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The Dlx5 and Dlx6 homeobox genes encode transcription factors that exert their effects
on the developing embryo through differentiation and patterning, most prominently in the limb
and craniofacial skeleton. Functional redundancy has been observed between Dlx5 and Dlx6
genes in mouse neonates such that only ablation of both genes results in the most severe
dysmorpholgies of the lower jaw. It is still unclear what specific contribution, if any, each gene
is making to jaw patterning. In order to gain a better understanding of the extent of their
functional overlap, microRNAs (miRs) were synthesized to knockdown Dlx5 and Dlx6 with the
aim of delivering these miRs to targeted regions of the chicken embryo. The efficacy of the
various miRs was tested in vitro through immunoblotting, wherein a noticeable knockdown of
Dlx5 and Dlx6 protein levels was observed. Corresponding immunofluorescence of Dlx5 in
fixed cells also confirmed knockdown of Dlx5.
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CHAPTER 1: INTRODUCTION
Dlx gene structure and organization
Homeobox genes act as master regulators which control the expression of many other
genes that are involved in differentiation and patterning in the developing embryo (Christensen
et al., 2008). The homeobox sequence is a region of DNA that is 180 bp in length, is
evolutionarily conserved, and is found in plants, fungi, and all metazoans. Homeobox genes
often exert their effects on development through a nested pattern of expression (a “code”) where
absence or presence or a combination of these genes ultimately determines the fate of a
developmental structure (Mark et al., 1997). The Dlx family of homeobox genes are homologous
to the Drosophila Distal-less (Dll) gene and are found in all vertebrates. They are heavily
implicated in the development of the limbs as well as the pharyngeal arches, which contribute to
the developing craniofacial skeleton (Bendall & Abate-Shen, 2000; Minoux & Rijli, 2010). The
Dlx family of homeobox genes have also been implicated in cancer, where upregulation of
certain family members has been observed in various types of cancers (Tan et al., 2010).

In all jawed vertebrates, the Dlx genes contain three exons and two introns. They are
organized in three convergently transcribed bigene clusters (approximately 7-17 kb apart), with
each pair located on a different chromosome (Figure 1.1). Each bigene pair is linked to a Hox
gene cluster with the organization as follows: Dlx1 and Dlx2 (linked to HoxD), Dlx3 and Dlx4
(linked to HoxB), and Dlx5 with Dlx6 (linked to HoxA) (Debiais-Thibaud et al., 2013; Gitton &
Levi, 2014). Additionally, the members of each Dlx pair exhibit more sequence homology to
another Dlx gene not located on the same chromosome. This observation allows for a second
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classification in which Dlx genes fall into two structural subfamilies, one containing Dlx1, Dlx4,
and Dlx6 while the other contains Dlx2, Dlx3, and Dlx5 (Merlo et al., 2000).

Evolutionary history
In order to understand why the vertebrate Dlx genes are organized the way they are and
what role they play in development, it is crucial to understand their evolutionary history.
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Figure 1.1: Organization of the six known Dlx genes found in mice.
Dlx genes are found in tightly linked and convergently transcribed bigene pairs, with each pair
located on a different chromosome. The blue and red labels indicate the two Dlx subfamilies.
This classification is based on the observation that each Dlx gene has more amino acid similarity
to members of the subfamily than to its own linked paralogue. The arrows indicate direction of
transcription and the purple boxes represent the three exons for each Dlx gene. The green circles
represent conserved intergenic elements that function as shared enhancers for the bigene pair.

It is hypothesized that the Dlx gene family experienced multiple rounds of chromosomal
duplication during early vertebrate evolution that eventually led to a divergence in their function.
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Initially, in the common ancestor to both insects and vertebrates, the ancestral gene underwent
tandem duplications that likely resulted in a pair of Dlx genes along a single chromosome. Then,
at least two duplications may have occurred in the vertebrate lineage resulting in the increased
number of Dlx genes seen presently (Stock et al., 1996). This notion is also supported by the fact
that there is only one Dll gene found in the invertebrates Drosophila and C.elegans whereas
there are six Dlx genes in vertebrates. Additionally there is overlapping gene expression patterns
and partial redundancy in function for the various Dlx family members, further reinforcing the
notion of early duplication (Ghanem et al., 2003).

Another piece of evidence that aids in elucidating the timing of Dlx genes duplication
comes from studying the intergenic regions between the Dlx1/Dlx2 and Dlx5/Dlx6 clusters. In
these regions, there are highly conserved enhancer elements and when these are placed in
transgenic reporter constructs there is an overlap in the expression of reporter genes (Ghanem et
al., 2003). The sequences for the enhancer elements for each bigene cluster was compared to
their orthologues across five vertebrates (mouse, human, zebrafish and two species of pufferfish)
and these sequences are >75% identical. However, when these elements are compared to one
another (between the paralogs) there is a noticeable lack in sequence similarity. This seems to
suggest that there was a rapid divergence in these elements and perhaps for the Dlx coding
sequences too, early in chordate/vertebrate evolution (Ghanem et al., 2003).

Dlx expression and regulation
The Dlx genes are usually expressed in a variety of cells undergoing differentiation
during development. Earliest expression of Dlx genes is observed in the non-neuronal ectoderm.
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This is followed by the expression of Dlx1, Dlx2, Dlx5, and Dlx6 in the nervous system. Within
the neural tube, Dlx gene expression is limited to the telencephalic (anterior) and diencephalic
(posterior) regions of the forebrain. Sonic hedgehog (Shh) is important for Dlx2 expression in the
forebrain as its absence in this region leads to a marked decrease in Dlx2 expression (DebiaisThibaud et al., 2013; Panganiban & Rubenstein, 2002). Additionally, Dlx1 and Dlx2 can induce
and maintain the expression of Dlx5 and Dlx6 by activating forebrain enhancers located in the
intergenic region (Ghanem et al., 2003). Dlx1 and Dlx2 expression is also observed in the retinal
ganglion cells of the developing retina (Melo et al., 2004).

All Dlx genes are expressed in the premigratory cranial neural crest cells as well as some
migrating neural crest cells that will eventually populate the pharyngeal arches (Medeiros &
Crump, 2012). In mouse embryos, Dlx1, Dlx2, Dlx5 and Dlx6 expression can be reduced in the
first pharyngeal arch if retinoic acid is applied (Vieux-Rochas et al., 2007).

Endothelin1 (Edn1) signaling through its receptor Endothelin type A (Ednra) promotes
the expression of all members of the Dlx family and especially promotes the expression of Dlx5
and Dlx6 in the first pharyngeal arch (Medeiros & Crump, 2012). There is considerable evidence
to suggest that the activation and proper functioning of Dlx5 and Dlx6 that causes specification
of the mandible, is done through Edn1 signaling via its receptor Ednra. Mice that are lacking
Edn1 or its receptor will demonstrate the same homeotic transformation of the mandible into the
maxilla as seen in Dlx5/6-/- knockouts (Heude et al., 2010). Additionally, when Edn1 is knocked
in to the CNCCs and is constitutively activated throughout the head and pharyngeal
mesenchyme, there is a transformation of maxillary structures into mandibular structures. The
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current model suggests that Edn1/Ednra signaling induces expression of Dlx5 and Dlx6,
activating the downstream Hand2 gene, which in turn is responsible for mandibular specification
(Sato et al., 2008). In the pharyngeal arches, Dlx5 and Dlx6 can regulate the expression of Dlx3
by binding to its intergenic region (Ghanem et al., 2003).

Dlx gene expression is found in both epithelial and mesenchymal regions of the
developing limb buds. In limb ectoderm that has experienced denervation, and hence a reduction
in Dlx3 expression, exogenous FGF2 can help maintain the expression of this gene and can also
induce the expression of Dlx5 in the growing chick limb bud (Mullen et al., 1996). Later in
development, Dlx gene expression is observed in the developing cartilage and bones. In these
cells, BMP2 has been implicated in inducing the expression of Dlx2 in chondrocytes and BMP4
can induce expression of Dlx5 in osteoblasts as well as Dlx1 and Dlx2 in the dental mesenchyme.
Dlx gene expression has also been noted in the differentiating surface epidermis (DebiaisThibaud et al., 2013; Panganiban & Rubenstein, 2002).

In summation, Dlx genes are responsive to several major signaling pathways such as Fgf,
Edn, and BMP ligands, depending on the tissue context. Dlx proteins can also regulate the
expression of other Dlx paralogues.

Dlx functions
Dlx genes have been implicated in a variety of developmental processes. Generally,
homozygous mutations in individual Dlx genes in mice result in embryonic or neonatal lethality.
Mutation of one of the genes in a bigene cluster usually results in a milder phenotype compared
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to mutations in both members of a gene pair. (Panganiban & Rubenstein, 2002; Robledo et al.,
2002).

GABAergic neurons
It has been observed that during development, interneurons in the forebrain migrate from
the lateral ganglionic eminence (LGE, a transitory structure which gives rise to the basal ganglia)
into the neocortex and eventually differentiates into two distinct neurons here, the excitatory
pyramidal neurons and the inhibitory GABAergic neurons (Anderson, 1997). This migration is in
part guided by the Dlx1 and Dlx2 genes whose expression is initially restricted to the basal
ganglia but by embryonic day 13.5 (E13.5) shifts towards the neocortex. Mice that have
homozygous mutations for the Dlx1 and Dlx2 genes display an increase in partially differentiated
neurons in the LGE. The corresponding tissue samples indicate no observable migration of cells
from the LGE to the neocortex at E12.5 or E15.5 in these embryos (Anderson, 1997).
Furthermore, the neural differentiation-associated gene Necdin is known to promote the
differentiation of GABAergic neurons by associating positively with Dlx2 and Dlx5. In mouse
forebrain tissue, when a mutant form of Dlx5 (with a truncated C terminal) is introduced, there is
a reduction in the effect that necdin has on GABAergic neuron differentiation (Kuwajima,
Nishimura, & Yoshikawa, 2006). Ectopic expression of Dlx2 and Dlx5 (via retroviral vectors or
electroporation) stimulates the cortical neurons to exhibit the GABAergic phenotype, further
providing support to the idea that Dlx genes are implicated in the differentiation and migration of
GABAergic neurons (Stühmer et al., 2002).
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Inner ear development
The proper development of the inner ear is in part dependent on the Dlx5 gene, which is
normally expressed in the dorsal otic vesicle (OV) and is also required for the subsequent
differentiation of the vestibular tissues (Sajan et al., 2011). During inner ear development, the
mesodermal and ectomesenchymal cells in the OV will eventually form the chondrocranial otic
capsule, which consists of the vestibular system (made up of semicircular canals) and the pars
cochlearis (the auditory system). Knockout mice that are Dlx5-/- exhibit a phenotype in which the
anterior-posterior (A-P) canals fail to form and the lateral canals are shortened. The pars
cochlearis is also markedly smaller when compared to wild-type mice (Depew et al., 1999).
Although Dlx6 expression is observed during inner ear development, it is unclear what role it
plays as studies have primarily looked at mice that are Dlx5-/- or Dlx5/6-/-. Mice that are Dlx5/6-/display a more pronounced phenotype in which there is a complete failure in the formation of all
vestibular structures; this is likely due to functional redundancy between the gene pair
(Riccomagno et al., 2005). These defects are most likely attributed to the concomitant decrease
in Bmp4 which is a possible target of Dlx5 in this tissue (Sajan et al., 2011).

Limb development
The Dlx genes play a crucial role in limb patterning. In the developing vertebrate embryo,
limbs are formed across three distinct axes with the aid of specialized transient structures. The
anterior-posterior axis (A-P) is defined via Shh-mediated signaling from the zone of polarizing
activity (ZPA). The proximal-distal (P-D) axis forms via signaling by the Fgf family members in
the apical ectodermal ridge (AER) and the Dorsal-Ventral (D-V) axis is specified via En1 and
Wnt7a signaling in the non-ridge limb ectoderm (Kraus & Lufkin, 2006).
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Dlx1, Dlx2, Dlx5, and Dlx6 expression has been observed in the developing vertebrate
limbs with Dlx2, Dlx5 and Dlx6 being co-expressed in the AER region of the fore and hind hindlimb buds. Although a loss of any single Dlx gene in the limb buds of mice has not demonstrated
any morphological phenotypes (possibly indicating redundancy), inactivation of two or more Dlx
genes does. When Dlx5 and Dlx6 are simultaneously inactivated in mice, the AER experiences a
decrease in cell proliferation and there is a disturbance in limb patterning across the A-P axis.
The associated phenotype within these knockout mice is the appearance of a “lobster claw” in
which adjacent phalanges in the fore and hind limbs fuse together; this is termed a splithand/split-foot malformation. Alternatively, in mice lacking Dlx5 and Dlx6 the digits may be
missing entirely (Kraus & Lufkin, 2006).

Dlx5 and Dlx6 have also been implicated in promoting the differentiation of multipotent
limb bud mesenchymal cells to differentiate into cartilage producing chondrocytes (Hsu et al.,
2006). Although Dlx5 and Dlx6 have overlapping functions, different domains are required for
chondrogenesis in the chicken limb bud. Hsu et al., (2006) used misexpressed forms of the Dlx5
and Dlx6 polypeptides, which contained either NTD or CTD truncations, or substitutions of
these domains with other transcription activation or repression domains. Their results indicated
that the NTD is critical for Dlx5 and is required only for full activity of Dlx6, whereas the CTD
is dispensable for Dlx5 but important for Dlx6-mediated chondrogenesis (Hsu et al., 2006).
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Collectively this data argues that Dlx5 and Dlx6 important for differentiation of precursor
cells in the limb and craniofacial skeleton and while there is a degree of functional redundancy,
at a molecular level Dlx5 and Dlx6 may adopt different configurations in transcriptional
complexes.

Dlx proteins
All vertebrate Dlx proteins share a highly conserved homeodomain with the Drosophila
Dll protein (Merlo et al., 2000). The homeodomain consists of 60 amino acids with an Nterminal arm followed by three α-helices. The homeodomains are able to recognize and bind to a
specific region on DNA (the homeodomain-responsive element) which is approximately 8 bp
long with a core consensus sequence of TAAT (Bryan & Morasso, 2000). The binding is
accomplished via the third α-helix of the homeodomain docking into the major groove and the
N-terminal arm of the protein docking into the minor groove of the target DNA (Chu et al.,
2012).

The Dlx genes encode transcription factors that usually regulate the expression of other
genes that are involved in limb and appendage development, craniofacial patterning and brain
development. The six vertebrate Dlx transcription factors of a species share almost identical
homeodomains and this might partly explain the functional redundancy that is observed (Zhou et
al., 2004). The Dlx proteins also contain different amino acid sequences in other domains; this
may explain the unique functions that are observed.
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Additionally, outside the homeodomain, the Dlx proteins contain at least two tryptophan
residues located C-terminal to the homeodomain with an aspartic acid residue following the first
tryptophan and a tyrosine residue following the second tryptophan. These tryptophan residues
may play a role in facilitating interactions with other homeodomain transcription factors by
interacting with their various domains. (Panganiban & Rubenstein, 2002). Dlx proteins also
contain proline-rich sequences (both N-terminal and C-terminal to the homeodomain) which
have been implicated in oligomerization and transcriptional activation. It has been demonstrated
that in Dlx5, the N-terminal proline-rich sequences function as activation domains when these
sequences are fused to the yeast Gal4 DNA-binding domain (Panganiban & Rubenstein, 2002).
Thus, although Dlx5 and Dlx6 are located on the same chromosome and transcribed
convergently, there are significant differences in their N and C terminal domains, leading to their
possible functional differences in development.

Target genes of Dlx transcription factors
The Dlx transcription factors regulate numerous target genes that are only now being
elucidated. It has been demonstrated that in the interneurons of the olfactory bulb, Dlx2 and Dlx5
can bind to the homedomain binding sequences of the Wnt5a gene and promote its transcription
(Paina et al., 2011). In the placenta, Dlx3 is a regulator of many crucial genes involved in
pregnancy including 3ß hydroxysteroid dehydrogenase, chronic gonadotropin hormnone alpha
subunit, and placental lactogen (Chui et al., 2010). Additionally in the trophoblasts of human
placental cells, Dlx3 binds to the junctional regulatory element of the glycoprotein hormone α
subunit gene thereby regulating its expression (Chui et al., 2010). Dlx4 is involved in
megakaryocyte differentiation as it is implicated in the upregulation of genes involved with cell
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adhesion as well as genes specifically needed for megakaryocyte maturation (Trinh et al., 2015).
Dlx4 can also activate GATA1 and MYC in hematopoietic cells (Panganiban & Rubenstein,
2002). In differentiation of osteocytes it is observed that Dlx3 and Dlx5 are recruited to the bonespecific Osteocalcin gene where they remove the pro-proliferative (transcription repressor)
Msx2 and instead promote transcription (Hassan et al., 2004).

Dlx genes may have many downstream target genes in the tissues that will give rise to
most of the craniofacial skeleton, the pharyngeal arches. Jeong et al., (2008) used a microarray to
test the transcriptional profiles of possible target genes in the mdPA1 (mandibular part of the
first arch) of Dlx5/6-/- mice. The researchers demonstrated that Dlx4, Hand1, and Alx3 were all
down-regulated. Also, Unc5c which encodes a receptor for the axon guidance molecule netrin 1
was found to be severely downregulated in the mdPA1 and PA2. Additionally, expression of the
Rg5 gene which codes for a protein that inhibits G-protein-coupled receptor signaling and that is
only expressed at the rostromedial tip of mdPA1, is lost along with Dlx3/4 expression in Dlx5/6-/mice (Jeong et al., 2008).

It is important to note that loss of a single downstream target gene cannot recapitulate the
phenotypes observed when Dlx5 and Dlx6 are knocked out, this signifies that this gene pair most
likely regulates numerous genes involved in mandibular morphogenesis. Jeong et al., (2008)
discovered 20 new targets in Dlx5/6-/- mice, in which 12 genes were upregulated and 8
downregulated. In these knockout mice Pou3f3 expression (which is normally observed in the
maxilla) is now upregulated in the mandible as well. Additionally, there are three genes that have
been shown to be direct targets of Dlx5 and Dlx6 in the mandible; these are Hand2, Dlx3, and
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Dlx4. These genes contain PA-specific enhancers that contain a consensus Dlx binding motif
(Jeong et al., 2008). This further reinforces the notion that the Dlx genes have numerous and
various targets signifying that they are not entirely redundant.

Origins of the craniofacial skeleton
The vertebrate skull is initially composed of mesenchymal condensations of cartilage,
collectively known as the chondrocranium (Merlo et al., 2000). Eventually, the skull will be
divided into three important regions, the neurocranium, the splanchnocranium, and the
dermatocranium. The neurocranium resides deep within the head and arises when some of the
chondrocranium eventually gives way to the skeletal structures of the nose, eye, inner ear, and
base of the brain (Merlo et al., 2000). Another part of the skull arises from intramembranous
ossification (a process which uses no cartilage intermediate) and forms the dermatocranium. This
part of the skull creates a superficial covering that partially covers both the neurocranium and
splanchnocranium as well as adjacent soft tissue and it is exclusively bony (Hanken &
Thorogood, 1993; Merlo et al., 2000).

The third component of the skull, the splanchnocranium, is the part of the
chondrocranium that is derived from the pharyngeal (branchial) arches and gives rise to most of
the facial skeleton. The pharyngeal arches form when cranial neural crest cells (CNCCs) migrate
from the dorsal neural tube to populate the frontonasal prominence and the mesenchyme of the
pharyngeal arches (PA) (Minoux & Rijli, 2010). The PAs are metameric structures that acquire a
unique identity across the A-P axis along the ventrolateral surface of the embryonic head. These
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arches are meristic in nature and as such are divided into reiterated segments that are also unique
across the P-D axis (Depew et al., 2005).

The CNCCs of the first mandibular arch (PA1) will form the mandible (lower jaw,
mdPA1), middle ear, and ossicles. The unsegmented CNCCs just anterior to the mandible will
form the anterior skull, foreface, and maxilla (upper jaw, mxPA1). The CNCCs of the second
hyoid arch (PA2) help support the lower jaw; contribute to the gill covering skeleton of fishes,
and the styloid process and hyoid bone in mice. The more posterior CNCCs of the pharyngeal
arches are involved in formation of gill supports in fishes as well as tracheal cartilage in
mammals (Medeiros & Crump, 2012).

Dlx genes and Craniofacial Patterning
Proper formation of the various structures in the pharyngeal arches is based on a unique
nested gene expression pattern by a combinatorial Dlx code where the specific expression of Dlx
genes within each arch would specify the corresponding morphology of the skeletal element
across the P-D axis (Figure 1.2) (Depew et al., 2005).

Pr

Dlx1/2
A

P
D

Dlx1/2/3/45/6
Dlx1/2/5/6
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Figure 1.2. A possible role of Dlx genes in craniofacial development of jawed vertebrates.
The diagram depicts a proto-jawed vertebrate with the neurocranium (Nc) and seven pharyngeal
arches (PAs). The nested expression of Dlx genes, which specifies the code for craniofacial
patterning and development, is shown on the right. In the first arch, the maxilla contains the
palataoquadrate (PQ) and in this region only Dlx1/2 expression is observed. In the mandible of
the first arch, Meckel’s cartilage forms and Dlx5 and Dlx6 gene expression is crucial for the
proper formation of this region. Intra-PA identity is established across the Pr-D (proximal-distal
axis) by the restricted expression of Dlx3/4/5/6 in more distal regions whereas Dlx1/2 expression
is observed throughout the Pr-D axis. (Image adapted from Depew et al., 2002).
Dlx1 and Dlx2 are expressed throughout most of the P-D axis of each pharyngeal arch
whereas the rest of the Dlx genes are restricted more distally (Kraus & Lufkin, 2006). Mice that
lack Dlx1 and Dlx2 have morphological defects that include transformations within maxillary
and proximal hyoid arch structures. These defects include a cleft of the secondary palate and at
times a severe phenotype in which there is a complete absence of the maxillary molars (Depew et
al., 1999; Kraus & Lufkin, 2006). The fact that the mandible and distal hyoid arches are
unaffected with a loss of Dlx1 and Dlx2 is most likely due to compensation by other Dlx genes
(Depew et al., 1999).

In PA1, Dlx5 and Dlx6 genes are initially expressed only in the CNCCs of the
presumptive mandible with strongest expression observed at E9.0. Eventually, both mandible
and maxilla express Dlx5 and Dlx6 (Beverdam et al., 2002). These genes play a crucial role in
the proper development and formation of the mandible and associated structures. Skeletal
staining of mice that are Dlx5/Dlx6-/- reveals that the maxillary bones become distorted (although
identifiable) but the mandible transforms into a structure that resembles the deformed maxilla.
This “homeotic” transformation is dependent on the dosage of the gene administered (Beverdam
et al., 2002).
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As mentioned earlier, Edn1 signaling is important for Dlx-mediated formation of the
craniofacial skeleton. In zebrafish, Edn1 patterns the first two pharyngeal arches and divides
them into dorsal-intermediate-ventral domains and this demarcation is done with Edn1 activating
Dlx genes. Knockdown of the generally expressed orthologous Dlx1a and Dlx2a causes dorsal
and intermediate defects whereas knockdown of Dlx3b, Dlx4b, and Dlx5a causes intermediatedomain defects in the craniofacial skeleton (Talbot et al., 2010).

Interestingly, it has been observed that Dlx2 and Dlx5 have overlapping functions in
craniofacial development, probably due to their sequence similarity (they are part of the same
subfamily). Dlx2/Dlx5-/- knockout mice also produce a noticeable phenotype in the lower jaw that
is similar to the Dlx5/6-/- knockout mice (Depew et al., 2005).

Additionally, Gordon et al., (2010) demonstrated the similar roles that Dlx2 and Dlx5
play in craniofacial development in bird embryos. In this experiment, Dlx2 and Dlx5 sequences
were cloned 3’ to the env gene in avian replication competent RCAS retrovirus. This virus has
the ability to infect cells by reverse transcribing and integrating a cDNA copy of its RNA into
the host genome. This then allows all daughter cells to carry additional Dlx2 and Dlx5 genes,
thereby creating sustained misexpression in the target cells. The RCAS-Dlx2 and RCAS-Dlx5
viruses were injected into the right-hand side cranial mesenchyme at Hamburger-Hamilton (HH)
stages 8-13 to target CNCCs that were migrating to the PAs. They also injected the RCAS
viruses into PA1 at HH stages 16-23, to target the post-migratory CNCCs. Through Alcian blue
and Alizarin red staining (for cartilage and bone respectively) there was a consistent appearance
(in both injection sites and using both misexpressed genes) of ectopic cartilage and bones in the
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upper jaw, most notably a small piece of cartilage extending laterally from the basisphenoid
bone. Another area where ectopic cartilage also appeared was at the distal end of the quadrate
and in the lateral upper jaw where discrete ectopic intramembranous bones were also observed
(Gordon et al., 2010).

Rationale
As discussed above, Dlx genes are part of an intricate signaling network which is
regulated both spatially and temporally in the developing embryo as evidenced by the Dlx
“code” (Mark et al., 1997). In the first pharyngeal arch of the developing embryo, it is clear that
Dlx5 and Dlx6 play an important role in proper mandibular formation yet there is functional
redundancy as knockouts of both genes are required to produce the most severe phenotype. It is
noted that the functional redundancy observed may be attributed in part to a quantitative model
in which the first order paralogues in the bigene cluster collectively produce a threshold of
activity (Bendall, 2016). It is therefore important to investigate the various functional roles of
Dlx5 and Dlx6 in other species, to determine the extent of their functional overlap and specificity
during development. Here we describe techniques in the synthesis of novel microRNAs (miRs)
and multimerized miRs (multi-miRs) to aid in the knockdown of Dlx5 and Dlx6 in vitro, with the
aim of implementing their use in the chicken embryo during critical stages of development.
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CHAPTER 2: MATERIALS AND METHODS
General cloning method
All supercoiled plasmids were propagated by transforming chemically competent E.coli
DH5α cells through heat shock at 37°C for 45 seconds. They were subsequently cultured at 37°C
with 100 µg/ml ampicillin or 100 µg/ml spectinomycin and the following day colonies were
inoculated in 50 ml of Luria Bertani (LB) broth under selection. Plasmid isolation and
purification was done with a commercial midi prep kit (Invitrogen). All miRs and multi-miRs
were cloned into the pRmiR2 expression vector (Figure 2.1).

New plasmids and constructs were created through PCR and subcloning and a list of all
oligonucleotides and their descriptions can be seen in Table 2.1 and 2.2. The PCR primers
contained restriction enzyme sites for cloning. The PCR conditions were 94°C for 30 sec,
followed by 26 cycles of 94°C for 30 sec, 56°C for 30 sec, 72°C for 1 min and a final extension
of 72°C for 10 min. Following PCR, DNA fragments were gel purified from TAE agarose gels
using the QIAEX II gel extraction kit (Qiagen). DNA fragments and plasmids were digested at
37°C for 2 hrs then ligated to one another with T4 DNA ligase (Invitrogen) at 16°C overnight.
Ligations were transformed into competent E.coli DH5α cells and plated on LB agar with
selection. Colonies were inoculated in 2 ml LB (under selection) and left overnight with shaking
at 220 rpm at 37°C. The culture was centrifuged at 12,000 rpm for 1 min and the bacterial pellet
was resuspended in 100 µL PEB1 (50 mM glucose, 25 mM Tris-HCl, 10 mM EDTA, pH 8) and
incubated for 5 min at room temperature. Two-hundred µL of the PEB2 lysis buffer (0.2 M
NaOH, 1% (w/v) SDS), was added and samples incubated on ice for 5 min, then 150 µL of the
PEB3 neutralization buffer (3 M KOAc, 2 M acetic acid) was added and samples incubated for a
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further 5 min on ice. The mixture was centrifuged, and DNA was precipitated with 1 mL of
ethanol and centrifuged at 13,000 rpm for 5 min at 4°C. DNA was extracted with equal an
volume of 50:49:1 phenol:chloroform:isoamyl alcohol. Plasmid pellets were resuspended in 50
µL of TE buffer pH 8 (Invitrogen) containing 50 µg/mL of RnaseA. Appropriate screens were
conducted with restriction digests to confirm incorporation of DNA inserts.

Figure 2.1: Plasmid map of the pRmiR2 expression vector for cloning miRs

Cell culture and Transfections
Human embryonic kidney (HEK293T) and chicken fibroblasts DF-1 cell lines were
maintained at 37°C at 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 10% Fetal bovine serum with 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mM Lglutamine. Subconfluent HEK293T cells were detached using 0.25% trypsin, 5 mM EDTA and
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seeded 2.0x106 cells into 10 cm dishes. 24 hours post-seeding, 8 µg of plasmid DNA along with
polyethylenemine (PEI) (at a ratio of 4.5 µg PEI to 1 µg DNA) were mixed with 200 µL of
unsupplemented DMEM and incubated for 10 min at room temperature. The solution was then
added dropwise to cells and returned to 37°C at 5% CO2 for another 24 hours.
Immunofluorescence and cell counting
Sterile coverslips were coated with poly-D-lysine at a concentration of 0.1 mg/ml for 30
min. Cells were seeded onto the coverslips at a seeding density of 3.0x105 cells/ml and
transfected with 4 µg of plasmid DNA as above. Twenty-four hours post transfection, cells were
fixed in 4% paraformaldehyde (PFA) for 30 min. Cells were permeablized in 1% Triton X-100
for 5 min and washed in PBS-G (phosphate-buffered saline containing10 mM glycine). Primary
antibody 9E10 (anti-c-Myc) was diluted 1:500 in PBS-G containing 3% Bovine Serum Albumin
(BSA) and cells were incubated for 2 hr in the dark. Following two washes with PBS-G, cells
were incubated in secondary Alexa Fluor® 594 at a dilution of 1:500 in PBS-G containing 3%
BSA for 1 hr in the dark. Following three washes with PBS-G and one wash with water,
coverslips were air dried and mounted in 40 µL of 1:1 DAPI:glycerol (DAPI = 4',6-diamidino-2phenylindole). Cells were viewed under a LEICA DM RA2 automated research microscope with
a UV 350 nm filter to view blue DAPI stained (total) cells, FITC to view GFP-positive (green)
cells, and Texas red at wavelength 594 nm to view Myc-Dlx expressing cells.
Immunoblot
Cells were collected in chilled PBS and lysed in 1x Laemmli buffer (10% glycerol, 2%
SDS, 0.05M Tris-HCl pH 6.8) containing protease inhibitors (Complete Mini Protease Inhibitor;
Roche) and sonicated for 10 seconds. Samples were heated in a hot block for 5 min at 100°C and
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protein concentration was determined by using a BCA protein assay kit (Pierce). Protein
concentration was then equalized to 4 µg/ml across all samples and then 40 µg of proteins were
separated by SDS-PAGE with a 13% poly-acrylamide gel and then transferred to a PVDF
membrane (pre-soaked in methanol). Membranes were blocked for an hour in 5% skim milk
powder in PBS with 0.1% Tween-20 (PBT). Membranes were then incubated in primary 9E10
mouse α-MYC antibody at a dilution of 1:1,000 in blocking solution plus 0.05% Sodium azide
overnight. The following day membranes were washed in PBT for 1x15 min and 3x5 min washes
and then incubated in 1:10,000 mouse horseradish peroxidase conjugated secondary antibody in
blocking solution. Bands were visualized with Western Lighting Chemiluminescence Reagent
Plus (Perkin Elmer Life Sciences) and imaged with a Bio-Rad molecular Imager Chemi Doc
XRS+ and ImageLab software (Bio-Rad).
Densitometry and Statistical Analysis
Quantitation of the bands visualized from immunoblots was carried out using Image Lab
software and Microsoft Excel. Image Lab was used to obtain the Volume intensity value (for
both Myc-Dlx5 and Actin) that corresponded to each band following background subtraction.
These values were imported to Excel where a ratio was calculated of Dlx protein to Actin. These
ratios were then all normalized to the no miR control and the averages for all trials were
determined. Statistical analysis was conducted by determining the standard deviation, standard
error of measurement, and performing a one tailed T-test, all done in excel.
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RCAS Viral production
One million DF-1 cells were seeded into one 10 cm dish and were transfected with 10 µg
of RCAS plasmid the following day. Another subconfluent dish was used to seed three 15 cm
dishes (untransfected cells). Following confluency of cells, cells from both transfected and
untransfected dishes were seeded into three 15 cm dishes in the following proportions: 1/3 of
RCAS transfected cells, 1/3 of the transfected cell media, ½ of a confluent non-transfected dish.
48 hours later media was replaced with 12 ml of DMEM containing 1% FBS, 2 mM Lglutamine, 100 U/ml penicillin, and 100 µg/ml of streptomycin. Viral-rich supernatant was
collected 24 hours later and cells were given another 12 ml of low serum media, this was done
twice more to give a total of three collections. Collected media was then centrifuged at 4,000
rpm, 4°C for 10 min (to pellet dead cells and debris) and the media was filter sterilized in a 0.45
micron filter unit. The viral media was then transferred to ultracentrifuge tubes for a SW-28 rotor
(Beckman Ultra-Clear) and centrifuged at 21,000 rpm at 4°C for three hours. Supernatant was
removed and the tubes placed in ice on an orbital shaker for 1 hr at 150 rpm. The virus pellet was
then resuspended by pipetting in the residual media. 10 µL aliquots of virus were snap frozen in
a dry ice/ethanol bath and stored at -80°C.
Titration of RCAS Virus
DF-1 cells were seeded at 8x104 cells per well in 12 well plates. The next day serial 10fold dilutions of virus were made in the range of 10-2 to 10-7 and 100 µL was added to duplicate
wells. After a 48 hr incubation cells were washed twice with PBS and fixed in 4% PFA for 15
min. Following three washes with PBS cells were blocked in PBS containing 10% chicken serum
and 0.1% TritonX-100 (PBST) at room temperature for 10 min. Primary 3C2 antibody (targeting
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the gag protein of retroviruses) was diluted 1:5 in PBST and incubated at room temperature for
30 min. Following three PBST washes, biotinylated anti-mouse IgG secondary antibody was
diluted 1:250 in PBST and added for 30 min at room temperature. Cells were washed three times
with PBT (PBS containing 0.1% Tween-20) and then A/B solution was prepared and added
(0.5ml per well) using a Vectastain ABC kit (Vector Labs) and incubated for 30 min. After three
more washes of PBT a DAB/ hydrogen peroxide solution was made (using a DAB substrate kit
SK-4100, Vector Labs) by adding 5 ml of ddH2O, 2 drops of Buffer, 4 drops of DAB, 2 drops
H2O2 and 2 drops of nickel. Signal was assessed by comparing color development in viruscontaining wells to a control well of uninfected cells. When the desired signal to noise ratio was
achieved by assessing color of viral infected cells to color of control uninfected wells, the
reaction was stopped by several washes with PBT. The number of 3C2-positive cell clones were
counted to arrive at the titre, expressed as infectious units per millilitre (iu/ml).
Chicken Embryos
Fertile Eggs were obtained from Arkell Poultry barn (Guelph, ON) and incubated at 37°C
for three days. Staging of chicken embryos was done according to Hamburger and Hamilton
(Hamburger & Hamilton, 1951). The mandibular and maxillary regions of the first pharyngeal
arches of embryos were injected at stages 14-23 with the RCAS viruses. Eggs were resealed and
allowed to develop until embryonic day 14 (E14), at which point they were fixed in 95% ethanol.
To stain for cartilage, embryos were immersed in alcian blue (0.3% w/v alcian blue powder, 80%
ethanol, 20% acetic acid) for 2 days, followed by a 95% ethanol wash for three hours and cleared
in 2% KOH overnight. Skeletal staining was completed by immersing embryos in alizarin red
(0.3% w/v alizarin red, and 1% KOH) for 2 days, then immersing embryos in 1% KOH:20%
glycerol overnight. Embryos were stored in 1:1 95% ethanol:Glycerol.
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Table 2.1: Oligonucleotides adapter primers used for multimerizing miRs and cloning
into the pRmiR2 expression vector. Upper case is artificial sequence, lower case corresponds to murine
miR 155 flanking sequence. Underlined sequences indicate restriction sites.
Description

Sequence

5’ BsaI miR adapter

5’-GTATGCTCGAGACCtgctggaggcttgctgaaggctgtatgctg-3’

5’ PstI miR adapter

5’-GCTCTGCAGGATCCtgctggaggcttgctgaaggctgtatgctg-3’

3’ EcoRI miR adapter

5’-CTATGAATTCTCGTAGtgctagtaacaggccttgtgtcctg-3’

3’ BglII-PstI miR adapter

5’-ATAAGATCTCTGCAGtgctagtaacaggccttgtgtcctg-3’

3’ BglII-KpnI miR adapter

5’-GTATAGATCTATATGGTACCtgctagtaacaggccttgtgtcctg-3’

3’ EcoRI-BglI miR adapter

5’-GTATGAATTCATATAGATCTtgctagtaacaggccttgtgtcctg-3’

5’ BglII miR adapter

5’-GACTAGATCTtgctggaggcttgctgaaggctgtatgctg-3’

5’ BsaI-PstI miR adapter

5’-GTATGCTCGAGACCCTGCAGtgctggaggcttgctgaaggctgtatgctg-3’

5’ BsaI-Kpn1 miR adapter

5’-GTATGCTCGAGACCGGTACCtgctggaggcttgctgaaggctgtatgctg-3’
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Table 2.2: miR template oligonucleotides used for the synthesis of various miRs and multi-miRs
for chicken Dlx5 and Dlx6. Mature miR sequence is underlined. These were designed by Invitogen’s
BLOCK-IT online designer tool using cDNA sequences. These are “5 star” sequences that correspond
closely to the oligos used by Gitton et al. (2011).
GDlx5mir1 (top strand)
5’-gctgGAAAGCTGGAATAAATAGTCC
gttttggccactgactgacGGACTATTTTCCAGCTTTC-3’
GDlx5mir1 (bottom strand)

5’-CCTGGAAAGCTGGAAAATAGTCCGTCAGTCAG
TGGCCAAAACGGACTATTTATTCCAGCTTTCC-3’

GDlx5mir2 (top strand)

5’-TGCTGTTCTTTGGCTTGCCGTTCACCGTTTTG
GCCACTGACTGACGGTGAACGAAGCCAAAGAA-3’

GDlx5mir2 (bottom strand)

5’-CCTGTTCTTTGGCTTCGTTCACCGTCAGTCAGT
GGCCAAAACGGTGAACGGCAAGCCAAAGAAC-3’

GDlx5miR1 with flanking
sequences

5’-gctgaaggctgtatgctgGAAAGCTGGAATAAATAGTCCgttttgg
ccactgactgacGGACTATTTTCCAGCTTTCcaggacacaaggcctg-3’

GDlx5miR2 with flanking
sequences

5’-gctgaaggctgtatgctgTTCTTTGGCTTGCCGTTCACCgttttggc
cactgactgacGGTGAACGAAGCCAAAGAAcaggacacaaggcctg-3’

GDlx6miR1 with flanking
sequences

5’-gctgaaggctgtatgctgTTCCCGTTGAATCTGATCTCGGTTTTGGC
CACTGACTGACCGAGATCATTCAACGGGAAcaggacacaaggcctg-3’

GDlx6miR2 with flanking
sequences

5’-gctgaaggctgtatgctgTGCAGCTGAAGGCTGGAGTAAGTTTTGGC
CACTGACTGAcTTACTCCACTTCAGCTGCAcaggacacaaggcctg-3’
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CHAPTER 3: RESULTS
3.1 miR and multi-miR synthesis and cloning
Dlx5 and Dlx6 genes play a crucial role in the development of the craniofacial skeleton.
Ablation of these proteins during critical stages of development can lead to perturbations in the
skeletal and cartilaginous elements within mouse and zebrafish embryos (Robledo et al., 2002;
Walker et al., 2006). It is of interest to devise an effective knockdown of Dlx5 and Dlx6 to study
their roles in craniofacial development in the chicken embryo.

The oligonucleotides designed by this system are best described as coding for short
hairpin RNA (shRNA). However, since the gene-specific sequences are embedded in flanking
sequence that corresponds to a naturally-occurring microRNA and are transcribed from an RNA
Polymerase II promoter, we refer to them collectively as microRNAs in this thesis.

Oligonucleotide design began with submitting the cDNA sequences for the chick Dlx5
and Dlx6 genes to Invitrogen’s BLOCK-IT online designer tool with the miR RNAi design
option. The resultant algorithm produced multiple sequences for the best-predicted miRs for the
ORF of each Dlx gene. The top two (“5 star”) miR sequences for Dlx5 (miR51 and mir52) and
Dlx6 (mir61 and mir62) were then synthesized as double 64-mer oligonucleotides that were
subsequently annealed and then ligated to the expression vector pRmiR2. The sequences of the
mature miRs for Dlx5 and Dlx6 can be seen in Figure 3.1.
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However, to maximize efficiency of knock down, we thought it prudent to “multimerize”
(combine) the two miRs for each gene. The rationale for this is that by making a larger miR it
may be processed more efficiently by Drosha, which has been known to cleave larger RNA
hairpins more efficiently (Zeng & Cullen, 2006). Additionally, the multi-miR constructs can
knock down two different areas on the Dlx5 or Dlx6 genes and this should greatly enhance the
potency of the knockdown and further decrease Dlx gene expression. To this end, additional
flanking sequences (needed for future cloning) were added to the original template to yield 93mer oligonucleotides. Through PCR, primers containing appropriate restriction sites and flanking
sequences were added (Table 2.1 & Table 2.2). Note that the miR51 template was amplified
twice with each template incorporating different primers containing different restriction sites.
These fragments were subsequently digested and ligated to pRmiR2 (an expression vector
containing the GFP sequence allowing for visual detection of miRs within cells) for template 51
and pBluescript for template 52 (Figure 3.2). Eventually the mir51 templates were ligated into the
pRmiR2 expression vector producing a 51x51 and 51x52 plasmid. Additionally, through this
cloning process another miR plasmid was created (51*) which contained the initial mir 51
template but with additional novel sequences that were introduced unintentionally through
cloning. This was also tested for knockdown efficacy.
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(A)

(B)
GDlx5 miR1:

GDlx5 miR2:

GDlx6 miR1:

GDlx6 miR2:

ugcugGAAAGCUGGAAUAAAUAGUCCguuuuggcc
||||||||||| ||||||||
a
ggacCUUUCGACCUU--UUAUCAGGcagucaguc

#766

ugcugUUCUUUGGCUUGCCGUUCACCguuuuggcc
||||||||||| ||||||||
a
ggacAAGAAACCGAA--GCAAGUGGcagucaguc

#767

ugcugUUCCCGUUGAAUCUGAUCUCGguuuuggcc
||||||||||| ||||||||
a
ggacAAGGGCAACUU--ACUAGAGCcagucaguc

#768

ugcugUGCAGCUGAAGGCUGGAGUAAguuuuggcc
||||||||||| ||||||||
a
ggacACGUCGACUUC--ACCUCAUUcagucaguc

#769

Fig 3.1: MicroRNA hairpin sequences
(A) Illustrated here is a modified miR-30 hairpin which was used as a template to design the
Dlx5 and Dlx6 miRs. Red letters are natural miR-30 sequences. Black Ns indicate an artificial
22-nt antisense sequence that can be inserted into a target gene of choice. The dark UA are
artificial sequences that may destabilize the 5’ end of a target antisense strand (Sun et al., 2006) .
(B) Displayed here are chick Dlx5 and Dlx6 gene miRs, designed with the Block-IT tool
(Invitrogen). Loop sequence is based on mouse miR-155 (Sun et al., 2006).
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5’

miR51

3’
P BII

5’

P

miR52
E

3’

PCR

miR51

miR51

PCR

miR52

Digest & Ligate to vector

pRmiR2
miR51

pRmiR2
miR51

pBluescript
miR52

Digest & subclone

pRmiR2
miR51x51

pRmiR2
miR51x52

pRmiR2
miR51*

Fig 3.2: Diagram of the cloning strategy used to multimerize miRs for Dlx5.
Initial 93 mer template for the two miRs (51 and 52) was amplified with PCR to add appropriate
restriction sequences. Note that the 51 sequence was amplified twice but with different primers.
The amplified sequences were then digested and ligated to the pRmiR2 expression vector for the
51 sequences and to pSlaxBam for the 52 sequence. One 51 sequence was then digested and
ligated into the expression vector containing the other 51 sequence to create the 51x51 expression
vector and this was done separately for the 52 sequence to create the 51x52 expression vector.
Additionally, as a result of the cloning process, a unique 51* sequence was created which had
additional sequences added. The restriction sites are as follows: P=PstI, B=BsaI, BII= BglII, and
E=EcoRI.
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3.2 Multi-mer cloning strategy for quadruple miRs (including Dlx6)
Dlx5 and Dlx6 play redundant roles during craniofacial development. Ablation of two out
of the four alleles usually produces a less severe phenotype than when three or four alleles are
knocked out (Bendall, 2016; Beverdam et al., 2002) Thus, it is prudent to knock down Dlx6 as
well as Dlx5 simultaneously, to produce the strongest phenotype. To this end, a strategy was
developed to synthesize single and double miRs for Dlx6 as well as quadruple miRs capable of
knocking down both Dlx5 and Dlx6.

The same miR templates were used again but this time five templates were made which
were again directed against Dlx5 (mir51) and Dlx6 (mir61 and mir62). PCR was done with the
same cycling conditions as before and primers were introduced carrying the appropriate sites
(Figure 3.3 top). Each synthesized miR was then ligated to the pRmiR2 expression vector with
the following naming schemes: miR51B+BII, miR61B+BII, miR62B+BII, mir61BII+E, miR62BII+E. Next a
combination of Dlx6 double miRs were created by digesting and ligating 61BII+E into 61B+BII,
62BII+E into 61B+BII, and 62BII+E into 62B+BII. Additionally, 51B+BII was ligated into the 51* plasmid;
this would then serve as the vector for the aforementioned Dlx6 double miRs to be ligated to
create three quadruple miRs capable of knocking down both Dlx5 and Dlx6 in unique
combinations (Figure 3.3 bottom)
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(A)
5’
5’

miR51
BII

B

miR61
BII

B

5’

miR62
BII

5’

5’

B

BII

miR62
E

BII

miR62
E

miR51

3’

miR61

3’

PCR
miR62

3’

miR61

3’

miR62

3’

Digest + Ligate all to
pRmiR2 vector

(B)

pRmiR2
miR51B+BII

pRmiR2
miR61B+BII

pRmiR2
miR62B+BII

pRmiR2
miR61BII+E

pRmiR2
miR62BII+E
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(1) Digest & Ligate
to one another

(C)

62BII+E

61BII+E

51B+BII

51*

62B+BII

61B+BII

51* x 51

61B+BIIx61BII+E

62BII+Ex61B+BII

62B+BIIx62BII+E

(2) Digest & Ligate all to 5 *x 5
1

1

(D)
51*x 51+
62BII+E x61B+BII

51*x 51+
62B+BII x 62BII+E

51*x51+
61B+BII x 61BII+E

Fig 3.3: Schematic of the cloning strategy for the synthesis of Dlx6 single miRs, Dlx5 and Dlx6
double miRs, and Dlx5/Dlx6 quadruple miRs.
(A) 93-mer templates were synthesized for Dlx5 and Dlx6 sequences. Appropriate restriction and
flanking sites were added through PCR to produce double stranded templates. (B) The individual miR
sequences were then digested and ligated into the pRmiR2 expression vectors. (C) The various Dlx6
miRs were then ligated with one another to form various combinations of double miRs. Additionally,
the 51 miR was also ligated with 51* and this served as the vector in which the double Dlx6 miRs were
ligated into (D) to create three quadruple miRs capable of knocking down Dlx5 and Dlx6
simultaneously. The restriction sites are as follows: B=BsaI, BII=BglII, and E=EcoRI
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3.3 Analysis of Dlx5 and Dlx6 knockdown in vitro
To provide a method for knock down of Dlx5 and Dlx6 protein, several miRs were
subcloned into the pRmiR2 expression vector that could target and knockdown Dlx5, Dlx6
individually or both proteins together (Figure 3.2, 3.3). In order to test the efficacy of the various
miRs and multi-miRs, HEK293T cells were seeded into 10 cm dishes. The following day,
plasmids encoding the miRs and multi-miRs were transiently co-transfected with a plasmid that
encoded the chicken Dlx5 or Dlx6 protein. The control, included the Dlx plasmid along with the
empty pRmiR2 expression vector. Following immunoblotting, Dlx5 and Dlx6 band intensity
could be compared to the no miR control and ß-actin served as a loading control (Figure 3.4).

There did seem to be a notable decrease in the intensity of bands for Dlx5 and Dlx6 in the
presence of some miRs when compared to control, however no single miR was able to fully
knockdown Dlx5 or Dlx6 (Figure 3.4). The most pronounced knockdown appears to occur in the
single miR 51 and the double and quadruple miRs (51x52, and 51x51+62x62) for Dlx5. For Dlx6,
the most prominent knockdown appeared to be single miR 62 and the double and quadruple miRs
(61x61 and 51x51 + 61x61). However, across multiple experiments there was variability in the
degree of knockdown induced by each miR, with some miRs not reliably knocking down the
corresponding Dlx proteins. Further complicating matters was the fact that actin levels were not
consistent, thus making it difficult to visually assess which miR had the greatest efficacy.

Densitometry was therefore done to get a more accurate measure of which miR or multimiRs were exerting the greatest effect. The bands from all immunoblots were analyzed using
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Image Lab software to quantitate band intensity for both Dlx and its corresponding Actin and
tabulated in the form of a ratio. A graph was then constructed of the average values of Dlx to its
corresponding actin, normalized to the no-miR control for each miR (Figure 3.5). It would
appear that relative to the control, all of the miRs did seem to be knocking down Dlx5 or Dlx6.
The most pronounced knockdown of Dlx5 was attributable to miR 51x52 which resulted in a 2.5fold knockdown, with miR 51* also producing a similar effect (Figure 3.5A). It would also appear
that the double and quadruple miRs were knocking down Dlx5 better than the single miRs. For
Dlx6 the knockdown was not as pronounced as the Dlx5 knockdown. The quadruple miR
51x51+62x61 seemed to show the greatest effect with an average 1.6-fold knockdown in Dlx6
levels (Figure 3.5B).
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Fig 3.4: Immunoblot analysis indicated knockdown of Dlx5 and Dlx6 protein levels.
HEK293T cells were transfected with 4 µg of plasmids encoding c-myc tagged Dlx5 or Dlx6 along
with 4 µg of a plasmid expressing various miRs and multi-miRs. 24 hr post transfection, cells were
collected and lysed and proteins were separated through SDS-PAGE and transferred onto a
membrane. The membrane was probed with an anti-c-Myc antibody to visualize Dlx5 or Dlx6.
Depicted above is the miR-mediated knockdown of Dlx5 (A) and Dlx6 (B) as the most effective
miRs are showing a faint band when compared to the no miR control. Membranes were also stripped
and reprobed with a ß-actin antibody to confirm equal loading.
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Fig 3.5: Densitometry analysis of miR mediated knockdown of Dlx5 and Dlx6
Densitometry was conducted for multiple immunoblots which characterized the knockdown of
Dlx5 and Dlx6 by comparing intensity of the bands. A ratio was produced for the intensity of the
bands relative to the corresponding actin and this was normalized to the no miR control for each
experiment. The averages have been plotted for (A) Dlx5 and (B) Dlx6, +/- SEM (*, p<0.05,
one-tailed Student’s t-test).
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3.4 Validity of miR-mediated knockdown of Dlx5 & Dlx6 in intact cells
While immunoblots show overall protein levels as a measure of gene knockdown, the
effectiveness of several miRs was also assessed at the level of individual cells.
Immunofluorescence was therefore used to detect exogenous Dlx5 in cultured cells.
HEK293T cells were transfected with the various Dlx5 miR encoding plasmids (which
also encoded GFP), as well as a plasmid that encoded for Myc-tagged Dlx5. Following
incubation with the primary anti-Myc and the secondary Alexa Fluor® 594 antibodies, cells were
mounted in DAPI and visualized. Cells were exposed for 1 sec under the Texas-red filter to
visualize Dlx5-positive cells and exposed for 5 seconds under the FITC filter (green) to visualize
any cells expressing miRs (Figure 3.6A). Cells were counted in each condition as well as in the
DAPI filter (blue) to ascertain the total number of cells.
In Figure 3.6B a graphical representation is depicted in which the percentage of cells
which are Dlx5-positive as well as GFP-positive are shown for the control (no miR) and each
miR condition. It would appear that the miR that is most effective in knocking down Dlx5
appears to be 51x51 with 51x52 also being very effective (~1.6 fold). miR51* had no obvious
effect on Dlx5 expression.
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Fig 3.6: Immunofluorescence of cells transfected with Dlx5 and its miRs
(A) HEK293T cells were co-transfected with Myc-tagged Dlx5-encoding plasmids along with
the various miR-encoding plasmids (also expressing GFP) and probed with an anti-Myc primary
antibody (for Dlx5). Cells were viewed under an immunofluorescence microscope and the total
number of cells were visualized under the DAPI Filter (blue). MiR positive cells fluoresced
green under the FITC filter and Dlx5-positive cells fluoresced red under the Texas-red filter.
Cells co-transfected with pcDNA3-GDlx5 and empty pRmiR2 (control) are shown. Yellow
arrow indicates a cell that is lacking GFP but is Dlx5+, Black arrows depict a cell that has GFP
but lacks Dlx5, and white arrows indicate cells that are GFP+ and Dlx5+ (B) Graphical
representation of average cell counts +/- SEM. A percentage was calculated for all cells that were
Dlx5-positive as well as GFP-positive (indicating presence of miR) for each of the samples and
normalized to no miR control (*, p>0.05, one-tailed student’s t-test).
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3.5 An alternative approach to interfering with Dlx gene function
As discussed above, another way to assess the functional role of Dlx5 in the developing
chicken embryo is to disrupt functioning of the endogenous Dlx5. This can be accomplished by
interfering with the activity of transcription factors in vivo by using dominant negative forms of
the protein and assessing any subsequent morphological changes. Given previous studies (Hsu et
al., 2006) that the N-terminal domain of Dlx5 may play a crucial role in conferring its
transcriptional qualities, assessing this domain could then be done by replacing it with either the
transcriptional repressor domain of Engrailed or the activating domain of VP16 (Figure 3.7).

Over the course of this study we took RCAS (avian retrovirus) plasmids containing the
domain substituted forms of Dlx5 and transfected them in DF-1 cells to harvest the virions that
were released into the media. An immunoblot was conducted from the infected DF-1 cells to
verify protein expression (Figure 3.8). The protein band for the EnR-Dlx5 was not at the
expected size (should have been ~ 74 kDa) whereas the VP16-Dlx5 band ran as expected.
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Fig 3.7: Schematic diagram of the various forms of the Dlx5 polypeptide
Shown at the top is the wildtype Dlx5 protein consisting of 286 amino acids. VP16(N)Dlx5
is the polypeptide with NTD replaced with the 78 amino acids of the VP16 transcription
activation domain. EnR(N)Dlx5 is the polypeptide with the NTD replaced with the 298 amino
acids of the Engrailed transcription repression domain. (NTD = amino-terminal domain, CTD =
carboxy-terminal domain, HD = homeodomain).

39

The concentrated viruses were titered at 2x108 infectious units/ml, making them suitable
for in vivo use. Next the viruses were loaded into a glass capillary needle and injected into the
prospective mandibular or maxillary regions of the first pharyngeal arch in early stage chicken
embryos. As a control for misexpression, 17 embryos were injected in the first pharyngeal arch
at HH stages 16-17 with an RCAS virus encoding wild type Dlx5. Live embryos were fixed and
stained with cartilage and bone specific dyes to visualize skeletal elements in the head. Of the
three surviving embryos that were stained and examined, all three showed traces of ectopic
intramembranous bone in the maxillary jaw, consistent with Gordon et al. (2010). Twenty-three
embryos were injected with VP16-Dlx5-encoding virus at stages 15-17 and four survived to E14.
Another 23 eggs were injected with the same virus at stages 18-20 and five survived to E14. Of
these nine embryos, only one had some indication of ectopic intramembranous bone off the
maxilla. Finally, the En-Dlx5 virus was injected into the first pharyngeal region of 23 embryos at
stages 15- 17. Four survived to E14 and a visual inspection of these embryos showed no obvious
phenotype when compared to the uninfected contralateral side of experimental embryos or to
uninfected controls. Our preliminary results are therefore consistent with the prediction that the
VP16-Dlx5 chimeric protein would behave similarly to wild type Dlx5 in this in vivo assay but
we were unable to interfere with endogenous Dlx5 as the EnR(N)Dlx5 protein was not
expressed.
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Fig 3.8: Immunoblot for misexpressed forms of Dlx5
DF-1 cells were transfected with RCAS plasmids containing either the VP16 or the EnR forms of
c-Myc tagged Dlx5. Following collections of viral-rich media, the remaining cells were collected
and total protein was extracted. An immunoblot was conducted and probed with the anti-c-Myc
antibody. VP-16-Dlx5 appears to run at the correct size whereas EnR-Dlx5 does not.
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CHAPTER 4: DISCUSSION
The vertebrate Dlx genes are orthologues to the Distal-less genes of Drosophila and are
comprised of a family of six homeobox genes that are located on three bigene clusters that are
transcribed convergently (Kraus & Lufkin, 2006). The Dlx genes encode transcription factors
that are important for a variety of developmental processes such as the proper formation of the
limb, proper neuronal migration and differentiation, and proper formation of craniofacial
structures (Bendall & Abate-Shen, 2000). The Dlx genes have a nested expression along the
ventral lateral surface of the developing embryo, particularly in the pharyngeal arches which will
give rise to most of the craniofacial skeleton. Dlx5 and Dlx6 are expressed in the distal regions of
the arches and their expression in the prospective mandibular arch is crucial for the proper
development of the lower jaw.

A defining feature of the Dlx gene family is that each bigene pair seems to exhibit some
functional redundancy. This is perhaps best described in mice, where Dlx5-/- and Dlx6-/- share
similar dysmorphologies in the craniofacial skeleton with Dlx5-/- having a slightly more severe
phenotype (Jeong et al., 2008). Additionally, in mice neonates, it would seem that there is a
critical threshold that is supplied by the Dlx5/6 bigene pair where the most pronounced
phenotype (in the context of craniofacial development) arises when at least three of the four
alleles are ablated (Bendall, 2016).

However, little is known about what effects loss of Dlx5 and Dlx6 may have in the
chicken embryo and if the functional redundancy exhibited by the bigene pair in mice, will also
occur to the same extent. In this thesis, we attempted to further expand upon the role of Dlx5 and
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Dlx6 in the developing chicken embryo by designing novel miRs for chicken Dlx5 and Dlx6 and
subsequently multimerizing them so that their knockdown efficacy could be enhanced and that
they would be able to knock down both genes simultaneously.

miR mediated knockdown of Dlx5 and Dlx6
In this study, the prevailing theme was to explore in more detail the potential functional
overlap that Dlx5 and Dlx6 may exhibit. An effective way to establish what functional roles Dlx
transcription factors may provide, is to observe phenotypes when their function is ablated.

To accomplish this, novel single miRs were synthesized for Dlx5. However as noted
before, perhaps a single miR targeting Dlx5 mRNA may not provide enough knockdown to
provide an appreciable phenotypical response. To bypass this hurdle, an effective way to
enhance knockdown may be to multimerize miRs, creating multi-miRs which are capable of
simultaneously targeting different regions of the Dlx5/6 mRNA. As demonstrated by Liu et al
(2008), when multiple siRNAs were combined into a single polycistronic transcript to generate
four anti-HIV siRNAs, HIV-1 replication was greatly inhibited. Thus, the top two miR sequences
for Dlx5 and Dlx6 were synthesized, cloned into an expression vector, and eventually
multimerized with one another in varying combinations.

The efficacy of the single and multi-miRs was then tested in vitro by assessing how well
they could knockdown Dlx5 in HEK293T cells. Subsequent immunoblot and densitometry
would indicate that at least one of the double mirs, 51x52 had the greatest knockdown efficiency,
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at 2.5-fold when compared to the control (Figure 3.4A). This result is expected as targeting two
different regions on the Dlx5 mRNA should provide for an enhanced knockdown.

As discussed earlier, Dlx5 and Dlx6 are transcribed together and have exhibited
functional redundancies. Naturally, the next step was to then make miRs and multi-miRs for
Dlx6 as well as a quadruple miR capable of knocking down Dlx5 and Dlx6 simultaneously.
Following the synthesis of these miRs, double miRs, and quadruple miRs, these were also tested
in HEK293T cells. Densitometry analysis showed that the knockdown was not quite as
pronounced as knockdown of Dlx5 but still noticeable (Figure 3.5). It would appear that the
single miR (61) and quadruple miR (51*x51+61x61) seemed to have the most effective
knockdown at ~1.5 fold. This is interesting as the single miR seems to be performing just as well
as the quadruple miR.

Based on densitometry data, the miR best suited for targeting Dlx5/6 simultaneously in
an effective manner should be 51x51+62x62. As to why this miR specifically has a higher
efficiency of knockdown remains unclear. Generally speaking, the longer multi-miRs may be
better for a variety of reasons. In this study, additional flanking sequence have been added to the
core miR sequences as these have been shown to better aid in processing of the pre-miRNA (Sun
et al., 2006). Another benefit in linking mulitiple miRs together would be the ability to knock
down multiple genes at once. It was prudent to combine the miRs that can knockdown Dlx5 and
Dlx6 considering the functional redundancies associated with these genes. This would in turn
allow for a more precise knockdown rather than relying on transfecting with the different miR
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constructs separately and anticipating that all the cells would equally receive the miRs for both
genes.

Also of interest would be the positioning of the miRs within the expression vector. In
each of the expression vectors of the quadruple miRs, the Dlx6 miR sequences are downstream
of the Dlx5 miRs. It would be interesting to see in future studies if changing the orientation of
these miRs could have any effect on the efficacy of their knockdown.

An area of significance is how translatable these results would be in vivo. Due to
technical problems, this part of the study could not be explored but it would be interesting to see
if Dlx5 and Dlx6 can be ablated in the chicken embryo and what morphological effects (if any)
may arise. Although some miRs did look like they were generating a marked decrease in band
intensity, an important question to ask is how effective these miRs would be within the chicken
embryo. In the context of this study, the expression vectors encoding the various miRs were
being transfected along with an expression vector encoding Dlx5 or Dlx6. Thus, there is a
distinction to be made when comparing to the in vivo setting in that the Dlx transcription factors
that were being produced in vitro likely accumulated to higher levels since they’re being
expressed from a plasmid with a strong constitutive viral promoter. Indeed, this is seen in the
immunoblot analysis as none of the miRs or multi-miRs were able to completely knockdown
Dlx5/6. It would then be reasonable to assume that the knockdown should be even more effective
in the chicken embryo as there should be less endogenous Dlx5 or Dlx6 transcript to knockdown.
On a related note, it would be interesting to see at what level of knockdown (i.e. what percentage
of gene expression needs to be lost) would a phenotype arise in the craniofacial skeleton. As
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previous studies have shown, three out of the four alleles in the Dlx5/6 bigene cluster have to be
rendered null to achieve a severe phenotype ( Bendall, 2016), so it would be interesting to see
how that would translate on a molecule basis, i.e. how many molecules of Dlx5 or Dlx6 mRNA
need to be inhibited by the miRs to cause a drastic phenotype. The miR-mediated knockdown
efficacy can perhaps be assessed by running a RT-qPCR on the tissue from the arches which
received the miRs and comparing it to wildtype (uninjected) embryos.

The RCAS viruses which encoded a dominant negative form of Dlx5 (N-terminal
replaced with the repressor domain of engrailed) and Dlx5 N-terminal replaced with the
activation domain of VP16 both yielded no change to the morphology of the craniofacial
skeleton. These results were not surprising for EnR(N)Dlx5 since the chimeric protein was not
detected in virus-producing DF-1 cells. The VP16-Dlx5 protein appeared to be produced but
since there was no DF-1 control extract, this band could have been a background band.
Alternatively, lack of obvious morphological phenotype may be due to the fact that there were
some changes but they were too subtle to observe. In the future, RT-qPCR could be used to see if
expression of the exogenous polypeptides is occurring. Additionally, other functional assays will
need to be conducted for the VP16-Dlx5 protein like those done in the Hsu et al (2006) study to
confirm the protein is active.

In the course of this study we did attempt to clone some of the miRs into an RCAS
plasmid in an attempt to deliver miRs to the chicken embryo but due to various problems were
unable to do so. In the future, in order to accomplish this aim, the miRs that displayed the most
efficent knockdown in vitro would need to be cloned into the RCAS plasmid and virions
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containing the different miRs would need to be harvested. These viruses would then need to be
injected into the first arch of the developing embryo to target cranial neural crest cells and
subsequent analysis by alizarin red and aclian blue staining for bone and cartilage respectively,
would need to be done to see any morphological changes. Viral infection can be confirmed by
collecting tissue from the embryo and performing an immunoblot by targeting the viral coat
protein. Additionally, since we already possess an RCAS virus which encodes GFP, this virus
can be injected into the chicken embryo to confirm that viral infection is only restricted to the
areas of interest. Commercial antibody for Dlx5 and Dlx6 could be used to confirm that
endogenous proteins are indeed being knocked down.

As demonstrated by Gordon et al (2010), misexpression of Dlx5 through the RCAS
system in the first pharyngeal arch, produces ectopic skeletal and cartilaginous fragments, it
would then be interesting to see what would happen to the craniofacial skeletal morphology with
loss of Dlx5 function. Depending on how effective these miRs work in vivo, it might even be
possible to observe the homeotic transformation of the lower jaw to the upper jaw that is seen in
Dlx5/6-/- mice. (Beverdam et al., 2002).

Alternative Techniques for loss of function of Dlx5 and Dlx6 in the chick embryo
Going forward, it would be prudent to utilize different techniques that can achieve lossof-function of Dlx5 and Dlx6 in the developing chicken embryo, in order to better understand the
functions of these genes and the extent of their redundant roles. The miR and multi-miRs
described here may still have limitations such as an insufficient level of knockdown, or off-target
effects(Chen et al., 2015).
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Another way to knockdown Dlx5 and Dlx6 in the chicken embryo is by using
morpholinos. These are oligomers which resemble nucleic acid but have their deoxyribose sugar
replaced with morpholine rings. Morpholinos can work either by binding to specific mRNAs and
inhibiting translation or by targeting intron/exon boundaries of the pre-mRNA thus excising
exons which may be crucial for protein functioning (Sauka-Spengler & Barembaum, 2008).
Morpholinos can be electroporated in the cranial neural crest cells to ablate Dlx5 and Dlx6
expression. A disadvantage of this approach is the transient nature of the morpholino molecules.

A way to remediate these problems might be with the use of a modified CRISPR/CAS9
system. Traditional CRISPR/CAS9 systems have relied on using small RNA sequences which
can base pair to target genes and cause double stranded breaks by the CAS9 endonuclease, thus
allowing for gene editing (Wiedenheft et al., 2012). In this modified technique, the CRISPR
system is repurposed to provide gene regulation by implementing a catalytically inactive CAS9
enzyme alongside a guide RNA which yields a DNA recognition complex capable of interfering
with transcriptional initiation or elongation. This results in a very effective repression of multiple
target genes with no detectable off-target effects (Qi et al., 2013). CRISPR can also be refined
through efficient guide RNAs and addition of inducible systems to target genes both spatially
and temporally, allowing for the precise knockdown of Dlx5 and Dlx6 during critical stages of
craniofacial development (Véron et al., 2015).
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