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Abstract

Cleft palate and orofacial clefts are common congenital anomalies whose etiology
results from deficient fusion of the bilateral processes of the first pharyngeal arch and/or
the frontonasal process. Craniofacial clefting can result from genetic and teratogenic
disruptions affecting the growth and development of the first pharyngeal arch. Many of
the molecular pathways regulating normal and abnormal growth and development of the
first arch have been studied; however, the role of microRNA (miRNA) in mammalian
palatal development has not been elucidated. miRNA are a class of short 19-21 nt non-
coding RNA whose function is in the repression and attenuation of translation of their
target MRNA. The function of specific miRNA is known in many developmental events
and disease processes, and they are estimated to regulate up to one third of human genes.
We hypothesized that miRNA are essential to mammalian orofacial development, and as
such, a disruption of miRNA biogenesis will disrupt established orofacial and palatal
developmental processes. To test this hypothesis a conditional Dicer knockout mouse
model was used. In this model, floxed Dicer alleles were knocked out in the first
pharyngeal arch precursor tissues of the palate. Embryos lacking Dicer in their palatal
precursors experienced craniofacial developmental defects that included several missing
viscerocranial and chondrocranial bones and a complete cleft of the secondary palate.

The developmental defects of the conditional Dicer knockout were similar to defects seen



as a result of aberrant cranial neural crest cell migration and differentiation. Sox9 is a
molecular marker of cranial neural crest cells and participates in their maintenance and
ability to respond to chemotactic signals during migration. Investigation of Sox9
expression, between E9.5 and E12.5, showed ectopic Sox9 expression in the Dicer
knockout embryos between E9.5 and E11.5, in the rhombencephalon and midbrain; and
decreased Sox9 expression in the maxillary process at E12.5, indicating that improper
development or migration of cranial neural crest cells may be responsible for the
viscerocranial malformations. These results demonstrate the importance of miRNA in

mammalian palatogenesis and viscerocranial morphogenesis.
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I. Introduction
A. Hypothesis

MicroRNA (miRNA) represents one component of the cellular machinery that
regulates gene expression (Zamore and Haley 2005). They function by fine tuning the
translation of their mMRNA targets through RNA interference (RNAI) pathways (Hannon
2002). Many miRNA have been shown to play important roles in many developmental
and disease processes, and are currently being investigated for potential therapeutic uses
(Kim 2005; Wang and Wu 2009; Stenrang and Kauppinen 2008). The role of miRNA in
orofacial development has scarcely been studied, and the studies are limited to zebrafish,
whose orofacial development differs from mammalian development (Eberhart et al.
2008). My hypothesis was: “Conditional mutagenesis of Dicer in cranial neural crest
cells will disrupt mammalian orofacial and palatal development through disruption of
MiRNA mediated regulation of gene expression.” To test this hypothesis
Pax2Cre/Dicer>® transgenic mice, in which floxed Dicer alleles are knocked out
following Pax2 directed Cre expression, were analyzed. This study was organized into
the following aims: 1. Characterization of the orofacial development of the conditional
Pax2Cre/Dicer->® knockout mouse during palatogenesis I1. Initial assessment of the
effects of microRNA depletion on skeletogenic cranial neural crest cells through analysis
of Sox9 — a molecular marker of a subset of differentiating cranial neural crest cells that

populate the face.



B. Introduction to microRNA

MicroRNA (miRNA) belongs to a class of RNA molecules called non-coding
RNA. miRNA have diverse functions in cells ranging from conservation of chromosomal
architecture to maintenance of the stem cell undifferentiated state to roles in cancer
biology (Zhang et al. 2009; Livingston and Rajewsky et al. 2005). They are short, ~ 21
nucleotide RNA transcripts that function within the RNA interference (RNAI) pathway to
attenuate gene expression (Hannon 2002).

The first known miRNA, called lin-4, was discovered in 1993, by Ambros et al.
They found that expression of a very short RNA transcript (lin-4) correlated with down
regulation of Lin-14, a protein whose mRNA transcript had several antisense
complementary sequences to lin-4. The presence of antisense complementary sequences
suggested that lin-4 might regulate translation of Lin-14 through RNA-RNA interactions
(Ambros et al. 1993).With their initial discovery and using intuitive reasoning, Ambros et
al. predicted the now known miRNA biogenesis pathway. For years their discovery
remained relatively obscure and prior to the year 2000 no miRNA function had been
found in mammalian biology (Harfe et al. 2006).

In the 21 century, the field of non-coding RNA research has rapidly progressed.
miRNA are now believed to play a role in virtually all physiologic processes and in
humans, Bartel et al. (2007) have estimated that at least 5,000 genes are likely targets of

mMiRNA, based on bioinformatics.



C. Biogenesis of mMiRNA

Biogenesis of miRNA occurs in several steps, and takes place in both the nucleus
and the cytoplasm (Figure 1). First, in the nucleus, primary transcripts known as pri-
mMiRNA, are predominately transcribed by RNA Polymerase I, but can also be
transcribed by RNA polymerase 11l (Davidson et al. 2006; Shomron and Levy 2009).
These pri-miRNA transcripts are recognized by an RNase 111 like enzyme called Drosha,
which, along with its partner DCGRS, cleave pri-miRNA into 60 — 80 bp precursor
miRNA, known as pre-miRNA (Kim et al. 2006; Soifer et al. 2008). Pre-miRNA
transcripts contain a hairpin, and a two nucleotide 3’ single stranded RNA (sSRNA)
overhang. The two nucleotide 3° sSRNA overhang is recognized by the nuclear protein
Exportin5 (Exp5) which translocates the pre-miRNA out of the nucleus and into the
cytoplasm. Once in the cytoplasm, another RNAse I11 like enzyme, Dicer, cleaves the
pre-miRNA hairpin into a 19-21 bp double stranded miRNA duplex. The miRNA duplex
is loaded onto the Argonaute (AGO2) protein while the antisense strand of the miRNA
duplex is removed, leaving an AGO2-ssRNA complex known as the RNA Induced

Silencing Complex (RISC) which functions to guide translational repression.

D. Mechanisms of miRNA function

The basis of miRNA function is homologous binding of a region of the miRNA,
known as the “seed sequence,” with the antisense complement of a target mMRNA within
its 3’ untranslated region (UTR) (Bartel et al. 2003; Bartel et al. 2007). Within each 21 nt
miRNA there is a 6 to 8 base pair seed sequence located at the 5” end of the miRNA,

which is critical for miRNA mediated mRNA targeting (Bartel et al. 2003). The seed
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Figure 1. Biogenesis pathway of miRNA in control littermate and conditional Dicer

knock out. In normal miRNA biogenesis the RNaselll enzyme Dicer participates in the

final step of MiIRNA biogenesis pathway by cleaving the pre-miRNA hairpin to produce a

MIRNA/miRNA* duplex of 19-21 bp. In the conditional knockout mice, floxed Dicer

alleles are permanently knocked out in all Pax2Cre expressing tissues, inhibiting their

production of mature miRNA once residual Dicer mMRNA and Dicer enzyme are depleted.



sequence comprises nucleotides 2-8 when counting from the 5’ end (Joshua-Tor et al.
2004; Pillai et al. 2007). The context of the miRNA — 3’UTR mRNA interaction site, and
the number of complementary base pairs binding between them, helps to determine the
downstream effect their complexation has (Bartel et al. 2007).

miRNA function is accomplished through four similar, but distinct mechanisms;
co-translational repression, degradation of mMRNA transcripts, repression of translation
initiation, and localization of target mMRNA to processing-bodies (P-bodies), which are
localized sites of MRNA degradation (Parker et al. 2005; Izaurralde et al. 2008). In the
literature, there exists some debate over the exact functionality of P-Bodies and whether
they can be used to store mRNA for later use, or if mMRNA is immediately degraded once
localized to a P-body (Parker et al. 2005; Pillai et al. 2007).

Studies in mammalian cell cultures have provided evidence for co-translational
repression (lzaurralde et al. 2008), wherein actively translating mRNA targets of miRNA
are found in the presence of the miRNA, but no completed protein product is detected
(lzaurralde et al. 2008). In co-translational repression, the mMRNA begins to be translated,
but gets interrupted by the miRNA/RISC complex and the functional protein is never
completed or detected. In this function of mMiIRNA, the expression of a given miRNA has
an inverse correlation with the expression of its mMRNA target (Izaurralde et al. 2006;
Izaurralde et al. 2008). Direct cleavage of an mRNA target can be directed by miRNA
when they are loaded into a RISC complex; miRNA can direct a cleavage of their mMRNA
target at a site on the mRNA strand, located between nucleotides 10 and 11 of the

miRNA, when counted from the 5’ end of the miRNA (Zamore and Haley 2005). This



cleavage is accomplished by an RNase domain on the Argonaut2 protein (Joshua-Tor et

al. 2004).

E. Effects of inhibition of miRNA function

In genetic and molecular based pharmaco-therapeutics, miRNA are being
investigated both as mediators and targets for treatment of disease. Targeting of miRNA
to attenuate their function can be accomplished through anti-sense complementary
binding using anti-miRNA oligonucleotides. Targeting of miRNA-oncogenes, such as
mMiRNA-24, could lead to new treatments for cancers, or cancer drug resistance (Zhang et
al. 2009; Mishra 2009). When miRNA function is attenuated, such as with a mutation
within the seed sequence of the miRNA, or in the target sequence on the mRNA 3’ UTR,
there can be multiple consequences relating to the function of that target within the cell or
tissues’ regulatory networks. The primary effect of attenuation of miRNA function may
be small, resulting in small changes in its target MRNA concentration and protein
concentration, but secondary effects may result in a large phenotypic response if the
miRNA target is involved in a sensitive regulatory or genetic pathway (Soukup and
Weston 2009). This has been illustrated by a single nucleotide mutation in the seed
region of miR-96 and the resulting inner ear phenotype and progressive hearing loss in
mice (Soukup and Weston 2009; Moreno-Pelayo et al. 2009). Mutation of a single
nucleotide in the seed region of miR-96 causes an alteration of the seed sequence which
directs miR-96 to its targets; resulting in a primary loss of its ability to regulate its
targets, and a secondary disruption of downstream signaling molecules associated with

the target of miR-96 (Moreno-Pelayo et al. 2009).



F. Rate of miRNA turnover and its effects on investigation of conditional Dicer
deletion

Just like other RNA molecules, miRNA experience a rate of turnover related to
the current functions of the cell or tissue in which they are expressed. Active degradation
through exoribonuclease activity may be one pathway for modification of miRNA
accumulation and activity (Grosshans and Chatterjee 2009). In conditional Dicer
knockout mice, the extent of their phenotypic response is known to be a function of the
residual level of miRNAs already present in those tissues (Soukup et al. 2009). The
residual level of miRNA following conditional Dicer deletion may be a result of many
factors including the rate of miRNA degradation, the rate of Dicer mMRNA degradation,
and the rate of Dicer protein turnover. Variability in the rate of degradation of residual
miRNA, Dicer mRNA, and Dicer protein has been seen in other transgenic models using
the Cre/LoxP system for Dicer deletion (Wang et al. 2008). This variability can make the
outcome of conditional Dicer deletion difficult to interpret without quantifying the
residual products. This can be further complicated when conditional deletion occurs
during development which has a variable effect on protein, MRNA, and miRNA

metabolism.

G. mMiRNA in orofacial development
Currently in the literature there is a single study suggesting that miRNA have a
role in palatogenesis (Eberhart et al. 2008). The field of miRNA biology within orofacial

and palatal development is in its infancy, and outside the single article, there are many



questions still to be answered. Given the broad role of miRNA in other systems, it is easy
to imagine that many, if not all, the developmental processes involved in palatogenesis

have some influence resulting from miRNA mediated regulation of protein expression.

In 2008, in zebrafish, mMiIRNA miR-140 was shown to regulate and attenuate the
expression of Pdgfra«a , which is a receptor located on cranial neural crest (CNC) cells,
for the chemoattractant Pdgfaa ligand, released from the optic stalk during CNC
migration. Over expression of miR-140 in CNC resulted in a cleft primary palate,
attributed to failure of down regulation of the receptor Pdgfrac« , and the resulting
accumulation of CNC at the optic stalk. Although this study was groundbreaking, the
results are not readily extended to human development since zebrafish do not have a

secondary palate (Eberhart et al. 2008).

To investigate the role of miRNA in mammalian palatogenesis and orofacial
development, we analyzed a conditional Dicer knockout mouse, where Dicer is
conditionally knocked out using the Cre-LoxP system. In our transgenic model, floxed
Dicer alleles are knocked out through Cre — mediated recombination, following Pax2Cre
expression (Harfe et al. 2005; Ohyama and Groves 2004). Cre is a type | topoisomerase
that recognizes and recombines DNA between LoxP sites, which is a form of site directed

mutagenesis (Hoess 1986). In the Pax2Cre/Dicer-"*"

mouse model, LoxP sites are
flanking an exon within the Dicer gene, so that when Cre is expressed, Dicer is knocked

out.

The Pax2Cre/Dicer-" mouse model shows that Dicer is necessary for

mammalian palatogenesis. Considering the important role that miRNA play in many



developmental processes, it will be vital to understand the role that miRNA play in
palatogenesis and orofacial development. As medicine becomes more personalized to the
specific genetics of individuals, treatments of disorders of the first pharyngeal arch, such
as a cleft lip or cleft palate, will depend on intimate knowledge of the genesis of those

tissues, of which, miRNA may play a vital role.

H. Palatogenesis

Palatogenesis is a highly regulated and coordinated process that occurs within a
dynamic framework during development. Many developmental events, signaling centers,
and signaling molecules have been elucidated both in normal and dimorphic
developmental patterns and to date over 300 syndromic disorders have been described in
which a cleft of the palate is a clinical feature (Von den Hoff et al. 2009). Mutations in

many different genes such as Tgf £’s, Bmp’s, and Fgf’s have been associated with

orofacial dimorphisms (Ferguson et al. 1999; Neubuster et al. 2000; Chen et al. 2002;
Chai et al. 2003; Nie et al.2006); however, in mammalian models, discussion or
implication of mMiIRNA’s role in palatogenesis is absent from the literature. Considering
the precision of the developmental sequence of events during palatogenesis, it is easy to
imagine that miRNA play an important role in regulation of the gene expression patterns
and timing. To assess what potential roles miRNA may play in palatogenesis, it is
necessary to understand the details of the process, which spans from gastrulation to late
embryogenesis. The following is a summary of palatogenesis and the role of CNC, as

well as the role miRNA may play in mediating the CNC contribution.



l. Early development

The mammalian palate develops from contributions from both the frontonasal
process and the first pharyngeal arch. Mammals have two distinct regions of the palate,
known as the primary and secondary palate (Ferguson 1988). The primary palate
develops from the frontonasal prominence, while the secondary palate develops from a
portion of the first pharyngeal arch (Ferguson 1988). One of the early developmental
events that is crucial for palatogenesis and orofacial development may begin as early as
gastrulation, as shown in chick, with the induction of neural crest cells (Mayor et al.
2009). In mice, specific palatogenic events do not finish until approximately E16.5, with
the degradation of the midline seam following palatal shelf fusion, indicating a wide
range of developmental time over which palatogenesis occurs (Trainor et al. 2003;

Ferguson 1988).

J. Induction of neural crest cells

The first critical event during palatogenesis is the induction, specification, and
differentiation of CNC cells (Krumlauf and Trainor 2002) which occurs during
gastrulation in chick. CNC are specified at the border of the epidermal ectoderm and the
neural ectoderm (Trainor et al. 2003). Cytokine signals, including the Wnt and BMP
families, converge at the border of the epidermal ectoderm and the neural ectoderm. The
unique combination of Wnt and BMP signals helps to specify the cells at the border to
take on a neural crest lineage (Mayor et al. 2009; Krumlauf and Trainor 2002).

Current evidence suggests that during CNC induction, BMP signals from the

mesoderm provide competency to the prospective CNC, so they may receive and respond

10



to Wnt signals for specification (Raible 2006). In the literature there is ongoing debate as
to the exact timing of these signals, and whether it is a multistep or a temporally dynamic
process (Basch et al. 2006; Mayor et al. 2009). Recent evidence suggests that there are
two temporally and molecularly different steps in which the prospective neural crest cells
are induced during the gastrula stage; first through Wnt activation and BMP inhibition,
then during the neurula stage, cells are specified and maintained through activation of
both pathways (Mayor et al. 2009). Specification of CNC involves transition of the cell’s
phenotype and delamination and onset of migration is characterized by morphological

changes as they transition from an epidermal ectoderm to a mesenchymal phenotype.

K. Rhombomere segmentation

Immediately prior to CNC migration, the rhombencephalon becomes transiently
segmented into eight rhombomeres which are formed by condensation of mesenchymal
cells through differential cell adhesion molecule expression, which may be orchestrated
by differential nested expression patterns of Hox genes (Tanyhill 2008; Tumpel et al
2009). In mice, palatogenic CNC migrate in two separate subectodermal streams,
originating laterally to the first, second and fourth rhombomeres from the area of the
prospective midbrain/hindbrain boundary (Serbedzija 1992; Trainor 2003). These CNC
migrate into, and populate the mesenchyme of the first two pharyngeal arches, which
contribute to the mesenchymal condensations that form the skeletal elements of the face
and palate.

Dil is a lipophilic, hydrophobic fluorescent dye that can be focally injected and

allowed to incorporate into the plasma membrane of cells, where it remains until it is

11



diluted following cell divisions. Injections of Dil into the rhombencephalon indicate that
neural crest cells that originate laterally to odd-numbered rhombomeres may encounter
inhibitory signals that prevent them from migrating into the adjacent mesenchyme
(Serbedzija et al. 1992). They instead must migrate ventrally or dorsally into the closest

even numbered rhombomere to join other streams (Krumlauf et al. 2002).

L. Hox gene patterning in facial development

Rhombomeres provide the first segmental organization and fate specification of
cranial neural crest cells. A part of their contribution to CNC segmental organization is
through their Hox gene expression pattern, which correlates with the axial level of the
CNC origin and provides a unique identity to the neural crest at that axial level.
Segmentation of the CNC represents the first step in the patterning of facial structures
(Couly 2002). The CNC that migrate into the first pharyngeal arch are Hox negative,
which may permit them to uniquely respond to regionally specific patterning cues after
they have finished their migration (Couly 2002; Kurihara 2008).

In chick, forced, exogenous expression of Hox genes in the CNC of the first
pharyngeal arch results in complete absence of a facial skeleton (Creuzet 2005). The
CNC that migrate to the second pharyngeal arch all express HoxA2. Transgenic
knockouts of HoxA2 results in Hox negative CNC in the second pharyngeal arch. These
ectopic Hox negative CNC fail to differentiate or develop properly, and follow the same
differentiation program as their Hox null first arch counterparts, forming an ectopic lower
jaw (Couly et al. 2002). These studies on the role of Hox gene identity of palatogenic

CNC reveals how important Hox identity is for downstream developmental events.

12



Experiments by Rijli et al. (2005) have suggested the importance of maintenance
of the Hox code for CNC determination, and just as importantly, they revealed a high
degree of plasticity in post-migratory CNC. In mice, CNC retain their plasticity until they
have finished their migration, which was demonstrated when Rijli et al. deleted HoxA2 in
post-migratory CNC, and found that they changed their cell fate (Rijli et al. 2005). Post-
migratory CNC rapidly proliferate and differentiate into their fated structures, but loss of
Hox identity can alter their differentiation pathway, possibly by allowing them to respond
to different sets of differentiation cues (Kurihara et al. 2008). Proliferation and
differentiation occurs under the influence of both intrinsic properties such as Hox gene
identity, and through local influences and differentiation cues such as regionally specific

signals from the ectoderm or mesenchyme (Brugman et al. 2006).

M. Directional cues during neural crest migration

During their migration, CNC cells must receive directional cues. A common
scheme in development is for migrating cells to follow a chemotactic gradient created by
a localized release of chemotactic factors that diffuse and establish a concentration
gradient (Tannyhill 2008). In zebrafish, at least two such chemotactic factors are known
to help to regulate the migration of CNC into the first pharyngeal arch.

Platelet derived growth factor alpha A (Pdgf« A) and stromal cell derived factor
1b (Sdflb) are chemotactic proteins that are released from the optic stalk and the first
pharyngeal arch endoderm respectively (Eberhart et al 2008; Olesnicky et al. 2009). They
have been shown to provide directional cues during migration of CNC (Eberhart et al.

2008; Killian et al. 2009).

13



CNC express the receptor Pdgfra, and the expression of this receptor is Sox9
dependent (Wegner et al. 2008). Eberhart et al. (2008) found that in zebrafish, microRNA
miR-140, temporally regulates the CNC expression of the receptor Pdgf « A. During
migration, the Pdgf«A ligand, Pdgfa, is released from the optic stalk to guide CNC
during migration. Eberhart et al. (2008) demonstrated that expression of miR-140 in CNC
was able to knock down expression of Pdgf « A, as the CNC reached the optic stalk,
attenuating their receptivity to the Pdgfa ligand. They demonstrated that miR-140 could
mediate the fine tuning of a cell’s response to chemoattractant gradients. Eberhart’s
discovery was the first example of the regulation of CNC migration and palatogenesis
being dependent on miRNA expression (Eberhart et al. 2008).

As CNC migrate past the optic stalk they express the receptor, Cxcr4a, whose
ligand is Sdflb. Sdflb is released from the pharyngeal pouch endoderm during CNC
migration, and it assists in directing condensation of CNC into the first arch
mesenchyme. Loss of Cxcr4a results in aberrant CNC migration and defects in
neurocranium morphogenesis (Olesnicky et al. 2009).

Early segmentation of the CNC cells results in the first regional patterning cues
for downstream developmental processes. Evidence suggests that this early molecular
segmentation of neural crest cells may specify, or limit the structures that they are able to
form (Hunt et al. 1991; Iseki et al. 2008). The CNC that migrate into the first pharyngeal
arch proliferate and differentiate according to local cues that may be provided by the
ectoderm, mesoderm, and the transient endoderm (Trainor et al. 2001; Gritli-Linde 2007).
As CNC cells receive cues from their neighboring tissues, they are induced to express a

diverse set of transcription factors, the specific combination of which gives an identity to
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the cells (Jeong 2008). Once inside the first arch, the CNC receive signals identifying

their location along all three axis, guiding their differentiation.

N. Molecular markers of first arch CNC

During their migration CNC can express molecular markers that indicate their
future downstream differentiation pathways. Wegner et al. (2008) have demonstrated that
Sox9 and the closely related Sox10 are responsible for transcriptional regulation of
Pdgfra which encodes a receptor for the platelet derived growth factor (PDGF) ligand.
Sox9 influences chondrogenesis, male sex determination, and neural crest development
(Brugmann et al. 2006; Crombrugghe et al. 2009; Bi et al. 2001). Sox9 is expressed in
chondrogenic precursor neural crest cells, and Sox10 is a survival factor for neural crest
cells (Bi et al. 2001; Mori-Akiyama et al. 2003; Brugmann et al. 2006).

Sox9 is a critical factor in endochondral bone formation, which is a process by
which mesenchymal cells differentiate into chondrocytes that lay down a cartilaginous
extracellular matrix. This cartilage matrix forms the model over which differentiated
osteoblasts calcify and replace the cartilage with bone matrix. Mutation of sox9 in CNC
results in CNC cells that migrate properly, but fail to express characteristics of
chondrocytes, such as the molecular markers Col2al, Coll1a2, or Aggrecan (Bi et al.
2001).

In humans, a mutation in a Sox9 allele results in campomelic dysplasia, a
syndrome characterized by sex reversal and malformation of endochondrally derived
skeletal elements (Bi et al. 2001; Gordon et al. 2009). Facial features of people with

campomelic dysplasia include micrognathia and cleft palate (Gordon et al. 2009).
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In 2003, Mori-Akiyama et al. conditionally inactivated Sox9 in cranial neural
crest cells, using the Cre/LoxP system, promoted by Wnt-1Cre. Using a Rosa26r reporter
to make a fate map of Wnt1-Cre expressing cells, they found that migration and
localization of the mutant (Sox9"™) neural crest cells was normal, but the CNC failed to
contribute to the mesenchymal condensations and form the chondrogenic precursors of
the endochondrally derived bones of the face. Embryos in which Sox9 has been
conditionally knocked out in Wnt1-Cre expressing CNC were missing the basisphenoid,
presphenoid, malleus, incus, and nasal capsule; but the bones derived from
intramembranous ossification were all present. These embryos develop a cleft of the
secondary palate as a secondary effect of their missing basisphenoid and presphenoid
bones, demonstrating that the endochnodrally derived bone structures of the cranial base
are necessary support palatal development. This is similarly seen in people with

campomelic dysplasia who have a cleft of the secondary palate.

0. Segmentation of CNC into mandible or maxillary process of first pharyngeal
arch

In mice, at approximately E10.0 the first pharyngeal arch divides into the
maxillary and mandibular processes. Upon reaching the first arch, one of the first local
patterning cues for the CNC is whether to become part of the maxillary or mandibular
jaw structures. This patterning information is directed by the Endothelin-
1(End1)/Endothelin receptor (Ednra) pathway and the DIx gene family. All CNC cells
express the receptor, Ednra, but only those in the first pharyngeal arch, which are Hox

negative, receive the Ednra ligand, Ednl (Kurihara et al. 2008). Ednl is released from
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the mandibular portion of the first pharyngeal arch endoderm and directs the CNC to
differentiate into lower jaw structures. Artificial activation of Ednra throughout the first
arch results in a homeotic transformation of the upper jaw into lower jaw structures
(Kurihara et al. 2008). Likewise, exogenous activation of the downstream effectors of the
Ednra pathway, e.g., through Hand2 over expression, also results in transformation of the
upper jaw into lower jaw structures. Kurinara et al. (2008) show that the potential to
respond to endothelin-1/Ednra signaling may be restricted to the Hox negative CNC,
since the only affected structures were those originating from Hox negative CNC.

In addition to the rostral — caudal patterning within the arch mediated by Ednl
expression, dorsal-ventral patterning is mediated through differential expression of the
DIx gene family. DIx genes have specific, nested, local expression patterns within the first
arch that provide cues for dorsal-ventral patterning. DIx genes provide specific local
regulation in the dorsal-ventral axis for morphogenesis of larger structures such as the
mandible or maxilla. This patterning information has been illustrated through the
inactivation of specific DIx family members. Inactivation of DIx1 and DIx2 causes
defects in the maxilla. Inactivation of DIx5 and 6 results in a homeotic transformation of
the lower jaw into the upper jaw (Jeong et al. 2008). Prior to the work of Jeong et al.
(2008) the fate of the upper jaw was thought to be the default state for the first arch, upon
which the lower jaw differentiation pathway was imposed, however, Jeong et al. (2008)

found that there is a gene specific program that guides the development of the upper jaw.
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P. FGF signaling in palatogenesis

At E10.5, the first arch is split into bilateral maxillary and mandibular processes
that form the upper and lower jaws, respectively (Ferguson 1988). Around this time, the
maxillary process fuses with the frontonasal process and fuses at the midline to form the
upper lip and nasal process. Local factors and reciprocal signaling between the facial
ectoderm and mesenchyme help to regulate the patterning of the upper and lower jaws.
Between E9.5 and E11.5 many of the Fgf family of growth factors are broadly expressed
in the facial ectoderm, specifically, Fgf3, 8, 9, 10, and 17 at E9.5; and Fgf3, 8, 9 10, 15,
17, and 18 at E10.5 (Neubuster and Bachler 2001). The Fgf receptors are expressed
predominately in the facial mesenchyme. The broad expression pattern of the Fgf
receptors and the more localized expression patterns of their ligands indicate a wide
range of competency of the midfacial mesoderm to receive and respond to Fgf signaling

(Neubuser and Bachler 2001).

Q. BMP signaling in palatogenesis

Bone Morphogenic Proteins (BMP’s) are a subset of the TGF- £ family. They are
present throughout embryogenesis and are known to be essential for many developmental
processes. There are over 20 members of the BMP sub-family of TGF- #'s (Nie et al.
2006). During facial development, BMP genes are expressed in the ectoderm and signal
to the developing mesenchyme (Chen et al. 2002). They have been shown to be essential

for the fusion of the palate at the midline (Chen et al. 2002).
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R. Development of the palatal shelves

At E11.5, after the maxillary and mandibular processes have each fused at the
midline, the maxillary process develops bilateral, medial outgrowths which constitute the
palatal buds. This is equivalent to week six in human embryogenesis. During palatal
growth, Shh signaling helps to regulate reciprocal interactions between the palatal oral
ectoderm and the underlying CNC derived mesenchyme. Shh signaling has been shown
to directly regulate palatal mesenchymal cell proliferation through activation of CyclinD1
and CyclinD2 signaling (Jiang and Lan 2009). During this initial stage of palatal shelf
development, Shh and Fgf10 function in a positive feedback loop to regulate palatal
outgrowth; Shh is expressed in the palatal mesenchyme, and induces it to proliferate via
the cyclins, and to release Fgf10 onto the palatal epithelium (Jiang and Lan 2009). The
release of Fgf10 onto the palatal epithelium helps induce proliferation and signals the
mesenchyme to release more Shh in a positive feedback loop. The palatal shelves
continue to grow and proliferate initially in a vertical direction, until E13.5.

Between E13.5 and E14.5 in mice, and week nine in humans, the palatal shelves
elevate into a horizontal position. To accomplish the elevation, the developing tongue
must move ventro-caudally as the oral cavity grows and creates more room. Hyaluronic
acid accumulates in the base of the palatal shelf mesenchyme and the resulting fluid
accumulation causes a mechanical elevation (Ferguson 1988). At E15.5, or week 12 in

humans, the medial edges of the growing palate meet and fuse at the midline. TGF- g

signaling helps to regulate the fate of medial edge epithelium during fusion of the palatal

shelves. Studies examining the temporal and spatial expression of TGF- £ in mice

during embryogenesis indicate that they play a key role during the elongation and palatal
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fusion stages of palatogenesis (Ferguson 1999). In the developing palatal shelves, Tgf 51
and Tgf 3 are expressed along the medial edge epithelia (Ferguson, 1995). Tgf 53

knockout mice have a cleft of the secondary palate due to the failure of adhesion of the

shelves at the midline seam (Ferguson 1995; Chai et al. 2003). Tgf 52 is expressed in the
CNC derived underlying mesenchyme, while the receptor, Tgf 3 2r, is expressed in both

the medial edge epithelium and the mesenchyme (Chai et al. 2003). In 2003, Chai et al.

examined the effects of a conditional knock out of the receptor Tgf £ r2 in CNC cells.

They found that the mice exhibited not only a cleft secondary palate, but they also had

severe calvaria defects. They found that the Tgf 4 r2 knockout resulted in inhibition of

expression of CyclinD1 causing a decreased rate of proliferation in the palatal shelf
mesenchyme and a failure of palatal shelf fusion (Chai et al. 2003).

Palatal shelf fusion is accompanied by removal of the medial edge epithelium
from each palatal shelf through a combination of epithelial-to-mesenchymal transition,
migration of the epithelial cells both nasally and orally, and apoptosis (Ferguson 1995;
Svoboda and Kang, 2005). By E16.5 the midline seam is degenerated and the palate is
fully fused. Complete fusion accompanies the fusion of the nasal septum with the palatal

shelves.

S. MiRNA in palatogenesis

Within palatogenesis, whose developmental sequence spans gastrulation to palatal
shelf fusion, it is easy to imagine that part of the regulatory scheme might involve
miRNAs. Currently, there is evidence that miRNA may play a role in the CNC

contribution to palatogenesis. In zebrafish, Eberhart et al. found that miR-140 helped to
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temporally regulate the expression of the CNC’s receptor for the Pdgfr « A ligand, which
provides a directional cue during their migration. In the literature there is currently no

evidence for a role of mMiRNA in mammalian palatogenesis.

T. Epidemiology of craniofacial clefting

Defects of palatogenesis and orofacial development are common, with an
incidence of greater than 1:700 live births worldwide (Bian 2009; Murray 2002). Clefts
of the lip and palate occur early in development as a result of insufficient growth and/or
fusion during the genesis of the derivatives of the first pharyngeal arch and the
frontonasal prominence. Orofacial clefts can be attributed to teratogenic interference,
genetic factors, or a combination of a genetic predisposition and a teratogenic trigger
(Wilke and Morris-Kay 2001; Murray 2002; Murray and Schutte 2004; Helms 2006).
There are over 300 syndromes in which an orofacial cleft is an accompanying feature,
and current estimates are that over 70% of non-syndromic orofacial clefts are a result of
genetics (Wilke and Morris-Kay 2001).

Asians, Native Americans, and Northern Europeans have the highest incidence,
while Africans have the lowest at ~ 1/2500 (Murray 2002). Twin and inheritance studies
suggest a strong genetic component to isolated clefts, with 30-50% of the incidences
attributed to genetics, and the remainder attributed to a combination of genetic and
environmental factors (Gritle-Linde et al. 2006). As an example, maternal smoking is
thought to contribute to approximately 4% of cleft lip and palate cases, and

approximately 12% of bilateral clefts of the lip and palate (Honein 2007).
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Cleft palates can be repaired surgically, but the repair involves multiple surgeries
over the lifetime of the affected individual. Despite surgical repair in individuals with
facial clefting, long term morbidity studies suggest an increased risk of death of all major
causes including cancer and suicide (Druschel 1996, Murray et al. 2004). During the first
year of life, there is an approximately 3.7 fold increase in mortality in individuals with a
non-syndromic cleft (Druschel 1996).

In addition to physical health issues, there is a higher incidence of psychiatric
illness in individuals with cleft lips or palates. Some researchers believe the correlation
between facial clefting and psychiatric illness is a result of the intimacy in development
between the face and the brain (DeMeyer 1964; Veira 2008). Individuals with an
orofacial cleft have been found to have a significant reduction in the size of their
cerebrum and cerebellum, and this is found to be associated with mild cognitive
impairments (Murray et al. 2004).

Given the large impact that orofacial clefts have on health and well being of the
afflicted, as well as the financial impact on our health care system, it is vital to
understand as much as possible about the molecular mechanisms of facial clefting.
Several genes and genetic pathways are known to be involved in the development of cleft
lip or palate, including the Fgfs, Bmps, Tgf s, Shh, and other families of growth factors,
as well as their receptors and downstream mediators, such as the SMAD family (Nie et
al. 2006; Marcucio et al. 2009; Dijke et al. 1997; Lagna et al. 1996; Helms et al. 2006).
Over the past twenty years there have been many discoveries about the molecular
mechanisms of craniofacial clefting, but to date, no mammalian studies have been

performed on the role of the enzyme Dicer, or its product, miRNA, in orofacial
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development and palatogenesis. Investigation into the role of miRNA in palatogenesis
and orofacial dimorphisms could possibly lead to novel therapeutic targets and agents for

molecular based therapies.

U. The present study

The present study analyzed the role of Dicer in craniofacial development and its
role in mediating the CNC contribution to the orofacial and palatal region. The tested
hypothesis was “Dicer is essential to mammalian orofacial development, conditional
mutagenesis of the Dicer in palatal precursors will disrupt established orofacial and
palatal developmental processes.” Mouse embryos were analyzed, in which a conditional
Dicer knockout is driven by Pax2Cre expression, using the LoxP/Cre system. Pax2Cre
has previously been shown to be expressed in the ear and midbrain/hindbrain and was
briefly described in the literature as being expressed in the first pharyngeal arch (Ohyama
and Groves 2004). In addition, conditional Dicer knockouts driven by Pax2Cre have
been described in the literature showing miRNAs have a role in inner ear development

(Soukup et al. 2009).

V. Summary

Palatogenesis is a complex developmental process that occurs within a dynamic
spacio-temporal framework within the first pharyngeal arch and the embryonic orofacial
region. Correct development of the palate is dependent on the correct sequence of events
from CNC specification and migration, to the final closure and elimination of the medial

edge epithelial seam. The process is assisted by a multitude of regulatory molecules,
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transcription factors, chemotactic molecules, cell-cell adhesion molecules, and growth
factors. One piece of the palatogenesis regulatory puzzle that is currently missing is what
role, if any, miRNA have in mediating the process in mammals. Current evidence in the
literature suggests that in zebrafish miRNA may play an important role in mediating the

migration of CNC into the first pharyngeal arch from which the palate develops.

My specific aims were:
» |. Characterization of the orofacial development of the conditional
Pax2Cre/DicerLoxP/LoxP knockout during palatogenesis
> Il. Initial assessment of the effects of microRNA depletion on skeletogenic cranial
neural crest cells through analysis of Sox9 — a molecular marker of a subset of

differentiating cranial neural crest cells that populate the face.

In this study, | investigated whether Dicer plays a role in palatogenesis, and how
loss of Dicer affects Sox9 expression patterns within the first pharyngeal arch. Further
studies will be necessary to elucidate how loss of Dicer results in loss of mMiRNA and
SiRNA contributions to the regulation of palatogenesis; and proteomics studies will be
necessary for a complete picture of how the loss of miRNA in the palatal precursors
affects gene expression. My thesis lays the necessary foundation for these further

investigations.
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II. Materials and Methods:

A. Animal care and handling

All animal care and use was approved by the Creighton University Institutional
Animal Care and Use Committee (CU —IACUC) under the listed protocol 0852 for all
breeding, and 0853 for all experimental animals. All measures possible were taken to

reduce pain and suffering for experimental animals.

B. Generation of conditional Dicer knockout, timed pregnancy, and c-sections

Conditional Dicer knockout mice were obtained from Dr. Garrett Soukup of the
Creighton University School of Medicine. These mice were created by Harfe et al (2005)
through the insertion of LoxP sites around an exon in the coding sequence of the second
domain of the Dicer allele. Cre — mediated recombination between the LoxP sites results
in the deletion of ~ 90 amino acids, rendering the enzyme non-functional (Harfe et al.
2005).

DicerLoxP/Wt

mice were mated with transgenic Pax2Cre, or Pax2Cre/Rosa26R
mice (Ohyama and Groves 2004) to generate Dicer->*"/Pax2Cre and
Pax2Cre/Rosa26R mice. Males containing these genotypes were then used as studs for
timed pregnancy mating with Dicer->*-** females.

Timed pregnancies were set up by first visually checking for estrus in the
Dicer->"“>® females, and then placing the female into the Pax2Cre, or
Pax2Cre/Rosa26R male’s cage overnight, followed by confirmation of a sperm plug, and

removal from the male’s cage in the morning. Noon the next day was considered

embryonic day 0.5, and timed pregnancies were counted forward from that time point.
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All c-sections were performed between 11:30 AM and 12:00 PM to ensure maximum
consistency in development of the embryos. All embryos used in these experiments were
between E9.5 and E17.5.

C-sections were carried out on clean, RNase free surfaces (RNase Zap, Ambion,
Austin TX, Cat No. AM9780), using sterile, autoclaved instruments. Embryos were
placed into diethyl pyrocarbonate (DEPC) (Cat No. D5758-25ML, Sigma-Aldrich, St.
Louis, MO) treated 0.1M Phosphate Buffered Saline (PBS) or DEPC treated 4% Para-
formaldehyde (PFA) (Cat No. T353-500, Fischer-Scientific, Fair Lawn N.J) following
snipping of their tail for genotyping. Embryos older than E15.5 were cardiac perfused

with ice cold DEPC treated PBS followed by ice cold DEPC treated 4% PFA.

C. Genotyping

5-10 day post-natal mice and C-sectioned embryos were tail clipped for
genotyping and tattooed for record keeping. DNA was extracted from tails using the
Phenix Genomic DNA Purification Kit (Phenix, Candler NC, Cat No. PKG-120L).
Purified tail DNA was used for genotyping using the Fast Start Taq DNA Polymerase
PCR kit (ROCHE, Cat No. 04738420001) using forward and reverse primers for Cre (5’-
GCCTGCATTACCGGTCGATGCAACGA and 5’-
GTGGCAGATGGCGCGGCAACACCATT primer sequence) generating a 726 bp
sequence, for floxed Dicer (5’-CCTGACAGTGACGGTCCAAAG and 5’-
CATGACTCTTCAACTCAAACT) generating a 420 bp product for Dicer->*"->* and
351 bp product for Dicer"", and for LacZ (5’- TACCACAGCGGATGGTTCGG and 5’ -

GTGGTGGTTATGGCGATCGC) generating a 350 bp product.
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The PCR product was separated on 2 % agarose (Gene Pure LE Quick Dissolve
Agarose, Cat. No. E-3119-500, ISC BioExpress, Kaysville UT) using a horizontal
separation system (Owl Separation Systems, Portsmouth NH, Model Al) run at 115V
(BioRad, Hercules CA, PowerPac HC 250V) made with 1X TAE. DNA was intercalated
with Gel Green (Cat No. 41004, Biotium Inc. Hayward CA), and visualized using the
Kodak Gel Logic 2200 Imaging System and Kodak MI imaging software.

Embryos were considered knockouts when they were Pax2Cre + and

LoxP/LoxP

homozygous for the LoxP insertion in the Dicer allele (Dicer ) which increases the

PCR product for Dicer by 80bp.

D. Bone and cartilage Staining

To stain the bone and cartilage we adapted a protocol from Lufkin et al. (1992).
Embryos were eviscerated, their skin removed, and placed into 95% ethanol for 48hr
rotating at RT. 95% ethanol was changed every 12 hours. After 48 hours, ethanol was
changed with Alcian Blue staining solution (0.1% Alcian blue 8 GX (Cat No. 720, Allied
Chemical Corp., New York, NY), 80% ethanol, 20% acetic acid) and was stained at RT,
rocking, for 72 hours. Alcian blue solution was changed with 95% ethanol for 6 hours,
followed by 2% potassium hydroxide (KOH) (Cat No. P250 — 77501, Fisher Scientific)
for 24 hours, rocking at RT. Alizerin red solution (0.06% Alizerin Red (Cat No. A5533-
25G, Sigma, St. Louis, MO), 1% KOH, Water) replaced the KOH and stained the bone
for 36 hours, rocking at RT. Embryos were cleared in 1% KOH/20% glycerol until

completely cleared. Embryos were then transferred to 1:1 Glycerol/95% ethanol for 12
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hours, and then passed through a series of increasing glycerol concentrations until they

were in 100% glycerol (Cat No. G5516-1L, Sigma) for long term storage.

E. Paraffin embedding and sectioning

To embed E11.5, E12.5 and E16.5 embryo heads in paraffin they were first
dehydrated in 80% ethanol (Cat No. S93232, Fisher Scientific, Fair Lawn NJ) for 15
minutes, followed by 95% ethanol for 45 minutes, 100% ethanol for 45 minutes, 1:1
100% ethanol / 100% xylenes (Cat No. 3175-L-12734, Fisher Scientific) for 15 minutes,
and 100% xylene for 30 minutes. After 100% xylene wash, embryo heads were
transferred to paraffin (FisherBrand Paraplast Tissue Embedding Medium, Cat No. 23-
021-399, Fisher Scientific) in a vacuum oven (Model No. 3608, Lab-Line, Dubuque
lowa) for 15 minutes, and transferred four times. Heads were embedded to allow coronal
sections.

10 1 m coronal sections were made through face and secondary palate using a
Leica microtome (Leica Microsystems, Bannockburn IL, Model No. RM2125). Sections
were melted onto Superfrost Plus Slides (Cat No. 12-550-15, Fisher Scientific) using a
slide warmer (Cat No. 66632, GCA/Precision Scientific, Chicago IL), warmed to 55° C.
Control and Pax2Cre/Dicer->" knockout sections were location matched using

morphological markers such as the eye and the tongue.

F. Hematoxylin and Eosin Staining

Slides were dewaxed and rehydrated prior to Hematoxylin (Surgipath

Hematoxylin - Harris Formula, Richmond IL, Cat No. 01562) and Eosin (Surgipath
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Eosin, Cat No. 01602) staining. Slides were placed into xylene for 5 minutes, followed by
1:1 Xylene:Ethanol for 2 minutes, 100% ethanol for 3 minutes, 95% ethanol for 2
minutes, 80% ethanol for 2 minutes, 70% ethanol for 2 minutes, 50% ethanol for 2
minutes, and DI water for 5 minutes.

Hematoxylin was diluted 1:4 in DI water, and applied to slides for 2 minutes.
Slides were rinsed with gently running water for 2 minutes, rinsed with acid alcohol
(230mL Ethanol, 70mL Water, 1mL 12N HCI), rinsed with running water for 5 minutes,
rinsed with ammonia solution (1L H20, 3mL 28% W/V NH,OH Stock) for 1 minute,
rinsed with running water for 5 minutes, rinsed with 80% ethanol briefly, rinsed with
diluted eosin (diluted 1:4 with 100% ethanol), rinsed with 95% ethanol, and 100%

ethanol. Slides were mounted in glycerol and a cover slip was applied.

G. RNA extraction

Tissues containing the RNA of interest were harvested in RNAlater (Ambion Inc
Austin TX, Cat No. AM7021), homogenized (OmniTip Homogenizing Kit, Omni
International, Kennesaw GA), and RNA was extracted for Quantitative-PCR (Q-PCR)
and riboprobe synthesis using the RNeasy Mini Kit (Qiagen Inc. Valencia CA, Cat No.
74104). The quantity of RNA was determined using the NanoDrop ND — 1000
spectrophotometer. The quality of RNA used for Q-PCR was analyzed using the Model

2100 Agilent Bioanalyzer (Agilent Inc. Santa Clara, CA)
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H. Riboprobe generation

Riboprobes for in situ hybridization (ISH) were generated from both plasmid
vectors containing the cDNA sequence and from cDNA generated from a reverse
transcription using tissue extracted RNA as a template.

In the RT-PCR method, total RNA was extracted and purified from tissue known
to express the target gene, using the method discussed above. The total RNA was then
reverse transcribed into cDNA using random hexamers, using the Superscript 111 First-
Strand Synthesis kit from Invitrogen (Invitrogen Inc. Carlsbad CA, Cat no. 16080-051).
PCR using gene specific primers amplified the cDNA of interest. Another PCR using
gene specific primers, with one containing the T7 recognition site
(TAATACGACTCACTATAGGG) re-amplified the cDNA into the template DNA. This
cDNA was purified on a 1% agarose gel run for 2 hours at 115V, extracted with
phenol/chloroform, and sequenced in the Creighton University Molecular Biology Core
Laboratory. The sequence analysis confirmed that the riboprobe product would be
complementary to the mRNA target. Template cDNA containing the T7 site was
transcribed and DIG labeled (Roche DIG RNA Labeling Kit SP6/T7, Cat no
11175025910).

In the plasmid method for riboprobe generation, single colonies of E. coli
containing the plasmid vector were grown in overnight in LB media. Plasmid cDNA
containing the clone of interest was extracted (QlIAPrep Spin MiniPrep Kit, Cat 27106,
Qiagen), and the clone (Pax2, Cre, Dicer) was amplified by PCR using gene specific
primers (see Table 1. for primer sequences). The PCR product was re-amplified using

gene specific primers with the T7 sequence inserted into the reverse primer. Template
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cDNA was then run on a 1% agarose gel at 115V to confirm its size and purity, and was
extracted for sequencing at the Creighton Molecular Core Lab using . The output of the
sequencing reaction was BLASTed against the gene using the reverse complement of the
sequencing output to confirm it was targeting correctly. The template cDNA containing
the T7 sequence was transcribed and DIG labeled as described above.

DIG labeled RNA probes were purified on 6% acrylamide gels (American
Bioanalytical Sequel NE Reagent, Natick MA, Cat No. AB13021-01000), extracted
overnight in “Crush-Soak Buffer” (0.2M Tris HCL, 3.8M NaCl, 0.02M EDTA) ethanol

precipitated, resuspended in 25 « | of nuclease free water (Ambion, Cat. No. AM9937),

and quantified using the NanoDrop ND 1000.

l. Quantitative PCR

RNA was extracted and the quantity and quality were determined as described
above. Total RNA was reverse transcribed and amplified with random hexamers (Applied
Biosystems, High Capacity cDNA Reverse Transcription Kit, Cat No. 4368814). Q-PCR
was performed at the Creighton University Molecular Core Facility on the PRISM 7000
Sequence Detection System (Applied Biosystems) using Applied Biosystem Tag Man
Gene Expression Assays custom made primers for Bmp4, Fgf8, and Fgf10, and S -Actin
as the endogenous control, using the Applied Biosystems one step RT-PCR master mix
reagent (Cat No. 4309169).

Prior to Q-PCR, several house keeping genes, including Gapdh, g -Actin, Thp,

and Jagl, were tested in logarithmic dilutions from 1:1 to 1:10,000 using E17.5 WT

cDNA to determine amplification efficiency and to optimize the endogenous control. £ -
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Actin was determined to have the optimum amplification efficiency and thus was used as

an internal control.

J. MiRNA Quantitative PCR

RNA used for Q-PCR with Bmp4, Fgf8, and Fgf10 was also used for Q-PCR with
miRNA specific probes. RNA was treated with DNase (Turbo DNA Free Kit, Ambion,
Cat No. AM1907), and its integrity was assessed on the Agilent Bioanalyzer using the
Aligent RNA 6000 Pico Kit (Cat No. 5067-1513, Aligent Technologies, Santa Clara,
CA). E17.5 control littermate miRNA was reverse transcribed (TagMan MicroRNA
Reverse Transcription Kit, ABI, Cat No. 4366596), using 5 x| DNase treated RNA
[10ng/ z1], in @ 15 x| reaction (3 11 5X TagMan MicroRNA RT Primer, 4.2 x| Nuclease
Free H,0, 1.5 x| ul 10X RT Buffer, 0.2 11 100mM dNTPs, 1 | MultiScribe Reverse
Transcriptase (50U/ 1), 0.2 11 RNase Inhibitor). Amplification efficiency of each
miRNA probe was tested using logarithmic dilutions of control cDNA (1:1 to 1:10,000)
which were run on the Applied Biosystems StepOne Plus RT-PCR System (Cat No
4376598, Applied Biosystems, Foster City, CA) using 20 | reactions (7.7 x1 Nuclease

Free H,0, 10 x| TagMan 2X Universal PCR Master Mix (No AmpErase UNG), 1 x|,

TagMan Assays 20X TagMan Assay, 1.3 11 cDNA) amplified with an initial holding

stage of 50° C for 2 min, 95° C for 10 min, followed by 50 cycles of 95° C for 15s and

60° C for 1 min. Once amplification efficiency of each miRNA probe was determined,
RNA from both control and Pax2Cre/Dicer->" palatal tissue was again reverse
transcribed, and Q-PCR was performed in quadruplicate for each of three biological

replicates, using both the control and Pax2Cre/Dicer->* cDNA with miRNA specific
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probes for miR-101a, miR-101b, miR-140, miR-145, and miR-200b (Applied Biosystems
custom made TagMan Assays). A Sno-202 probe was used as the endogenous control.
Results were made into a box plot comparing the relative CT value of each probe
between the control and Pax2Cre/Dicer > littermates with the control Sno-202.
Statistical significance was determined using a Students T-test between the relative CT

value of the control and the Pax2Cre/Dicer-°.

K. Whole mount ISH:

Timed-pregnancy embryos were harvested in ice cold PBS and then transferred
to ice cold 4% PFA, and left at 4C for at least three days before use. Embryos E12.5 and
older were dissected to separate the lower jaw from the upper, and their brain, and brain
stem were removed and kept intact. During whole mount ISH, one embryo of each time
point would not receive a probe, and was used as a negative control. Embryos were
rinsed in PBS / 0.1% Tween — 20 and then digested in PBS containing 2.5ug/ml
proteinase K. Digestion occurred at room temperature, and length of time varied based on
the age of the embryo. Proteinase K digestion was stopped by rinsing tissue in 4% PFA,
and then tissues were rinsed 3 x 10 minutes in PBS/0.1% Tween-20. Tissues were then
prehybridized at 60C for 1hr in prehybridization soultion (50% formamide, 2X SSC,
0.1% Tween-20, and 7.5% denatured salmon sperm DNA) before the addition of 100ng
of DIG labeled riboprobe. Tissue was hybridized overnight at 60C, in a rotating
incubator, for ~ 14 to 16 hours. Following hybridization, tissue was washed in 2X SSC 2
x 10 minutes at 60C, and then for 1 hour at 70C. Tissue was then washed in RNase A

buffer (500mMol NaCl, 100mMol Tris, 100ul Tween-20, in DEPC treated water, pH 7.5)
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for 10 minutes, followed by digestion in RNase A at 37C for 1hr. Digestion was
terminated through two washes in PBS/0.1% Tween 20. Tissues were then incubated in
DIG Wash and Block Buffers (DIG Wash and Block Buffer Set, cat no 11585762001,
Roche) for 1 hour, followed by the addition of sheep anti-DIG FAB antibody (Roche) at
1:1000 dilution, tissues were incubated overnight at room temperature. Following
incubation with anti-DIG antibody, tissues were subjected to 48 hours of washes in
Levamisole wash buffer (0.1g levamisole in 90ml H20 and 10ml of Roche 10X wash
buffer). Following 48 hours of washing, tissues were rinsed for 30 minutes with detection
buffer (DIG wash and Block Buffer Set, Cat No 11585792001) and detected with BM

purple precipitating solution (Cat No 11442074001, Roche) at room temperature.
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1. Results

A. Palatal development in control and Pax2Cre/Dicer->* littermates.

Embryos were considered control littermates when they lacked the Cre positive
band (Fig. 2). Conversely, embryos were considered to be a conditional knockout when
they showed the Cre positive band, and were homozygous for the floxed Dicer allele,
Pax2Cre/Dicer->® (Fig. 2). Control littermate embryos could be either heterozygous or
homozygous for the floxed Dicer allele, but lacking the Cre gene. Floxed Dicer
Heterozygous, Cre positive embryos were not used in our analysis.

Morphological differences in palatal development in control littermates and
Pax2Cre/Dicer->" embryos were compared at three time points; E11.5, E12.5 and E16.5.
Contrasting to the control littermates littermates, E11.5 Pax2Cre/Dicer-** failed to show
the characteristic swellings in the medial maxillary process which later develops into the
palatal shelves (Fig. 3). At E12.5, Pax2Cre/Dicer->" embryos have small bilateral
bulges in their medial maxillary process whereas the control littermate embryo has a
definitive palatal shelf (Fig. 4). At E16.5, when palatal development is normally

complete, Pax2Cre/Dicer-**

show a cleft of the secondary palate and the overall extent
of their palatal development is equivalent to the morphology normally seen in WT E12.5

(Fig. 5).
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A). B).
Cre

Cre

Figure 2. Relative sizes of PCR products of Cre and floxed Dicer. A) PCR product
amplified from tail DNA showing the Cre allele. B) PCR products amplified from tail
extracted DNA showing the relative sizes of endogenous Dicer (WT), and floxed Dicer
alleles. The PCR product of floxed the Dicer allele is approximately 80bp larger, and is

represented by the top band in the Het PCR product.
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Figure 3. Onset of palatal development in E11.5 control and Pax2Cre/Dicer->* mice.
Coronal sections through the developing embryonic face show at the level of the palatal
shelves (PS) (arrows). A).The palatal bulge is visible in the control littermate’s medial

maxillary process. B). In the Pax2Cre/Dicer-*"

, the medial maxillary process is
relatively flat. Sections were location matched based on the midbrain (Br) and

mandibular process (MP) morphology to facilitate comparison. Scale bar =500 x m.
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Figure 4. Coronal sections through palatal shelves of E12.5 control and

Pax2Cre/Dicer > A). At E12.5, control littermate embryos have bilateral vertical
outgrowths of palatal shelves (PS) (arrow) descending from the medial edges of the

maxillary process. B). Pax2Cre/Dicer-"

embryos exhibit delayed outgrowth of the
palatal shelves (arrow). Sections were site matched based on the location and
morphology of the brain and the eye. Eye (E), Tongue (T), Palatal Shelf (PS). Scale Bar =

Imm.
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Figure 5. Coronal sections through the palate of E16.5 control and

Pax2Cre/Dicer->*"embryos. A). At E16.5, control littermate embryos have a completely

LoxP nalatal shelves (PS) have failed to develop

fused secondary palate. B). Pax2Cre/Dicer
past the morphology normally seen in E12.5 WT embryos resulting in a complete cleft of
the secondary palate (CP) and exposure of the nasal septum (NS) to the oral cavity.
Sections were site matched based on the morphology of their eyes and brains which are

not visible in the images. Tongue (T), Cleft Palate (CP), Palatal Shelves (PS), Nasal

Septum (NS). Scale bar = 2mm.
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B. Bone and cartilage staining of E17.5 control and Pax2Cre/Dicer >

littermates

LoxP

Comparison of gross skeletal morphology between Pax2Cre/Dicer—" embryos

and control littermates revealed either a total absence or hypoplastic growth of several

LoxP

bones in Pax2Cre/Dicer-"" embryos. A sagittal view (Fig. 6) comparing the control and

Pax2Cre/Dicer->" embryos shows the complete absence of the tympanic ring, the

LoxP

temporal bones, and zygomatic bones in the Pax2Cre/Dicer—" mice. Removal of the jaw

LoxP-

allowed for direct comparison of the lower jaw of the Pax2Cre/Dicer and control

LoxP

embryos. Pax2Cre/Dicer—"" embryos exhibit hypoplastic growth of the mandible and the

LoxP

overall smaller size of the Pax2Cre/Dicer-""" embryos (Fig 7). Moreover, with the jaw

LoxP

removed, a view of the maxilla shows that Pax2Cre/Dicer~"" embryos are missing their

palantine bones, and have hypoplastic pre-sphenoid, and basisphenoid bones (Fig. 8).
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Pax2Cre/Dicer->"
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Figure 6. Facial skeleton of E17.5 Pax2Cre/Dicer->* and control embryos (Lateral

L mice shows the temporal (T)

view). Comparing control littermate with Pax2Cre/Dicer
and zygomatic bones (Z), and the tympanic rings (TR) are missing in the
Pax2Cre/Dicer-> mice, moreover, they also have hypoplastic nasal bones (NB). The

Pax2Cre/Dicer->® embryos are noticeably smaller than their control littermates. Bone

and cartilage stained with alizarin red and alcian blue respectively. Scale bar = 2mm.
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Control littermate Pax2Cre/Dicer->*
Figure 7. Hypoplastic growth of the mandible in Pax2Cre/Dicer->*. A superior view
of the mandible after it has been removed shows that control embryos have a fully

formed mandible whereas Pax2Cre/Dicer-*®

embryos have hypoplastic mandibles (MB)
compared to their control littermates. The basoccipital bone (BO), which is not derived
from the first pharyngeal arch, is similarly developed in both embryos. In addition, the

Pax2Cre/Dicer->” embryos are smaller than their littermates. Mandible (MB),

Basoccipital bone (BO). Scale bar = 2mm.
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Control littermate Pax2Cre/Dicer->*P

Figure 8. View of the maxillary process in E17.5 control and Pax2Cre/Dicer-*"

embryos. With the mandible removed, an inferior view of the cranial base shows that at
E17.5, Pax2Cre/Dicer->" (B) embryos are missing the palantine bones (P), basisphenoid
(BS), and have a malformed pre-sphenoid (PS) and hypoplastic vomer (V), compared
with their littermate control. Scale Bar = 2mm. Palantine bones (P), Basisphenoid(BS),

Pre-sphenoid (PS), Vomer (V).

44



C. Pax2 and Cre expression profile at E12.5

To create at fate map of Pax2Cre expressing tissues in the embryonic face,
Pax2Cre+ mice were mated with Rosa26R+ mice, generating offspring in which the
enzyme LacZ is permanently expressed in tissues derived from Pax2Cre expressing

precursors. Tissues of the Pax2Cre/Dicer-""

viscerocranium expressed LacZ which was
actively detected histochemically, indicating these cells had at one time expressed
Pax2Cre (Fig. 9).

To further confirm the LacZ data, riboprobes generated for Pax2 and Cre, which
were used to look at the expression patterns of Pax2 and Cre mRNA in E12.5 WT
embryos carrying the Cre transgene (Pax2Cre/Dicer'"). Both Pax2 and Cre overlap in
expression with LacZ staining, showing expression in the maxillary and mandibular
processes and throughout the viscerocranium (Fig. 10). Taken together, these data

suggest craniofacial morphology differences are a primary effect due to the loss of Dicer

in Pax2 expressing cells of the first pharyngeal arch, rather than a secondary effect.
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Figure 9. Expression pattern of Pax2Cre-driven LacZ. At E12.5 the hindbrain (HB),
forebrain (FB), and throughout the viscerocranial (VC) regions are stained blue,
indicating that they descended from tissues that once expressed Pax2Cre. Scale bar =

2mm.
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A B C
Figure 10. Exogenous Cre expression overlaps with endogenous Pax2 expression in
E12.5 palatal shelves. In E12.5 Pax2Cre/Dicer"’” embryos, the expression pattern of

exogenous Cre (A) overlaps with the expression pattern of endogenous Pax2 (B) in the

palatal shelves (arrows). No probe control (C). Scale Bar = 1mm
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D. Reciprocal expression patterns of Cre and Dicer

ISH expression patterns of Cre and Dicer in Pax2Cre*/Dicer*>* and WT
embryos were compared using riboprobes specific for either Cre or Dicer mMRNA The
riboprobe used to detect Dicer expression is specific for exon 2 of the Dicer transcript
which is eliminated upon Cre-mediated recombination in the Pax2Cre/Dicer-*"
embryos. Cre expression was analyzed in both Pax2Cre*/Dicer"" and
Pax2Cre*/Dicer-"" embryonic brains. Results indicate that in both Pax2Cre*/Dicer™""
and Pax2Cre*/Dicer-®" embryos, Cre is expressed in the midbrain/hindbrain area (Fig.
11) Comparison of Dicer expression between Pax2Cre*/Dicer’" and Pax2Cre*/Dicer "
embryos shows Dicer mRNA is missing in embryos homozygous for floxed Dicer
alleles, specifically in areas overlapping with Cre expression (Fig. 12).

Altogether, these ISH results attest to the effectiveness of Pax2Cre to mediate
Dicer deletion in a spatially restricted manner. Dicer mRNA expression in the palatal
shelves of E12.5 Pax2Cre/Dicer->"embryos was residual when compared to a WT
(Pax2Cre-negative) littermate (Fig. 13). Consistent with our previous analysis of Pax2

and Pax2Cre expression in Pax2Cre*/Dicer’" mice, Pax2Cre was expressed in the

palatal shelves.
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2.0 mm

Figure 11. Cre expression in Pax2Cre/Dicer->* and Pax2Cre/DicerV" E12.5 embryo
brains using ISH. (A and C). Caudal and saggital views of Cre mRNA expression
detected by ISH in Pax2Cre/Dicer"" embryos. (B and D) Caudal and saggital views of

LoxP

Cre mRNA expression in Pax2Cre/Dicer—" embryos. Abbreviations: hindbrain (HB),

brainstem (BS) Scale Bar = 2mm.
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(A) | (©)
Figure 12. ISH using an antisense probe against Dicer mRNA in E12.5 control and
Pax2Cre/Dicer->® brains. WT brains show ubiquitous Dicer expression (A).
Pax2Cre/Dicer->" embryos (B) are lacking Dicer mMRNA in tissues where Cre was
shown to be expressed (see Fig 11), specifically, they are lacking Dicer mRNA detection

in the hindbrain (HB) and brainstem (BS). No probe control (C). Scale Bar = 2mm
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T\

Pax2Cre/Dicer-*"

Figure 13. Decreased Dicer mRNA in E12.5 Pax2Cre/Dicer->® palates. With the
mandible removed, E12.5 Pax2Cre/Dicer->” embryos have residual Dicer mRNA
detected in the secondary palatal shelves, but there is decreased detection compared with

the littermate control. Scale Bar = 2mm
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E. Relative expression levels of Bmp4, Fgf8 and Fgf10 in E17.5 control and
Pax2Cre/Dicer->*" palatal tissue

Palatogenesis is dependent on many genetic pathways and involves reciprocal
regulation and signaling between the ectoderm and mesenchyme that is mediated by a
variety of growth factors and signaling molecules. Prominent factors known to be
involved in cleft palate belong to the BMP and FGF families. Bmp4, Fgf8, and Fgf10

LoxP and control littermates.

MRNA expression levels were tested between Pax2Cre/Dicer
Micro-dissected palatal tissue was obtained from four E17.5 WT embryos and
four Pax2Cre/Dicer-"*" littermates. Total RNA was extracted from this tissue, and

guantitative PCR (Q-PCR) performed in quadruplicate to compare the relative expression

level of Bmp4, Fgf8, and Fgf10 using S-actin as an internal control. No differences were

found in the relative mRNA expression levels of Bmp4, Fgf8, or Fgf10, between control
and Pax2Cre/Dicer-"" (Fig. 14), suggesting that the cleft of the secondary palate of the

Pax2Cre/Dicer->” embryos is not due to a loss of expression of these genes.
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Figure 14. Q-PCR comparing relative expression of Bmp4, Fgf8, Fgf10 between
Pax2Cre/Dicer > and control embryos at E17.5. To test whether genes commonly
implicated in dimorphic palate development could be positively associated with the cleft
palate of Pax2Cre/Dicer->" embryos, Q-PCR was used to determine the relative
expression levels of Bmp4, Fgf8, and Fgfl10 in the palatal tissue (WT embryos) and

palatal shelves (Pax2Cre/Dicer ) relative to /3 -actin. T-tests showed there was no

significant difference in the mRNA expression of any of the genes examined (P>0.05).
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F. Relative Quantification of select miRNAs

Palatal tissue RNA used for Q-PCR with Bmp4, Fgf8, and Fgf10 was also used
for Q-PCR with probes targeting miR-101a, miR-101b, miR-140, and miR-200b. These
miRNA have been shown in a prior miRNA micro-array analysis to be down-regulated in
E17.5 Pax2Cre/Dicer-* palatal tissue, and have been suggested to have regulatory
functions within gene pathways involved in craniofacial development. Q-PCR was used
to confirm the microarray data, and to show that loss of Dicer results in loss of miRNA.

MiRNA miR-101b, and miR-200b were shown to be significantly down-regulated

LoxP

in Pax2Cre/Dicer palatal tissue compared with their control littermates, while miR-

140 and miR-101a were down-regulated, but were not statistically significant (Fig 15).
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Figure 15. Relative quantification indicates a significant decrease in miRNA 101b,
and 200b. A. Q-PCR indicates that in Pax2Cre/Dicer->*"-> embryos, miRNA miR-
200b and miR-101b are significantly decreased in E17.5 palatal tissue compared to their

LoxPILOXP \vas quantified relative to

WT littermates. miRNA expression in Pax2Cre/Dicer
their littermates, Min and Max RQ values indicate a P < 0.01 confidence interval. B.
Amplification plot of sno-202 control for both control and Pax2Cre/Dicer->*"-* mRNA

shows consistency in amplification, indicating that sno-202 is a proper control.
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LoxP and control

G. Spatiotemporal expression of Sox9 in Pax2Cre/Dicer
littermates

Sox9 and Sox10 are common molecular markers of viscerocranial contributing
CNC (Mori-Akiyama et al. 2003). Contribution of CNC to the viscerocranium was
examined by analyzing the expression pattern of Sox9 in littermate control and
Pax2Cre/Dicer->® embryos between E9.5 and E12.5. This time period encompasses the
end of CNC migration to the first pharyngeal arch, the onset of palatogenesis, and the
formation of the viscerocranial skeletal precursors. At E9.5 the Pax2Cre/Dicer-®
embryos heads are visibly smaller, and there are morphological differences in the

LoxP

rhombencephalon. In both the control and Pax2Cre/Dicer-"" embryos Sox9 is expressed

in the first pharyngeal arch (PA1) and in the otic pit (OP). At E9.5 no difference in Sox9
ISH staining in the first pharyngeal arch was found among control and Pax2Cre/Dicer-*"
embryos (Fig. 16).

At E10.5, both control and Pax2Cre/Dicer->® embryos express Sox9 throughout
the mandibular and maxillary processes of the first pharyngeal arch. Moreover, the
Pax2Cre/Dicer->® embryo shows an expanded area of Sox9 expression in the midbrain

and hindbrain region, relative to the control embryo (Fig. 17). At E11.5, Sox9 is

expressed in the mandibular and maxillary processes of first pharyngeal arch in both the

LoxP LoxP

control and Pax2Cre/Dicer—"" embryos. Similar to E10.5, Pax2Cre/Dicer-"" embryos at

E11.5 have expanded areas of Sox9 expression in the mid and hindbrain areas, as well as
in the posterior first pharyngeal arch. In addition, other morphological differences are

LoxP

visible at E11.5 in the hindbrain, which is smaller in the Pax2Cre/Dicer—"" embryo than

in its control littermate (Fig. 18).
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Because body sizes are too large for whole embryo ISH, E12.5 embryos were
microdissected. Whole brain, maxilla, and mandible removed to visualize the palate and
the brain separately. Differences in Sox9 expression between control and
Pax2Cre/Dicer->" are more conspicuous at E12.5 than at earlier ages (Fig. 19). E12.5
control embryos have Sox9 staining detected in the hindbrain, forebrain, and brainstem,

%P embryos have Sox9 staining

but no staining in the midbrain. E12.5 Pax2Cre/Dicer
detected in the midbrain and have no staining detected in the hindbrain. E12.5 control and
Pax2Cre/Dicer->® do have similar Sox9 staining in the forebrain.

In their maxilla, both E12.5 control and Pax2Cre/Dicer->*" littermates have
staining detected along the midline, in the tissues which will later contribute to the
vomer, nasal capsule, and pre-sphenoid. Nevertheless, as seen in (Fig. 18) the overall

LoxP

extent of Sox9 staining at E12.5 in the Pax2Cre/Dicer—" is diminished compared to the

WT.
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Figure 16. Sox9 detection at E9.5 is similar in the first pharyngeal arch in control
and Pax2Cre/Dicer-* littermates. At E9.5 there is little difference in Sox9 expression

Lo embryos. Sox9 is expressed in the first

between the control and Pax2Cre/Dicer
pharyngeal arch (PA1) and the otic pit (OP) in both embryos. The Pax2Cre/Dicer->®

rhombencephalon (RC) is smaller than the control. Scale bar = 1 mm.
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Pax2Cre/Dicer->"

Figure 17. Sox9 detection at E10.5 is similar between control and Pax2Cre/Dicer->"
littermates. At E10.5, Pax2Cre/Dicer->" embryos have similar Sox9 staining patterns in
their first pharyngeal arch maxillary (MX) and mandibular (MB) processes (arrows). The
Pax2Cre/Dicer->® embryos have expanded areas of Sox9 staining toward the midbrain
(Mid-B) and rhombencephalon (RB) compared with their control littermate embryos.

This pattern was repeated throughout our analysis. Scale bar = 1mm.
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Control Littermate Pax2Cre/Dicer-®" 1.0 mm

Figure 18. Sox9 expression at E11.5. At E11.5 Sox9 expression patterns continue to be

expanded in the Pax2Cre/Dicer-*"

embryos versus their control littermate embryos. In
the Pax2Cre/Dicer- morphologic changes are visible in the rhombencephalon/mid-
hind brain (HB) where expanded Sox9 expression patterns are seen. Expanded regions of
Sox9 staining in the maxillary (MX) portion of the first pharyngeal arch are visible in

Pax2Cre/Dicer-"". Scale Bar = 1mm. Abbreviations: (MX) Maxillary process, (HB)

Hindbrain
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LoxP and

Figure 19. Sox9 staining patterns in the brains and palates of Pax2Cre/Dicer
control littermates. Control littermate brain shows Sox9 expression along the caudal
portion of the hindbrain (HB), and in the brain stem (BS) with no detectible expression in

LoxP

the midbrain (arrow). The Pax2Cre/Dicer—" embryo brain shows Sox9 detection in the

midbrain (arrow) but not in the hindbrain (HB). When compared with the control,

expression is similar in the brain stem (BS) of the Pax2Cre/Dicer->*

palate although the
embryo has diminished staining in the progenitor tissue for the vomer and nasal bones
(arrow). Scale bar = 1.0 mm. Abbreviations: (HB) Hindbrain, (BS) Brain Stem, (NP) No

Probe Control.
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[11. Discussion

A Overview

Dicer is required for proper palatal development and Pax2Cre is expressed in
palatal progenetors. A loss of Dicer through Pax2Cre mediated recombination of floxed
Dicer alleles results in an overall reduction in embryonic size, a cleft of the secondary
palate, loss of the development of the temporal, zygomatic, and tympanic rings,
hypoplastic presphenoid, basisphenoid, and nasal bones, and late embryonic lethality in

Pax2Cre+/Dicer->®

embryos.
B. Morphological consequence of Dicer deletion in developing orofacial tissue
Pax2Cre/Dicer->" embryos are visibly smaller as early as E9.5. This pattern of
overall smaller body size is consistent throughout development and may be due to an
early loss of Dicer in progenitor cells throughout the embryo, or a loss of Dicer at other
Pax2 mediated growth signaling centers such as in the kidneys or the frontonasal
prominence (Barembaum and Bronner-Fraser 2009; Koenig et al 2010; Chen et al 20009,
Goode and Elgar 2009).
Analysis of coronal sections revealed that the first morphological differences in

the developing palatal shelves among Pax2Cre/Dicer-**

and control littermate embryos
are visible at E11.5; Pax2Cre/Dicer > embryos lack the palatal bulge expected by this
stage of development. A similar feature of palatal shelf development was seen in E12.5
embryos. Control embryos have definitive palatal shelves whereas the Pax2Cre/Dicer-""
embryos have a flat medial maxillary process. These morphological features could be due

to increased apoptosis and/or decreased proliferation in these tissues as a result of their
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loss of key miRNAs, as seen in other conditional Dicer knockouts (Marsden and Ho
2008; Wang et al. 2008, Soukup et al. 2009). Morphologically, the palatal development
of Pax2Cre/Dicer-** is stopped at the equivalent of an E12.5 developmental stage.

In addition to the developmental defects observed in palatogenesis, conditional,
Pax2Cre mediated Dicer deletion results in the loss and/or malformation of several bones
of the cranioskeleton, including the zygomatic, and temporal bones, and the
basisphenoid, presphenoid, and palantine bones. Similar losses or developmental
dimorphisms of cranioskeletal bones are seen in developmental defects collectively
known as neurocristopathies, and is phenocopied in a conditional deletion of Sox9 in
CNC (Bi et al. 2001; Mori-Akiyama et al 2003; Helms et al. 2006; Passos-Bueno et al.
2009). The defects seen in the Pax2Cre/Dicer > embryos resemble those seen in
Wnt1Cre/Sox9-"* embryos in which Sox9 is conditionally deleted in all Wnt1Cre
expressing cells (Crombrugghe et al. 1997; Bi et al. 2001; Morki-Akiyama et al. 2003).
Deletion of floxed Sox9 alleles in Wnt1Cre lines of mice leads to severe cranioskeletal
defects including completely absent endochondrally derived bones such as the
presphenoid and basisphenoid. The absence of the presephenoid and basisphenoid in
Wnt1Cre/Sox9-"" embryos results in a cleft of the secondary palate as a secondary effect
due to a loss structures necessary to support palatal development. In humans,
haploinsufficency of Sox9 results in a syndrome known as campomelic dysplasia, which
in addition to defects in the long bones, results in craniofacial defects including a cleft of
the secondary palate, due to malformation of the endochondrally derived bones of the
face. Though Dicer is ubiquitously expressed, to date, no neurocristopathy is known to

involve defects in Dicer or miRNA.
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Pax2Cre/Dicer->® embryos have a hypoplastic mandible; inadequate growth and
development of the mandible can inhibit dropping of the tongue as the palatal shelves
rotate horizontally, resulting in a secondary cleft of the secondary palate. It is possible
that the Pax2Cre/Dicer"> mice could experience the cleft of their secondary palate due
to a physical blockage of the horizontal elevation of the palatal shelves by the tongue. In
the coronal sections of E16.5 embryos, the tongue can be seen adjacent to the palatal
shelves (Fig. 5), however, the tongue is not protruding into the nasal cavity which would
be expected if the cleft were due to physical blockage of the palatal shelves.
Additionally, the complete absence of ossified palatine bones (Fig. 8) indicates that the
cleft of the Pax2Cre/Dicer->* embryos is not likely to be a secondary effect of their
hypoplastic mandible, but rather a defect in CNC ability to differentiate into osteocytes.

Pax2Cre*/Dicer™>""" heterozygous knockout embryos, used as stud males for
timed breeding, do not have any visible craniofacial or viscerocranial dimorphic
phenotypes, suggesting the mutations seen in the homozygous null mice may be dose-
dependent on the residual miRNA, Dicer enzyme, and Dicer mRNA. A lack of defects
indicates that a single copy of the functional Dicer allele is sufficient for normal function.
The absence of visible defects in the heterozygous knockout is consistent with
observations in other conditional knockouts of Dicer in that the heterozygous knockout is
morphologically indistinguishable from control littermates viable and can be bred in

timed breeding (Marsden and Ho 2008; Wang et al. 2008, Soukup et al. 2009).
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C. Pax2Cre expression in the cranioskeleton

In 2004, Ohyama and Groves suggested that the Pax2Cre line of mice could be
used primarily to knockout a floxed allele in the developing inner ear (Ohyama and
Groves, 2004). When they designed the bacterial artificial chromosome into which
Pax2Cre was inserted, they included a sequence 101 kb upstream of the Pax2 start codon,
in order to try to include any promoter, enhancer, and silencing elements that were
present upstream for Pax2 transcriptional control. They also included a 20 kb segment
downstream of the Pax2 start codon. In their initial assessment of the expression pattern
of Pax2Cre compared with native Pax2 they found that they had replicated staining
patterns in the inner ear, but they noted that a Pax2Cre reporter, detected by LacZ
staining, was indicating Pax2Cre expressing tissue was present in the first pharyngeal
arch. Our data, which indicate that both Pax2 and Cre are expressed in the palatal

shelves, and a loss of Dicer mRNA in the palatal shelves of Pax2Cre/Dicer-""-

embryos,
shows that Pax2Cre can be an effective mediator of deletion of a floxed allele in palatal
precursors, and that Pax2Cre may be expressed in CNC.

Pax2 and Pax2Cre may be first expressed in the CNC that later populate the first
pharyngeal arch. Evidence in the literature suggests that early in embryonic
development, both Pax2Cre and endogenous Pax2 are expressed in the region which later
becomes the midbrain/hindbrain areas (Ohyama and Groves 2004; McMahon and
Rowitch 1995). This region overlaps with the origin of CNC that populate the
mesenchyme of the first pharyngeal arch, which emerge adjacent to the first two

rhombomerers of the rhombencephalon (Trainor et al. 2001; Krumlauf and Trainor

2002). Pax2 has previously been shown to be expressed in an overlapping domain with
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both Wnt-1 and En-1 which are expressed early in presumptive CNC before they
delaminate and migrate to the first pharyngeal arch (McMahon and Rowich 1995; Trainor
and Krumlauf 2001; Crombrugghe 2009; Zervas 2009). Ohyama and Groves (2004) also
show evidence for early expression of Pax2 and Cre expression in Pax2Cre embryos in
the primitive rhombencephalon, at the 0-1 somite stage. In addition, Wnt-1 is commonly
used as a molecular marker of first arch CNC, using a Wnt-1Cre line to drive LacZ
expression in the CNC, allowing their fate to be detected at a later date (Morki-Akiyama
et al. 2003). Our data, together with the literature, indicate that Pax2Cre is an appropriate
driver for the deletion of Dicer or other floxed alleles in the first pharyngeal arch palatal

precursors, and that Pax2 is expressed in the palatal shelves at E12.5.

E. Loss of miRNA mediated regulation

Several studies have shown that a loss of Dicer can result in a loss of miRNA
mediated regulation of gene expression. Gaur et al. (2010) found that a loss of Dicer in
adult mouse osteocytes resulted in an anabolic state in which the bones became
hypertrophic. Gaur et al. (2010) correlated the anabolic state to the loss of regulatory
miRNA such as miR-29b which has previously been shown to down regulate the
excretion of Collal, a bone matrix molecule (Gaur et al. 2010; Luna et al. 2009). In adult
mice, deletion of floxed Dicer in osteoblasts results in an increase in the synthesis of
bone matrix and thickening of cortical and trabecular bone matrix, suggesting that a loss
of Dicer in differentiated osteoblasts results in a loss of their ability to regulate cell
matrix deposition due to a loss of mMiIRNA, such as miR-29b, to regulate these gene’s

expression (Gauer et al 2010).
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Q-PCR and previous microarray analysis (data not shown) of miRNA expression

in palatal tissues at E17.5 have shown that Pax2Cre/Dicer->"

embryos experience a
significant loss of mMiRNA miR-101b, and miR-200b by E17.5 (See Fig 15). miR-200b
belongs to the miR-200 family which are known to be regulators of mesenchymal-to-
epithelial transition (Christoffersen, et al. 2007). miR-200b specifically has been shown
by Christoffersen et al. (2007) to modulate expression of Zfhx1b and thereby regulate the
activity of the promoter for E-cadherin. In the literature, current knowledge of miR-101b
is limited to its predicted role (Bartel et al. 2007). miR-101b has been predicted to target
several genes that are important to craniofacial development and palatogenesis, such as
Col10al which is expressed by hypertrophic chondrocytes during endochondral
ossification. In humans, mutations in COL10A1 are associated with Schmid-type
metaphyseal chondroplasia, a type of familial hereditary dwarfism affecting the growth of
the long bones (Lucarini et al. 2009; Megarbane et al. 2008; Wilson et al. 2002). miR-
101b also has two conserved predicted target sites in the 3 UTR of Sox9 which was used
as a molecular marker of chondroprogenitor CNC in this present study (Bartel et al.
2007). The quantified decrease in miR-101b, which is a predicted down-regulatory
element for Sox9, may be a mechanism by which Sox9 mRNA detection was increased in

the midbrain and hindbrain of Pax2Cre/Dicer- """

embryos.

Analysis of relative miRNA expression levels at the onset of palatogenesis in
Pax2Cre/Dicer->®, and the possible roles of miR-101b in regulation of Sox9 remain to be
determined. Additionally, a quantitative analysis of protein levels is necessary to form a
LoxP

complete picture of the consequence of loss of miRNA biogenesis in Pax2Cre/Dicer

cranioskeletal and palatal tissues.
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F. Cre — mediated Dicer deletion

Together, our data indicate that Dicer is necessary for proper palatogenesis.
Comparison of Cre and Dicer expression through ISH using Pax2Cre+/Dicer"'" and
Pax2Cre/Dicer->” embryos suggests that Pax2Cre expression within a tissue results in
decreased or missing Dicer mRNA in Pax2Cre/Dicer->" embryos. E12.5 ISH data,

showing reduced Dicer mRNA detection in Pax2Cre/Dicer-®

embryos suggests that
they begin palatogenesis with residual levels of Dicer mRNA in their palatal shelves and
maxillary process compared to their control littermates.

The palates of Pax2Cre/Dicer->®

embryos do not develop past the morphological
characteristics of an E12.5 control embryo, indicating an important role for Dicer in
orofacial development. In other Cre-LoxP mediated transgenic lines of conditional Dicer
deletion, decreased growth and differentiation has been associated with decreased
mMiRNA abundance, increased apoptosis, decreased proliferation, and loss of cytoskeletal
architecture (Wang et al. 2008; Mardsen and Ho 2008; Miner et al. 2008). Depletion of
key miRNA, following Dicer deletion seems to depend on the metabolic status of the
tissue in which the deletion occurs (Soukup et al. 2009; Wang et al. 2008). Deletion of
Dicer in a quiescent cell or tissue may have a delayed effect compared with deletion of
Dicer in a metabolically active cell which must have tight regulation on its gene
expression, such as a cell that is secreting ECM, or undergoing differentiation. During
palatogenesis, high rates of cell metabolism are required to allow for proliferation,
apoptosis, cell phenotype transition, extracellular matrix synthesis, and cell migration

(Ferguson 1988; Svoboda and Kang 2005; Chai and Maxon 2006; Clouthier et al. 2007;

Gritli-Linde 2007; Clouthier et al. 2009: Passos-Buenos et al. 2009), all of which are
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common processes taking place during the development of complex tissues and
structures. Presumably, the changes in a cell’s gene expression pattern as it undergoes
differentiation requires tight control, of which miRNA may play an important part.

Further studies in Pax2Cre/Dicer->®

embryos must be done to examine any changes in
apoptosis or cell proliferation during palatogenesis in the conditional Dicer knockouts.
Based on previous studies of Dicer knockout in other tissues, it would be expected that
increases in apoptosis would be observed (Harfe et al. 2005; Zeheir et al. 2010).
Furthermore, since the Dicer enzyme is responsible for maturation of other ds-RNA such
as siRNA, investigation into the additional products of Dicer enzyme activity is necessary
for complete understanding of the consequence of Dicer deletion (Lima et al 2009).
Given the high level of metabolic activity during palatogenesis, the expression
pattern of Pax2Cre in the upper rhombencephalon, and the expression pattern of
endogenous Pax2 in the neural plate prior to CNC migration, the orofacial dimorphisms

in Pax2Cre/Dicer->®

mice may be caused by the depletion of Dicer mMRNA in CNC at
the time of their delamination and migration (Serbedzija et al. 1992; McMahon and
Rowich 1995; Chai et al. 2000; Trainor et al. 2003; Ohyama and Groves 2004).
Developmentally, this would mean that the CNC would have had their floxed Dicer
alleles recombined by embryonic day E8.0, nearly four days prior to the onset of
palatogenesis. Subsequent cell divisions, morphological changes, and synthesis of ECM,
could dilute any residual miRNA, remaining Dicer mRNA, and Dicer enzyme remaining
in the palatogenic tissues, and further disrupt palatogenesis.

Since miRNA are relatively stable in their miRNA-AGO2 complex, many effects

of the loss of the floxed Dicer alleles would depend on the half life of each specific
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miRNA. Recently, Kia and Pasquinelli (2010) suggested that miRNA homeostasis can be
actively modulated by cis-acting modifications and trans-acting proteins, and that
mMiRNAs can be actively degraded by endonucleases. Since miRNA are stable and
protected when bound with the argonaute protein, functional deficiencies after loss of
Dicer may depend on the rate of loss of miRNA due to either active degradation, passive
degradation, or dilution following cell division (Grosshans and Chatterjee 2009; Soukup
et al. 2009). Variability in the rate of degradation of residual miRNA, Dicer mRNA, and
Dicer protein has been seen in other transgenic models using the Cre/LoxP system for
Dicer deletion (Wang et al. 2008). This indicates that a functional assessment of the role
of specific miRNA may not be possible without tracking the rate of their loss at several

time points.

G. Role of Bmp4, Fgf8, and Fgf10 in Pax2Cre/Dicer > palatogenesis

Palatogenesis is dependent on many genetic pathways and involves reciprocal
regulation and signaling between the ectoderm and mesenchyme which is mediated by a
variety of growth factors, prominent factors known to be involved in cleft palate include
the BMP and FGF families (Neubusster and Bachler 2001; Wilke and Morris-Kay 2001;
Cobourne 2004; Nie et al. 2006).

Bmp4 has been shown to have specific expression domains that are segregated
between the anterior and posterior portions of the palatal shelves; and these domains
change during palatogenesis (Lee et al. 2006). By E16.5, Bmp4 is upregulated in both the
posterior and anterior palate, and is expressed in both the palantine bone and the

mesenchyme (Nie X.G. 2005).
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Fgf8 is known to be involved in fusion of the midfacial prominences between
E9.5 and E10.5 (Gong et al. 2005), and in the palate, Fgf8 is known to be involved with
the induction of transcriptional mediators of cell fate, such as Pax9 which may be
involved with embryonic skeletal development (Lefebvre and Smits 2005; Hilliard et al.
2005). Impairment of Fgf8 and Fgf10 signaling has been shown to contribute to cleft lip
and cleft palate, as both factors are involved in fusion of mid facial prominences (Riley et
al. 2007). Data from Riley et al suggest that members of the FGF signaling pathway may
be involved in 3-5% of non-syndromic cleft lip and/or palate (Riley et al. 2007).

To test whether miRNA depletion following Dicer deletion may have disrupted
the expression of Bmp4, Fgf8, or Fgf10 Q-PCR was peformed using palatal tissue from
E17.5 Pax2Cre/Dicer-®" and control littermate embryos. Results indicated that the
expression of the mRNA of Bmp4 and Fgf8 and Fgf10 family of growth factors was not

involved in the cleft palate of the Pax2Cre/Dicer-""

embryos, as there was no significant
difference in the quantitative detection of any of these mMRNASs in the embryos palates.
Moreover, since miRNA principally repress the translation of mMRNA, proteomics or

other quantification studies of relative protein levels must be done to completely test the

involvement of these growth factors.

H.  The role of CNC in Pax2Cre/Dicer->* palatogenesis

LoxP

Nearly all the disrupted cranial skeletal features of Pax2Cre/Dicer="" embryos

are derived from CNC, indicating that the Pax2Cre/Dicer-""

mice may suffer from some
kind of a facial neurocristopathy which may result from failure of CNC to migrate,

differentiate, or develop into facial structures. Disruption of the development of non-
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CNC derived structures could be the result of loss of Dicer in signaling and organizing
centers of the face such as the forebrain or optic stalk; both of which are known to be
areas of Pax2Cre expression (Goode et al. 2009; Fotaki et al 2008).

Recently, Eberhart et al. (2008) showed that miRNA miR-140 was responsible for
mediating part of the migration pathway for palatogenic CNC in zebrafish. In mice, CNC
migrate from the rhombencephalon, past the optic stalk, and into the first pharyngeal
arch, between E8.0 and E9.5. Their migration is dependent on a variety of signaling
centers which release chemotactic cytokines to guide the CNC migration pathways
(Krumlauf et al. 2002; Clouthier and Schilling 2004; Clouthier et al. 2007; Fotaki et al.
2008; Olesnicky et al. 2009; Clouthier and Reust 2009; Killian et al. 2009). One such
structure which helps to create a chemotractic gradient for CNC is the optic stalk, which
is also known to express Pax2Cre and could be disrupted by loss of Dicer there (Fotaki et
al. 2008; Hitchcock et al. 1998). As they migrate and respond to directional cues, CNC
must express receptors for specific chemotactic molecules, and this expression has been
shown to be regulated by miRNA miR-140 in zebrafish (Eberhart et al. 2008). Lack of
Dicer and consequently, miRNAs such as miRNA miR-140 in Pax2Cre/Dicer- CNC
cells, may have impaired the CNC and contributed to the cleft palate and hypoplastic

bone development in Pax2Cre/Dicer->"

embryos.

Considering the Pax2Cre expression data shown by Ohyama and Groves,
showing Pax2Cre expression in the future midbrain/hindbrain at the 0-1 somite stage,
Pax2Cre/Dicer->” CNC differentiation may become deregulated as soon as two days

LoxP

after Dicer deletion. Pax2Cre/Dicer—" embryos begin showing missexpression of Sox9

in the midbrain and hindbrain beginning at E10.5. Sox9 is a molecular marker for
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chondroprogenitor CNC and loss of Sox9 in CNC has been shown to result in a loss of
endochondrally derived cranioskeletal elements such as the basisphenoid and
presphenoid; as well as resulting in a cleft palate as a secondary effect due to a loss of
structural support upon which the palatal shelves develop (Bi et al. 2001; Mori-Akiyama
et al. 2003; Gordon et al. 2009).

Dicer has recently been shown to be required for the survival of differentiating
neural crest cells; but not for their migration (Zehir et al. 2010). CNC specific deletion of
Dicer using Wntl1Cre transgenic mice shows that CNC lacking Dicer can migrate to the
pharyngeal arches in the correct pattern, but once they begin their differentiation program
CNC undergo increased apoptosis and a loss of CNC derived structures such as the bones
and cartilage of the cranioskeleton (Zehir et al. 2010).

In Pax2Cre/Dicer->® embryos, Sox9 expression patterns become dysregulated
beginning at embryonic day E10.5, when Sox9 staining patterns are expanded in the
midbrain and hindbrain. At E11.5, Sox9 expression continues to be expanded in the hind
brain, and is increased in the maxillary process. By E12.5, Sox9 staining pattern is ectopic
in the midbrain, and there is a loss of Sox9 in the precursor to the vomer and nasal bones
in the maxilla. Changes in Sox9 expression in the future cranioskeleton may be due to a
loss of MiRNA mediated regulation of their differentiation pathways.

Q-PCR showed that miR-101b was downregulated in palatal tissue following
Dicer deletion. miR-101b has a target site in the 3> UTR of Sox9 (Bartel, et al. 2007);
miss-expression of Sox9 in the hindbrain, and later in the first pharyngeal arch may be

due to a loss of MiIRNA mediated regulation of its expression pattern, or a loss of mMiRNA
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mediated regulation of upstream factors such as Shh or Bmp2 regulating Sox9 expression
(Park et al. 2010, Gordon et al. 2009; Nakanishi et al 2009).

Decreased Sox9 expression in the mesenchymal condensations destined to
become the vomer, nasal, and maxillary bones, in the medial portion of the maxillary
process indicate that the downstream differentiation pathways of the CNC may be
affected by their loss of residual miRNA such as miR-101b. Further experiments need to
be done to confirm this assumption by examining, at the protein level, expression of
definitive markers such as Col2al in chondroprogenitor CNC (Mori-Akiyama et al.
2009). Loss of Sox9 mediated endochondral ossification may contribute to the
dysmorphic features found later in the basisphenoid and presphenoid of the
Pax2Cre/Dicer->® embryos. Dysmorphic features of the basisphenoid and presphenoid
may result in a cleft palate as a secondary effect due to a loss of support structures upon
which the palate must form.

All together, these results show that residual miRNA may still provide sufficient
regulation of gene expression in the CNC of Pax2Cre/Dicer-" for up to three days after
Dicer is eliminated, but that mature miRNA do become depleted at later time points
shown in our miRNA Q-PCR data, earlier loss of miRNA may cause Pax2Cre/Dicer-""
palatogenesis to stop at E12.5 due to a loss of miRNA mediated regulation. Studies will
be necessary to determine whether rates of cell proliferation and apoptosis are alter in the
early development of the palatal shelves.

LoxP

Further studies will investigate the involvement of CNC in the Pax2Cre/Dicer

phenotype. Moreover, ISH and Q-PCR using probes specific for miRNAs will be
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performed to allow for the development of possible molecular mechanisms underlying

LoxP

the orofacial dimorphism in Pax2Cre/Dicer-""" mouse model.
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V. Conclusion

This study has been novel in two ways. First, it has shown that the Pax2Cre
positive tissues contributing to the viscerocranium and palate development require the
miRNA processing enzyme Dicer for proper formation. Second, it has definitively shown
that palate and cranioskeletal precursors express Pax2Cre and endogenous Pax2 which
has never been directly tested. Moreover, the palatal defects observed in
Pax2Cre/Dicer->" embryos are not a result of miss-expression of common growth
factors implicated in cleft palate, Fgf8, Fgf10, or Bmp4 at the mRNA level. Results also

point to involvement of CNC in the Pax2Cre/Dicer->®

cleft palate phenotype, which is
observed through missexpression of Sox9 in the conditional Dicer knockout mice. Sox9 is
a molecular marker of chondrogenic CNC cells, which contribute to the endochondrally
derived skeletal elements of the cranial skeleton upon which palatal development is
dependent for support. Embryos lacking Sox9 in CNC have been shown to have severe
craniofacial phenotypes including a cleft palate, and in humans, haploinsufficiency in
Sox9 results in a craniofacial disorder known as campomelic-dysplasia (Crombrugghe et
al. 1997; Bi et al. 2001; Mori-Akiyama et al. 2003; Nie 2006; Yokohama-Tamaki and
Shibata 2008; Wegner et al. 2008; Gordon et al. 2009)

The present thesis is groundbreaking work for the development of further studies
analyzing the role of specific miRNA involved in orofacial development. This work
shows that miRNA are necessary for orofacial development, however, many questions
remain to be answered, such as which specific processes, cells, or tissue interactions

taking place during orofacial development require the input and fine tuning of miRNA.

These and other questions will serve as the foundation upon which new studies will be
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developed towards deciphering the required combination of specific miRNA necessary

for viscerocranial and palatal development.
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