalities that include a hypoplastic mandible and cleft palate (Bjork

et al., 2006, 2010a,b; Horn et al., 2011).

Based on the craniofacial skeleton phenotype in prdm1a mutants and the expression of the

above-mentioned prdms, we sought to determine the function of other prdm family members

during zebrafish craniofacial skeletal development, focusing on prdm3, 5, and 16. Using

expression analysis and Morpholino knockdown, we determined the effect of knockdown of

individual and combinations of Prdm factors. Our data suggests that the Prdm proteins are

necessary for neurocranium patterning, and to a lesser extent, overall patterning of the

viscerocranium.

RESULTS

Expression of Prdm Family Members in Zebrafish Craniofacial Skeleton Development

Previous studies have shown that PRDM3, 5, and 16 are associated with different kinds of

cancers, but how they function in the development of the zebrafish craniofacial skeleton is

not yet known. We performed a series of whole-mount RNA in situ hybridization (ISH)
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experiments for prdm3, 5, 10, 11, and 16 in zebrafish embryos from 30 hr post-fertilization

(hpf) to 60 hpf to determine whether they are expressed at the correct time and place to be

important for craniofacial development. A previous study by Sun et al. (2008) reported the

expression patterns of many SET domain– containing genes, including prdm1a, b, c, prdm4,

prdm15, prdm3, and prdm16 during zebrafish embryogenesis. Consistent with this previous

report, we confirmed and extended these findings to examine the expression in the

craniofacial region between 30–60 hpf. prdm10 and prdm11 were ubiquitously expressed at

low levels during these stages and were not pursued further (data not shown). prdm3 is

detected in the tegmentum, ventral diencephalon, hindbrain, pharyngeal arches, and pectoral

fin buds in the craniofacial region at 30 hpf (Fig. 1A, and data not shown). At 48 and 60 hpf,

prdm3 expression gradually increases and is highly expressed in the pharyngeal arches, as

well as in neurocranium and pectoral fin buds (Fig. 1B – D). In a ventral view, regions of the

forming neurocranium express prdm3 (Fig. 1D).

prdm5 is expressed at a low level ubiquitously prior to 48 hpf, but becomes localized and is

specifically expressed in the area of the forming neurocranium at 48 and 60 hpf (Fig. 1E–H).

From a ventral view, prdm5 is expressed in the area of the forming neurocranium as well as

a region anterior to the stomodeum (Fig. 1H, arrow).

prdm16 is expressed in the pharyngeal arches, hindbrain, and olfactory placode at 30 hpf

(Fig. 1I). By 48 hpf, prdm16 is expressed at high levels in the pharyngeal arches,

neurocranium, hindbrain, and fin bud (Fig. 1J). Similar expression is observed at 60 hpf,

albeit at slightly reduced levels, in the area of the pharyngeal arches and neurocranium (Fig.

1K, L). From the expression results presented, it is difficult to determine if there is specific

overlap of expression between prdm3, prdm5, and prdm16 as further analysis would be

required. However, these results suggest that they are expressed within the same domains

within the pharyngeal arches in craniofacial tissues that give rise to the viscerocranium and

the neurocranium. Thus, these results indicate that the prdm gene family is expressed and

likely functions in both viscerocranium and neurocranium development.

Reduction of prdm3 and prdm16 Results in Craniofacial Skeletal Defects

To determine if prdm3 and prdm16 are required for development of the pharyngeal arches

and craniofacial skeleton, we knocked down prdm3 and prdm16 in zebrafish embryos by

injecting antisense Morpholino oligonucleotides (MO) targeting the splicing site or

translation start site of the message. For each, we obtained two differentially targeting MOs,

prdm3 e3i3 and i2e3 MO, and for prdm16 ATG and e2i2 MO were injected into tp53M214K

−/− or wildtype embryos at the 1- to 4-cell stage. The specificity of the MOs was tested by

several methods described in detail in the Experimental Procedures section (see Supp. Figs.

S1, S2, which are available online). Both prdm3 and prdm16 MO-injected fish have a

normal overall morphology, with slightly smaller heads and a small percentage of embryos

had edema (~20%). The embryos with edema were not used for further analysis. We then

stained 5-dpf embryos with alcian blue to determine if there are defects in craniofacial

skeletal development in prdm3 and prdm16 morphants (for a review of craniofacial skeletal

elements see Schilling and Kimmel, 1997). Control injections with p53 MO alone to prevent

non-specific cell death or control MO at the 18 ng dose did not result in craniofacial defects
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(Supp. Fig. S2). Following injection of 6–12 ng of either of the prdm3 splice MOs or 6–8 ng

of prdm16 ATG or splice MO, embryos exhibit craniofacial cartilage defects as compared

with controls at 5 dpf (n=33/45 for prdm3 e3i3; n=21/24 for prdm3 i2e3; and n=11/16 for

prdm16 ATG and n=20/25 prdm16 e2i2; Fig. 2).

The prdm3 and prdm16 morphant larva have a similar viscerocranium phenotype where

defects are observed in the first arch cartilages, including a shortened Meckel’s (m) and

palatoquadrate (pq) as compared to unin-jected, tp53M214K −/− or control MO injected larva

(Fig. 2A–C, Supp. Fig. S2). Second arch–derived structures also have mild defects; the

hyosymplectic (hs) forms normally while the ceratohyals (ch) are often compressed and at a

greater angle to one another compared to controls. Thus, the viscerocranium is patterned

normally, but has significantly hypoplastic elements. Quantification of the length and width

of each craniofacial element was performed and suggests that both prdm3 and prdm16

morphants display a significant reduction in the length of Meckel’s/palatoqua-drate (see Fig.

6, light green bars for prdm3, P < 0.001 and light blue bars for prdm16, P < 0.001). prdm3

also displays a significant shortening of the ceratohyals (see Fig. 6, light green bars, P <

0.001). However, in contrast to prdm1a mutants or morphants, which lack arch 3-7-derived

ceratobranchial cartilages (cbs; see Fig. 4B,F), prdm3 and prdm16 morphants exhibit only

slight hypoplasia of these elements (Fig. 2A–D, see also Fig. 6).

Following prdm3 or prdm16 knockdown, there were specific patterning defects in the

neurocranium. In prdm3 morphants, the ethmoid plate was hypoplastic and thinner at the

midline, often resulting in a “cleft,” in combination with shortened trabeculae (Fig. 2F,

asterisk; see Fig. 6, light green bars, P < 0.01; Eberhart et al., 2008; Swartz et al., 2012). The

prdm16 morphant neurocranium has a narrowing in the overall shape of the ethmoid plate

coupled with a slightly shortened ethmoid plate/trabecular length. While consistent, these

differences were more varied and thus not found to be significant in our quantification (Fig.

2G; see Fig 6, light blue). These data suggest that prdm3 and prdm16 are required for proper

neurocranium formation, with a milder effect on the viscerocranium. The effects shown in

Figure 2 were for prdm3 i2e3 and prdm16 e2i2. Similar defects of the pharyngeal skeleton

can be observed with injection of prdm3 e3i3 splice-blocking MO and prdm16 ATG MO

(data not shown). These data suggest that both prdm3 and prdm16 play a role in zebrafish

craniofacial development.

Combinatorial Effects of prdm3 and prdm16 in Zebrafish Skeletal Development

Next, to determine whether the roles of different prdm transcription factors during

craniofacial cartilage development are redundant, we injected combinations of different

prdm Morpholinos. In the combination Morpholino injections, we specifically injected sub-

threshold doses of each Morpholino that alone did not result in phenotypes (data not shown),

such that the overall Morpholino dose is not too high to cause toxicity. This was done to

determine the specific effects of the double knockdown of both genes.

Because prdm3 and prdm16 are in the same subfamily and the knockdown of each results in

similar phenotypes, as described above, we determined the combinatorial effect of the

knockdown of both. Interestingly, when injected in combination, 6 ng prdm3 i2e3 and 3 ng

prdm16 e2i2 splicing Morpholino resulted in an additive effect on the neurocranium, with a
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smaller and narrower ethmoid plate (n=20/25; Fig. 2D,H). However, we did not observe a

significant effect on viscerocranium, since the combined injection results in a similar

phenotype as the individual injections (Fig. 2D, H). There was a significant difference in the

length of the Meckel’s/palatoquadrate as compared to the control, similar to prdm16 MO

alone (see Fig. 6, light grey bars, P < 0.01). Together, these data suggest that prdm3 and

prdm16 do appear to act redundantly in the viscerocranium but may have different functions

in neurocranium development of the zebrafish.

Gene Expression Domains Within Cranial Neural Crest Cells Are Reduced in prdm3 and
prdm16 Morphants

To determine the role of prdm3 and prdm16 on neural crest specific populations, we

examined the expression of two genes that are expressed in cranial neural crest cells, dlx2a

and barx1. We wanted to examine how early the defects in cranial neural crest cells are and

thus contribute to the cartilage defects observed in the prdm3 and prdm16 morphants. We

utilized probes specific for the homeodomain-containing transcription factor dlx2a, which is

expressed in the post-migratory NCCs of the pharyngeal arches at 24 hpf, and barx1, a

marker of cranial NCCs’ condensations as they undergo chondrogenesis, at 48 hpf (Fig. 3).

While these two genes were expressed in similar domains in p53-injected Morpholino

controls and prdm3 and prdm16 MO-injected embryos, the areas of the expression domains

appeared reduced. Expression of dlx2a was substantially reduced in the anterior domain in

prdm3 morphants (arrow, Fig. 3A, B), while its expression was reduced throughout the arch

region in prdm16 morphants, especially within the first arch (Fig. 3A, C). barx1 is expressed

in the neurocranium (n) and arch 1 (1), dorsal and ventral domains within arch 2 (2d and 2v)

and a domain representing arches 6 and 7 (6/7). Similar to the expression of dlx2a, barx1 is

notably reduced in all the above-mentioned pharyngeal arches in prdm16 morphants and

greatly reduced in the anterior pharyngeal arches in prdm3 morphants (Fig. 3D–F, arrows).

In prdm16 morphants, the ventral domain within arch 2 (2v) is seemingly absent (Fig. 3F

compared to 3D). Interestingly, the overall affect on arch1 is more severe than the other

arches, yet all the cartilages are reduced. This may be suggestive of a role for prdm3 and

prdm16 in maintaining expression of neural crest genes, and not for the initiation. Consistent

with this, we performed live cell imaging of both knockdowns in the tg(sox10:egfp) line and

found that there was no significant defects in neural crest migration, in that the same number

and pattern of cells were able to migrate to the pharyngeal arches and anteriorly around the

eye (data not shown). Together these data suggest that prdm3 and prdm16 are important for

cranial neural crest cell development following migration but prior to chondrogenesis.

Combinatorial Effects of prdm1a With prdm3 or prdm16 in Zebrafish Skeletal Development

Because of our interest in prdm1a, we wanted to determine the effect on craniofacial

cartilage when combinations of other prdm factors are knocked down in combination with

prdm1a itself. Alcian blue staining of 5-dpf prdm1a morphant larvae reveals as previously

shown, an inverted ceratohyal (ch), missing ceratobranchial cartilages 2–5 (cb2–5)

(n=27/39; Fig. 4B, F) (Birkholz et al., 2009). The ceratohyal was significantly shortened,

while there is a slight shortening of the trabeculae in prdm1a morphants compared to

controls (see Fig. 6, red bars, P < 0.001). Injection of 0.25 ng of prdm1a and 3 ng of prdm3

e3i3 MO together led to a more severe phenotype than the higher doses of either Morpholino
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alone. The viscerocranium was further shortened, particularly Meckel’s cartilage and the

palatoquadrate, and the ceratohyals was significantly shortened (see Fig. 6, orange bars, P <

0.001 for both). Similarly to prdm1a knockdown alone, ceratobranchials 2–5 were absent.

The neurocranium was much smaller and narrower, the ethmoid plate appeared truncated,

and the trabeculae were shortened (n=11/15; Fig. 4C, G; P < 0.001). The width of the

ethmoid plate was also significantly shorter as compared to control embryos (see Fig. 6, P <

0.03). These data suggest that knockdown of prdm1a and prdm3 has an additive effect on

the development of the cartilages of the viscerocranium and a synergistic effect on the

development of neurocranium.

Next we asked if there was a similar interaction between prdm1a and prdm16. Injection of

two different doses of prdm1a (0.25 and 0.35 ng) and prdm16 ATG (4 and 6 ng) MOs show

a dose-responsive effect on craniofacial cartilage development. Injection of the lower dose

combination results in a viscerocranium phenotype similar to the prdm16 morphant alone

(not shown), along with a reduction of Meckel’s cartilage. With the higher dose combination

of 0.35 ng prdm1a and 6 ng prdm16 MO, we observe a more severe phenotype (Fig. 4D, H).

In the viscerocranium, there is a greater shortening of the Meckel’s cartilage with a

significant change in the length of the Meckel’s/ palatoquadrate and in the angle and length

of the ceratohyal cartilages (see Fig. 6, dark green bars; P < 0.01 and P < 0.001,

respectively), and an absence of ceratobranchials 1–5 as compared to control larvae

(n=28/60; Fig. 4A, E). In the neurocranium, we observe a much smaller and narrower

neurocranium with a truncated and clefted ethmoid plate and significantly shorter ethmoid

plate/trabeculae (see Fig. 6, dark green bars, P < 0.001). These data suggest that prdm1a and

prdm16 have a similar effect on the viscerocranium, while the neurocranium phenotype

appears to be stronger in combination than the single morphants alone. Interestingly, the

anterior basicapsular commissure that forms at the lateral edge of the parachordal cartilage is

missing in both double morphants while slightly reduced in the singly injected morphants

(Fig. 4G,H, arrow). Together these data suggest that while prdm1a may interact with prdm3

and prdm16, these prdms do not appear to act redundantly in viscerocranium in zebrafish.

Combinatorial Effects of prdm1a and prdm5 on Craniofacial Development

prdm5 is in the same subfamily as prdm3 and prdm16 and thus may also be important in

craniofacial development. In zebrafish, prdm5 has been shown to play a role in early

development downstream of Wnt signaling (Meani et al., 2009), but its function in

craniofacial development has not been elucidated. We obtained a viral insertional mutant of

prdm5, prdm5hi61Tg, which is predicted to be a null mutation (see Experimental Procedures

section below for details) and examined its craniofacial phenotype by staining with alcian

blue at 5 dpf (Amsterdam et al., 1999, 2004; Amsterdam and Hopkins, 1999). prdm1a

mutants have a similar phenotype as the prdm1a Morphants described above, with a

significant shortening of the ceratohyal (Figs. 5B,F, 6, red bars). We observe a slight

shortening of the viscerocranium in prdm5 mutants, while the neurocranium is shortened

and narrower in these larvae (Fig. 5C, D). This results in a significant increase in the width

of the hypophyseal fenestra, the space between the trabeculae (Fig. 6, purple bars). To

determine the double mutant phenotype, we crossed the prdm5hi61Tg and prdm1am805 fish

lines together resulting in ~6.25% embryos displaying a prdm5hi61Tg-prdm1am805 double
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homozygous mutant phenotype, confirmed by genotyping. In the double mutant, we do

observe a more severe phenotype in the overall size of the viscerocranium, and there is an

additive phenotype in the neurocranium, which appears smaller and with a shortened

ethmoid plate and trabeculae (Fig. 5D, H). None of the elements were significantly changed

from control larvae (Fig. 6, dark grey bars). In summary, we conclude that prdm3, 5, and 16

are involved in the zebrafish craniofacial skeleton development and prdm1a may interact

with all three to properly pattern the head skeleton.

DISCUSSION

In this study, we have determined that prdm3, prdm5, and prdm16 play a role in zebrafish

craniofacial development. We have shown that the prdms are expressed at specific

developmental time points in multiple tissues and that targeted knockdown both singly, and

in combination, leads to cartilage defects in the neurocranium and the anterior

viscerocranium. While several other studies have shown a role for PRDM proteins in the

immune system and cancer, few studies focus on their role in development. This is the first

systematic study focusing on the roles of different members of the prdm gene family in

zebrafish craniofacial development.

Prdm Proteins Play a Redundant Role in Neurocranium Development

The neurocranium is the structure that consists of the anterior ethmoid plate and the

posterior trabeculae, as well as the posterior parachordal cartilage (Cubbage and Mabee,

1996). The neurocranium is both neural crest- and mesoderm-derived, consisting of the

neural crest–derived anterior structures, including the ethmoid plate and trabeculae, and the

posterior parachordal cartilage from the mesoderm. Fate mapping of the anterior migrating

stream that migrates around the eye gives rise to the medial ethmoid plate cartilage while the

cells that migrate more posteriorly into the dorsal part of arch 1 contribute to the trabeculae

(Kimmel and Eberhart, 2008; Wada et al., 2005). These populations require shh signaling:

Mutations in pathway members or treatment with cyclopamine, to inhibit shh signaling,

cause defects in the ethmoid plate and trabeculae (Wada et al., 2005). Our results with

prdm3 and prdm16 double morphants suggest they may act downstream of shh signaling. It

is not yet known if neural crest cells and/or mesoderm contribute to the anterior basicapsular

commissure. This structure seems to be sensitive to prdm dosage and sits at the base of the

brain behind the palate. The anterior neurocranium cartilages make up the base of the brain

in zebrafish, and because there is no true nasal cavity in fishes, the anterior neurocranium is

considered the zebrafish equivalent to the secondary palate in mammals (Eberhart et al.,

2008; Swartz et al., 2011). Thus, understanding the development of this structure may help

us understand normal palate formation as well as the etiology of cleft lip with or without

palate, which result from defects in palate morphogenesis. The phenotypes we observe in the

single prdm knockdowns include an overall hypoplastic neurocranium. However, in the

double knockdowns, the ethmoid plate is not as broad at the tip and the trabeculae are

shortened. In addition, the anterior basicapsular commissures are absent. Interestingly, we

observe either a reduction in the number of cells and/or a lack of chondrogenesis in the

medial ethmoid plate often resulting in a cleft, which may suggest an effect specifically on

the anterior migrating neural crest cell population. To address this, we tried to let some of
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the embryos survive to 6–7 days post-fertilization (dpf), however, many are severely

defective by this time point. As described above, these neurocranium phenotypes are similar

to what is observed following treatment with cyclopamine at later stages, 36–48 hpf, perhaps

suggesting that prdm3 and prdm16 may be functioning downstream of shh at this specific

developmental time (Wada et al., 2005). Further experiments are required to resolve whether

prdms are modulated by Shh, but together these data suggest that the prdm genes have

redundant roles in development of the neurocranium.

Prdm’s Proteins Have a Moderate Role in Viscerocranium Development

We have shown that prdm morphant larva appear to have mild phenotypes in the

viscerocranium, with a shortening of Meckel’s cartilage and a hypoplastic palatoquadrate.

Second arch structures also have moderate defects, with the hyosymplectic forming

normally, while the ceratohyals are often compressed and the angle between both

ceratohyals is greater than normal. Arches 3–7 are the least affected in prdm morphants,

with the exception of prdm1a, which is critical for the proper formation of the posterior

cartilages (Birkholz et al., 2009). We do observe a more significant affect on Meckel’s

cartilage with increasing doses of prdm1a Morpholino, suggesting that the overall levels of

Prdm proteins may be important (Hernandez-Lagunas and Artinger, unpublished

observation). In mice, an embryonic mutation in Prdm1 causes hypoplastic posterior arches,

which is consistent with a role in craniofacial skeletal development, though this has not been

directly tested. While the roles of Prdm3 and 5 have not been specifically addressed in

mouse craniofacial development, a Prdm16 ENU allele, causing frame shift and premature

termination, exhibits a cleft palate (Bjork et al., 2010b). Prdm16 expression begins at E9.5

in the pharyngeal arch region and is expressed in the palatal shelves at E13.5-E14.5 and may

play a role in chondrogenesis and bone formation (Horn et al., 2011). Our findings in

zebrafish that knockdown of prdm16 in combination with other prdms results in

neurocranium defects is consistent with this previous report in mouse.

Evolutionary Conservation of prdm Expression and Function

In terms of sequence, there is high conservation between all prdm paralogs across

vertebrates. What seems to differ is the number and position of the zinc finger DNA-binding

domains. prdm paralogs have similar but somewhat different expression patterns and

function. For example, prdm1 expression in vertebrates is fairly conserved, in that it is

expressed in the somites, posterior pharyngeal arches, limb buds, and retina across species in

which it has been analyzed (Chang et al., 2002; Wilm and Solnica-Krezel, 2005). This

complex expression pattern suggests that PRDM1 is required in a variety of developmental

processes. Indeed, studies in both mouse and zebrafish models indicate it is important in the

development of B-cells (Messika et al., 1998; Turner et al., 1994), germ cells (Ohinata et al.,

2005; Vincent et al., 2005), neural crest (Bikoff et al., 2009; Hernandez-Lagunas et al.,

2005; Olesnicky et al., 2010; Roy, 2004) and muscle cells (Baxendale et al., 2004). A recent

study in lamprey showed that prdm1 is expressed at the neural plate border and in the gill

arches, suggesting it is expressed similarly to its gnathostome orthologs (Nikitina et al.,

2011). However, the two close paralogs of prdm1a in zebrafish, prdm1b and prdm1c, have

partially lost some of the prdm1a expression domains. prdm1b, like prdm1a, is highly

expressed in somites and in retina, but prdm1c shows a more ubiquitous expression pattern
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(Sun et al., 2008) and neither is expressed in the developing face. prdm4, 10, and 15 are also

members of this family and are, for the most part, expressed ubiquitously in zebrafish

(Fumasoni et al., 2007; Sun et al., 2008).

The subfamily that contains prdm3, 5, and 16 shares some similarities in expression but also

exhibits some differences. Our results showed that the expression of prdm3 and prdm16 in

zebrafish is partially overlapping, with both being expressed in hindbrain, telencephalon,

pharyngeal arches, pectoral fin buds, and the neurocranium. prdm16 alone is expressed in

the olfactory placode. In the fin bud, expression of prdm3 is faint at 30 hpf while prdm16 is

already highly expressed by 30 hpf, suggesting that expression of prdm16 is earlier than that

of prdm3 in this domain. Both prdm3 and prdm16 are expressed in the pronephric duct, and

prdm16 is expressed in the olfactory placode as well (Fig. 1 and data not shown). The

similarities and differences in expression of prdm3 and prdm16 imply that they may be

functionally redundant in domains where both are expressed, such as the developing brain,

pharyngeal arches, and pectoral fin buds, but have independent functions in other domains.

Within the same cluster, the expression of prdm5 is specifically localized to the pharyngeal

arches and neurocranium. Meani et al. (2009) demonstrated that prdm5 is ubiquitously

expressed during cleavage stages, with higher levels of expression in the central nervous

system during somitogenesis and overall lower levels in the rest of the embryo. Our results

suggest there is some functional redundancy between the prdm paralogs but that there may

also have been some divergence in gene expression and function within the prdm gene

family.

EXPERIMENTAL PROCEDURES

Zebrafish Maintenance

Zebrafish were maintained according to Westerfield (2007) and embryos were staged

according to Kimmel (Kimmel et al., 1995). Lines included wild type AB and TAB (ZIRC),

prdm1a mutant fish line (narrowmindedm805from our lab), prdm5hi6Tg (Amsterdam et al.,

2004), a p53 mutant fish line, tp53M214K (Berghmans et al., 2005). The prdm1am805 mutant

strain (narrowminded) was isolated from a small-scale in situ hybridization screen described

in a previous publication (Artinger et al., 1999), and is currently on a mixed background.

Control embryos are wildtype or heterozygous prdm1a+/− unless otherwise noted.

tp53M214K−/− fish were obtained by incrossing tp53M214K−/+heterozygotes and genotyped by

PCR according to a previous publication and are used to eliminate the non-specific effects of

Morpholinos (Berghmans et al., 2005; Johnson et al., 2011).

Genotyping and Mutant Lines

The prdm5hi61Tg fish line was identified in a viral insertion screen carried out in the Hopkins

laboratory. The insertion is predicted to be a full null since the insertion is in the first exon

shortly after the ATG (A. Amsterdam, personal communication). To genotype single

zebrafish, adults are anesthetized in 0.15% Tricaine and tail fins clipped and transferred into

50-µl aliquots of lysis buffer. Genomic DNA was extracted at 98°C for 10 min, incubating

with 5 µl proteinase K (10 mg/ml) at 55° C for 1 hr, and denaturing with Proteinase K at 98°

C for 10 min. The three primer sequences for genotyping prdm5hi61Tg fish line to distinguish
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wild type (575 bp only), heterozygotes (455 and 575 bp), and homozygous mutants (455 bp

only) are 5′-CAG TGT AAA CCT TTC TTA ACT GTG TTT C-3′, 5′-GCT AGC TTG

CCA AAC CTA CAG GT-3′,and 5′-GAC AGT GAC ATG GAT GAT CAG C-3′. The

primer sequences for genotyping prdm1am805 fish line are forward 5′-TTC AGT CAA GAC

CTA AGC CCG C-3′ and reverse 5’-CAA AAA CAT CTT AAG GAA GAG GGC AG-3′,

followed by a 2-hr digest with the restriction enzyme fokI, which cuts only the WT allele

product.

Whole Mount In Situ Hybridization (ISH)

Conventional whole-mount ISH was performed as described in Thisse (Thisse and Thisse,

1998; Thisse et al., 1993) and Johnson et al. (2011), using DIG-labeled (Roche,

Indianapolis, IN) antisense RNA probes: barx1 (Sperber and Dawid, 2008), dlx2a (Jackman

et al., 2004), prdm3, 5, 10, 11, and 16 (Sun et al.J, 2008). BM Purple (Roche) was used as a

substrate for the alkaline phosphatase reaction.

Whole Mount Skeletal Staining

Cartilage was stained according to Walker and Kimmel, 2007, with some modifications.

Embryos were incubated in egg water containing 0.003% (w/v) 1-phenyl-2-thiourea (PTU,

Sigma-Aldrich, St. Louis, MO) to prevent pigment formation from 24 until 5 dpf. Five-dpf

larvae were fixed in 2% PFA/PBS for 1 hr at room temperature, washed in 100 mM Tris pH

7.5/10 mM MgCl2, and stained overnight in 0.04% alcian blue (Anatech Ltd., Battle Creek,

MI) in 80% EtOH/ 100 mM Tris pH 7.5/10 mM MgCl2. Larvae were then rehydrated in

80% EtOH/100 mM Tris pH 7.5/10 mM MgCl2, followed by 50 and 25% EtOH/ 100 mM

Tris pH 7.5, cleared in 25% glycerol/0.1% KOH, and stored in 50% glycerol/0.1% KOH.

Morpholino Injections

Morpholinos knockdown was accomplished by injecting embryos at the 1-to 4-cell-stage

with a mixture of 2.5% fluorescein dextran (10,000 MW, lysine fixable, Invitrogen).

Morpholinos to prdm1a (0.5-ng splice blocking Morpholino to intron 2 splice donor,

Baxendale et al., 2004), prdm3 (6 ng splicing e3i3 MO, 5′-TAG AAG TAA ATG AGT GTT

ACC TGC A-3′ and 12 ng splicing i2e3 MO, 5′-TCA ACC CTG CTG ATG TTA AAC TTC

T-3′) and prdm16 (8 ng ATG blocking Morpholino, 5′-CCA GAC AGA ACT TCA CAT

TGC CCA T-3′ and 6 ng splice blocking e2i2 MO 5′-ACT CAC ACT ATC ACC CAC CTT

ATC A-3′). All MOs were ordered from and designed by Gene Tools, LLC (Philomath,

OR). All Morpholinos were injected first into wildtype embryos at several doses to

determine a dose that was appropriate for these experiments, and without toxicity. A prdm3

ATG MO could not be designed because in the current annotation of the genome, the ATG

start site is ambiguous and thus we designed two splice MOs. Because both prdm3 and

prdm16 MOs have not been tested before, we verified that the phenotypes observed in this

morphant were the result of reduced expression rather than an off-target by performing

several controls: (1) Two independently targeting MOs were injected for each (sequences

above) in at least three separate experiments and have similar phenotypes; (2) We

determined that splice junction targeted Morpholinos indeed interfered with splicing. mRNA

from 8–10 pooled, 48-hpf embryos injected with 12 ng prdm3 i2e3 MO or 6 ng prdm16 e2i2
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MO or 10 uninjected or tp53M214K injected embryos was isolated using the RNAeasy Micro

Kit (Qiagen, Chatsworth, CA) and reverse transcribed into cDNA using the Superscript III

First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). RT-PCR of the

prdm3 was performed using this cDNA with a forward primer 5′- GAC CTA AGT CTT

GGC AGA C −3′ and reverse primer 5′- GAG CTG AAG GAT TCC AGC −3′, and prdm16

forward primer 5′- GTG CAC GAG TGC AAA GAC TG −3′ and reverse primer 5′- GCT

TGA CAC TGC TGT GTA TG 3′, while (β-actin was amplified with forward primer 5′-

CAT CAG GGT GTC ATG GTT GGT −3′, and reverse primer 5′-TCT CTT GCT CTG

AGC CTC ATC A −3′. Both splice-blocking MO interfered with splicing (Supp. Fig. S1).

prdm3 MO caused exon skipping of exon 3, creating a band of 211 bp compared to

uninjected/tp53M214KI embryos that maintain exon 3 and a size of 302 bp. In addition, a

~450-bp band was also observed, possibly creating a fragment containing some of intron 2.

prdm16 MO also caused exon skipping of exon 2, resulting in a 192-bp band compared to

340 bp in uninjected/tp53M214KI embryos. In both cases, some of wildtype RNA remains,

but we believe that we have significant knockdown of both prdm3 and prdm16 in these

assays. (3) A standard control MO sequence 5′-CCT CTT ACC TCA GTT ACA ATT TAT

A-3′ was injected at a relatively high dose of 18 ng without a craniofacial phenotype (Supp.

Fig. S2); (4) Rescue experiments were attempted for prdm3 and prdm16. For prdm3,

because of the problem in the genome annotation, we were unable to clone the full-length

coding region for mRNA synthesis. Thus, a rescue was not attempted. For prdm16, 100 pg

of prdm16 mRNA was injected along with prdm16 i2e2 MO. In 60% of embryos (n=12/19),

we did observe a rescue in the viscerocranium, size of the ethmoid plate, and the anterior

basicapsular commissure, suggesting a partial rescue (Supp. Fig. S2). (5) To suppress p53-

mediated, MO-induced cell death, all MO injections were carried out in both

tp53M214K−/−embryos or TAB fish line co-injected with 2 ng p53 MO. p53 MO sequence 5′-

GCG CCA TTG CTT TGC AAG AAT TG-3′ (Gene Tools, LLC) (Robu et al., 2007). The

control embryos presented in all figures are tp53M214K−/− or p53 MO-injected embryos and

were identical to that of wildtype embryos. Together, these results provide strong support for

the specificity of our Morpholinos.

Imaging Analysis and Quantification

Embryos processed for in situ hybridization were mounted in 80% glycerol or 3%

methylcellulose and imaged using an Olympus BX51WI compound microscope. Embryos

stained for cartilage with Alcian Blue were sometimes dissected and flat-mounted as

described (Javidan and Schilling, 2004) and imaged with the above compound microscope.

For quantification of cartilage elements, embryos were flat mounted and images acquired at

10× magnification. Elements were measured in Adobe Photoshop, and Tukey Kramer two-

way Anova posthoc test for pairwise comparison calculated as compared to uninjected

wildtype or p53 MO injected control using Prism 5 software (GraphPad, San Diego, CA).

This correction is used to normalize for an unequal variance shown in Figure 6 in error bars

illustrating the standard error. We compared the wildtype length/width of the elements to

each morphant condition, and indicated statistical significance by an asterisk (*). The

significance of each morphant condition was calculated to each other’s Morpholino injected

condition, but is not indicated in Figure 6. Wildtype or tp53M214K−/− fish were measured

(n=11) and each Morphant singly injected or in combination (n=3–8 for each condition).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key findings

• prdm3, 5, 16 are expressed in the zebrafish pharyngeal arches.

• Knockdown of prdm3 and prdm16 results in neurocranium and viscerocranium

defects and, in combination, is additive in the neurocranium.

• prdm1a with prdm3 or prdm16 Morpholinos together leads to more severe

phenotypes.

• prdm5 mutants have defects in the neurocranium and prdm1a and prdm5 double

mutants show more severe phenotypes.
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Fig. 1.
Expression of different prdms in developing zebrafish embryos. In situ hybridization (ISH)

using prdm3 5, and 16 at 30-hpf (A, E, I), 48-hpf (B, F, J), and 60-hpf stages showing lateral

(C, G, K) and (D, H, L) ventral views. Note the partially overlapping expression of prdm3

and prdm16. A: Lateral view of whole mount embryo showing the prdm3 expression in the

tegmentum, ventral diencephalon, neurocranium, hindbrain, pharyngeal arches at 30 hpf. At

48 hpf (B) and 60 hpf (C, D), prdm3 gradually increases and is highly expressed in

pharyngeal arches, and is also expressed in pectoral fin buds, neurocranium, hindbrain, and

tegmentum. E–H: prdm5 is not specifically expressed at 30 hpf, but is expressed at a low

level in the area behind the eye and neurocranium at 48 and 60 hpf. The arrow in H points to

the forming stomodeum in which prdm5 is expressed. I,J: From 30 to 48 hpf, prdm16

expression gradually increases in pharyngeal arches, as well as in neurocranium, pectoral fin

buds, hindbrain, and olfactory placode. K,L: At 60 hpf, prdm16 expression decreases in the

pharyngeal arches and hindbrain, but is still expressed at a significant level. Anterior is to

the left in all panels. e, eye; fb, fin buds; hb, hindbrain; n, neurocranium; op, olfactory

placode; pa, pharyngeal arch; tg, tegmentum; vd, ventral diencephalon.
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Fig. 2.
Reduction in prdm3 and prdm16 results in craniofacial defects. Five-dpf uninjected (A, E),

prdm3 (B, F), prdm16 (C, G), and double morphant prdm3 and prdm16 (D, H) larvae

stained with alcian blue to detect cartilage following dissection of the viscerocranium and

neurocranium. As compared to control (A, E), the flat-mounted 5-dpf prdm3 i2e3 (B, F) and

prdm16 e3i3 (C, G) morphant larvae have smaller palatoquadrate, including the pterygoid

process of the palatoquadrate, and hyosymplectic of the viscerocranium, shortening of the

Meckel’s cartilage (m), widening of the angle between ceratohyals (ch) in the

viscerocranium, smaller ethmoid plate (ep), shortened trabeculae of the neurocranium,

thinning and smaller of the neurocranium. In prdm3 morphant larvae (20–30%), there is a

gap in the anterior edge of the ethmoid plate forming a “cleft” as shown in F. D, H: The

combination of sub-optimal doses of prdm3 with prdm16 Morpholino. As compared to

control (A, E), combination of 3 ng prdm3 i2e3 with 5 ng prdm16 e3i3 Morpholino (D,H)

resulted in a slightly more severe phenotype in the neurocranium (much smaller and thinner

neurocranium, smaller ethmoid plate, shortened trabeculae, missing anterior basicapsilar

commissure, arrow). However, there is only a small gap in the ethmoid plate. Anterior is to

the left. abc, anterior basicapsular commissure; cbs, ceratobranchials; ch, ceratohyal; ep,

ethmoid plate; hs, hyosymplectic; m, Meckel’s cartilage; n, notochord; pch, parachordal; pq,

palatoquadrate; tr, trabeculae; * indicates cleft in the ethmoid plate.
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Fig. 3.
prdm3 and prdm16knockdown causes a reduction in the NCC expression domains of dlx2a

at 24 hpf and barx1 at 48 hpf. A–C: Whole mount embryo ISH shows that pharyngeal arch

marker dlx2a is expressed in the post-migratory neural crest region in control (A), prdm3

e3i3 (B), and prdm16 ATG (C) morphants at 24 hpf. dlx2a expression in prdm3 and prdm16

morphants shows a significant reduction in the anterior expression domain, and a mild

reduction anteriorly relative to controls. D–F: barx1 expression in cranial NCC

condensations is significantly reduced in the neurocranium (n) and arch 1 (1), dorsal and

ventral domains within arch 2 (2d and 2v), and a domain representing arches 6 and 7 (6/7) in

prdm3 (E) and prdm16 (F) morphants at 48 hpf as compared to controls (D). Arrows

indicate notably reduced expression domains in prdm3 and prdm16 morphants. Anterior is

to the left.
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Fig. 4.
Combination of sub-optimal doses of prdm1a with prdm3 or prdm16 Morpholino results in

severe craniofacial defects. Alcian blue staining on 5-dpf larvae to detect cartilage

formation. Alcian blue–stained uninjected (A, E), prdm1a (B, F), prdm3, prdm1a–prdm3

double (C, G), and prdm1a-prdm16 double (D, H) morphant larvae. As compared to control

(A), prdm1a knockdown alone has an inverted ceratohyal (ch) and missing ceratobranchial

2–5 (*) in the viscerocranium (B). In addition, prdm1a morphants have a smaller and

narrower neurocranium and slightly shortened trabeculae (F). The combination of sub-

optimal doses of prdm1a with prdm3 e3i3 Morpholino resulted in a more severe phenotype

in viscerocranium (C, shortening of the Meckel’s cartilage and loss of ceratobranchial 2–5).

In the neurocranium, the double morphants have an increasingly smaller and thinner

neurocranium, a smaller ethmoid plate, and shorter trabeculae. The combination of

suboptimal doses of prdm1a and prdm16 ATG Morpholino led to a more severe phenotype

in the neurocranium (H, much smaller and thinner neurocranium with clefting observed in

20–30% of embryos, smaller ethmoid plate, shorter trabeculae) and viscerocranium (D,

shortening of the Meckel’s cartilage and absence of ceratobranchial 2–5). Anterior is to the

left. abc, anterior basicapsular commissure; cbs, ceratobranchials; ch, ceratohyal; ep,

ethmoid plate; m, Meckel’s cartilage; n, notochord; pch, parachordal; tr, trabeculae; * in B–

D illustrates missing cbs, in H indicates area of clefting.
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Fig. 5.
The viscerocranium and neurocranium of prdm5hi61Tg-prdm1am805 double mutant exhibit

more severe phenotypes than single mutants. Double prdm1am805 prdm5hi61Tg

heterozygotes were crossed to obtain the prdm5hi61Tg-prdm1am805 double mutant embryos.

A–D: Flat-mounted Alcian blue staining of the viscerocranium and neurocranium in control,

prdm1am805, prdm5hi61Tg mutant, and prdm5hi61Tg-prdm1am805 double mutant. As

compared to control (A), the prdm1am805 (B) mutant larva is missing the ceratobranchial 2–

5 cartilages (cb2–5) as was also observed in the prdm1a morphant. The prdm5hi61Tg (C)

mutant larva has a slightly shortened Meckel’s cartilage (m) in the viscerocranium. The

prdm5hi61Tg-prdm1am805 double mutants (D) have a more severe phenotype in the

viscerocranium (shortening of the Meckel’s cartilage, greatly widening of the angle between

ceratohyals [ch], and absence of ceratobranchials 2–5). E–H: Flat mount of the

neurocranium in the control (E), prdm1am805 mutant (F), prdm5hi61Tg mutant (G), and the

prdm5hi61Tg-narrowmindedm805 double mutant (H). The neurocranium and ethmoid plate

(ep) are slightly smaller and trabeculae are shortened in prdm1am805 mutant and

prdm5hi61Tg mutant (F,G). In prdm5−/−, the hypophyseal fenestra is significantly wider and

the anterior basicapsilar cartilage is missing (G, arrow). The double mutant shows further

reduction of the neurocranium, smaller ethmoid plate, shorter trabeculae, and missing

basicapsilar cartilage (H, arrow). Anterior is to the left. abc, anterior basicapsular

commissure; cbs, ceratobranchials; ch, ceratohyal; ep, ethmoid plate; m, Meckel’s cartilage;

n, notochord; pch, parachordal; tr, trabeculae; * in B,D illustrates missing cbs.
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Fig. 6.
Quantification of cartilage elements in morphant embryos. A: Embryos were dissected and

measured in microns (µm; y-axis) for 5 different elements: Ceratohyal (Ch), Meckel’s/

palatoquadrate length (M/PQ), Ethmoid plate/trabeculae length (Et/Tr), Ethmoid plate width

(Et), and Hypophyseal Fenestra width (Fen) on the x-axis. Each condition is color coded:

Control, royal blue, tp53M214K−/− control; red, prdm1a MO; light green, prdm3 MO;

purple, prdm5 mutant; aqua, prdm16 MO; orange, prdm1a and prdm3 MOs; dark grey,

prdm1a and 5 double mutants; dark green, prdm1a and prdm16 MOs; light grey, prdm3 and

prdm16 MOs. Error bars are standard error, and significance was measured by Tukey

Kramer one-way Anova posthoc test as compared to control. For Ch, ***P < 0.001. For

M/PQ length, **P < 0.01 and ***P < 0.001. For Et/Tr length, *P < 0.01 and ***P < 0.001.

For Et width, *P < 0.03, For Fen, **P < 0.002. B: Line diagram on cartilage-stained

uninjected embryos illustrating the elements measured: Viscerocranium, top, measuring the

CH (white line) and M/PQ length (black line). Neurocranium, bottom, measuring Et/Tr

length, Et width, Fen width (black lines, respectively).
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