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Abstract

Objectives Cleft lip/palate is a @mmon birth defect. It occurs in about one in 700 live births
worldwide. In norsyndromic cleft lip/palate, a linkageto T&®F3 has been shown.
TGFb3 is mediated in the c égdecondary palatgfbsion T6€ S mad
b 3 nalingdeads to the disappearance of the epithelial midline seam and the confluence of the
palatal mesenchyme. T&-3 nul | mi ce are born with a cleft
that has been rescued by targeted overexpression of Smad2 in th&hEgoal of this research

was to understand the mechanism o&falfusion in the rescue mice.

Methods: The heads of embryos of four different mice models @ifte, rescue, K:&mad2
overexpression and T&G+-3 nul | ) wegedationad agé E18 gemotyped tixed and
embedded in paraffin. Serial sections were studied for detection of apoptosis and epithelial

mesenchymal transition using immunofluorescence. Images were captured with confocal laser

microscopy.
Results TGRFb 3 nul | mi c«left indtlee weednaargy pathte ahile mice that had both the
TGFb3 nul | and o-\SmadzgemptyEad fusmmof tkelsdcondary palate. The

medial edge epithelium of the rescue mice had a much higher ratio of cells with cleaved caspase
(31.7% arerior, 33% middle and 35.6% posterior), than in the \yjoe mice (0.0% anterior,

5.31% middle and 0.0% posterior). The K3had2 overexpression genotype mice had an
increased number of apoptosis positive MEE when compared to thd¢yp@dmice (13.7%
arterior, 10.1% middle and 17.6% posterior). The increase in apoptosis was correlated with

increased fsmadz2 in the MEE.



Conclusions Smad2 overexpressiamay have rescuedthe cleft in the secondary palate by
increasing apoptosis in the medial edge epitineliThus,the mechanism of rescue is not identical

to the events thaiccurnormaly during palatal fusion.
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Chapter 1: Introduction:

1.1 Overview of the research jan

This thesis isfocused onthe fate ofthe medial edge epithelium cells (MEE) and the
mechanism oflisintegration of the midline epithaliseam (MES) during palatal fusiofhis was
analyzedn the TGFb Jwll mutantmouse model that has cleft palate as part of the phenotype.
TGFb 87 mice with K14-SMAD2 overexpressiorrescuethe cleft palatephenotype The
disappearance of the ME#ring palatal fusion in the rescue miwascompare to the results
with wild typemice, TGFb 87 mice and K14SMAD?2 overexpression mice.

Thefetal development of the secondary palate is a tightly regulatecessn mammals
(Ferguson, 1988). This process requires precise interaction between several cells and tissues
(Shule, Guo, Majumder & Luo, 1991). Temporal and spatial specialization of extracellular matrix
(Brinkley & Morris-Wiman, 1984), mesenchymal cells (Ferguson, 1988), and epithelial cells
(Ferguson, 1988) are necessaryorder to achieve palatal fusion priorkoth. Failure of this
process results in cleft palate.

In a mouse model, palatal development (see sectih)lbegins with palatal shelves
growing from the inner aspect of each maxillary process at embryonic day (E11.5). Initially at day
(E13.5), theshelves protrude verticallglongeither side of the tongue. As the tongue begins to
grow and form, the shelves reorient horizontalbove the tonguat day (E14.0)The shelves
make contaan the midlineatE14.5 initiating fusionand forminghetempaarymidline epithelial
seam MES) (Bush JO, Jiang R. 2013listologically, the palatal shelves are composed of
mesenchyme which is derived from the neural crest (Ferguson, 1988; Shuler, TH85)

mesenchyme isurrounded by a layer of oral epitiakdls, derived from the ectoderrithe MES



must eventually degrade in order to permit mesenchymal confluence of the palatal ghelves

completefusion (Figure 1).

.
o |
%

TGF-B3 * TGF-B3 --/K14 Smad2

Figure 1 Palatal fusion in TGF-b 3" /K14-Smad2 mice
Palatal cleft in TGFb 3" mice and Palatal fusion with Smad2 over expression.

Although recent studies have managed to identify the possible molecular and cellular
mechansms involved in the critical process of MES disappearance, some aspects remain
controversia(Gritli-Linde, 2007) Threedifferent theorieg¢see section 2) of processegegulating
the fate of MEShave been proposed; 1) apoptdflieAngelis and Nalbandiari968; Farbman,

1969; Hayward, 1969; Shapiro and Sweney, 1969; Cuervo and Covarrubias, 2004; Vaziri Sani et
al., 2005; Dudas et al., 2006, Dudas, Li, Kim, Yang, &Kiaen, 2007; Xu et al., 2006); 2)
epithelial mesenchymatansdifferentiatioEMT) (Fitchett & Hay 1989; Griffith & Hay 1992;
Shuler et al.,1991, 1992; Kaartinen et al., 1997; Nawshad, & Hay, 2003; Takigawa and Shiota,
2004; Kang, & Svoboda, 2005; Jin and Ding, 203 cellmigration(Carette & Ferguson (1992).
Recent studies have showmtlvoth apoptosis and EMT may be involved in the disappearance of

the MES (Nawshad, 2008; Martinegxlvarez et al., 2000; Ahmed, Liu & Nawshad, 2007).



Transforming growth factor beta 3 (T&GF3 ) is a cytokine involyv
functions including cell cycle control, cell development, differentiation, hematopoiesis and
apoptosis (Schuster & Krieglstein, 20q8ge sectiod.7). TGFb 3 i s inthe epresstod |
of growth of epithelial cells and is expressed in the MBShuster & Krieglstein, 2002
Fitzpatrick, Denhez, Kondaiah & Akhurst, 199T0GFb 3wll mutantmice have a phenotype that
includesa cleft secondary palatkie to the MES remaing intact during developme(aartinen
etal., 1995; Proetzel etal.,, 199%5:Fb 3 ut i |l i zes SMAD proteins ( SM/
regulatory signals inside target ce{Schuster & Krieglstein, 20025MAD2 and SMAD3 are
extremely homologous sharingarty 95% of their amino acisequencéut they differ in function
(Liu et al., 2016; Shiomi et al., 2006). The concept that SMADS3 null mutant mice develop normally
while SMAD2 null mutant mice embryos are reiable indicate the important role that SMAD2
plays during embryonic development (Brown et. al, 2007). SMAD2 and SMAD3 are both
expressed in the MEE but during the process of palatal fosimnly SMAD?2 is phosphorylated
(Cui et al., 2003)The inhibition and inactivation of SMAD signaling and spieeilty SMAD2
during palatal fusion by atrans retinoic acid (atRAesultedn maintenance of MEE and failure
of palatal fusioWang et al., 2011)rhe inhibition of SMAD2 in MEE cells by SMAD2 siRNA
maintained the proliferation of MEE andepented théusion of the palatal shelvéShiomi et al.,

2006). Furthermorehe addition of exogenous TAR to the siRNA treated MEE cells failed to

rescue the palatal fusiondicating the critical role of SMAD2 signaling pathway during palatal

fusion (Shiomi et al., 2006)interestingly, SMAD2 overexpression in T&F3 nul | mut ant
has been found to rase palatafusion (Cui et al., 20055MAD?2 overexpression has also been

found to increase the apoptosis rate in junctional epitheliundamwtregulates Be? (Fujita et

al., 2012), in prostate epithelial cells (Yang, Wahé&déswad, & Danielpour, 2009),uman
3



gingival epithelial cells (Yoshimoto et al., 2015), and humeuarlens epithelial cells (Lee et al.,
2002). The following list which summarizes the literature that has hesrewed,providesan
overview of the rationale farxamining thanechaism of MEE disappearance as a result of K14

SMAD?2 overexpressioninthe T&3 nul | mutant mice

1. TGFb3 is specifically expr eandisgpatiotempotalye me di
correlatedo fusion of the palatal shelves during fetal development.

2. TGFb3 has been shown tme involved in regulatingnultiple cellularprocessesvhich
occur surrounding medial edge epithelium during palatal fusion, including cell
proliferation, extracellular matrix homeostasiprogrammed cell deatand epithelial
mesenhymal transformation

3. Inhibitonof TGFb 3 si gnaling in vivo by gene knocko
fusion that has been shown to inhibit the disintegration of the MES, resulting in cleft palate

4. TGRb3 nul | mut ant mifing cars be cescnedyboverexpressibnaot e c | €
SMAD?2 bythe cytokeratifnl4 promoter

5. SMAD2 activation in the medial edge epithelium by phosphorylation is a crucial
intracellular signaling everdubsequento TGFb 3 bi nding to the rec:¢
initiate the palatal fusion cascade of events.

6. SMAD2 overexpression in other epithelial cdlssbeen found to induce apoptosis.

7. The mechanism of MES disintegration induced by SMAD2 overexpression during palatal

fusion in the rescue mice model has not been tigagsd.



Those finding have led to the following hypothed our proposal: SMAD?2
overexpression rescuesthe T&F3 nul | mut ant mice byTheaimr easec
of this studywas to investigate the TGB 3 and -r8gMatdd2mechanism of MES
disappearance in a rescue mouse model {BMAD2/TGFb 87] compared to wild typenice,

null mutantTGF-b 87] andSMAD2 overexpressiofK14-SMAD2/TGFb 8")].



1.2 Prevalence of orofacial tefts

Birth defectsare anatomical errors that occur during the development of a fetus. They are
aleading cause of deathimfants, afttibuting to one irevery 5 death@enters for Disease Coat
and Prevention [CDC], 2014)n the United States alonene out of every33 babies born is
diagnosed with a birth defeathich amounts to approximately0,000 babiesachyear.Infants
who suvive often face lifelong medical and developmentahallenges (Centers for Disease
Control and Prevention [CDC], 2014).

Orofacial clefts arelassified as a group cbngenital birth defas (Canfield et al., 2006).
These defects include cleft lip (CL)ett palate (CP) and cleft lip with palate (CL/&enisca et
al., 2009) CL s the congenital failure dfision betweethe maxillary and median nasal processes,
forming a groove or fissure in thperlip (Centers for Disease Control and Prevention [EDC
2014) CPis defined aghe congenital failure of the palatal shelvesfuse properly, forming a
grooved depression or fissure in the roof of the m@@émnters for Disease Control and Prevention
[CDC], 2014) Clefts of the lip and palate can occutiindually, together, or in conjunction with
other defectg¢syndromig.

Orofacial clefts are among the most common congenital birth defeetenty percerdf
all orofacial clefts ar@monsyndromic(Tolarova & Cervenka, 1998).hE global birthprevalence
of nonsyndromic orofacial clefttNSOFQ is 12.5 per 10,00ve births CL, with or without CP,
is less prevalent at 9.4 per 10,00@ births, while CP alonenly occurs in 3.1 of every 10,000
live births(Mastroiacovo et al., 201 Tolarova & Cervenkal998. However, the prevalence of
orofacial cleftsvaries across geographic areasl ethnic groups (Mossey PA, Modell B., 2012).
High rates ofnon-syndromicCL, with or without CP, are seen among those who are Chinese

(14.23 per 10,00ai et al., 201Ppand Japanese (11.8 per 10,0086 births; Cooper, Ratay, &
6



Marazita, 2006) \wile lower rate are seen among babies of Korean decenp€5.10,000ive
births;Lee, Hwang, Lee, Kim & Seo, 2015)terestingly, Canada has one of the highest orofacial
clefts birth rates in the world at 12.7 per 10,00@ births 42% of which are CL with CP, 41%
CP only, and 17% CL onlgPavri S Forrest CR 2013). Theeprevalenceaates are signifiantly
higher amongrirst Nationgn Canadat27 per 10,000ive births(Vrouwe S. et al., 2013).

In Saudi Arabia, prevalence of NSOFC in general is 8 per 10\@0Births where cleft
lip with or without cleft palate: 6.8 per 10,00@e birthsand cleft palate only: 1.3 per 10,0082
birthsall are lower than the global birth prevalence (Alamad\idi et al, 2015 Sabbagh Hét al.,
2015aAlSalloum A et al., 2015).

Current research indicates that the etiology of CP involves several genetic and
environmental factors, and suggests that there is a correlation between obafédcadfects and
race, ethnicity, country, economical status, chromosome aberration, genetic disorders and
teratogenic factors (smoking and alcohol consumption) (Coubourne, 2004; Lidral et al., 2008;

Little et al., 2004; Meng et al., 2009; Scapoli et2008; Vieira, 2008; Zhu et al., 2009).


http://www.ncbi.nlm.nih.gov/pubmed/?term=Pavri%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21905911
http://www.ncbi.nlm.nih.gov/pubmed/?term=Forrest%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=21905911
http://www-ncbi-nlm-nih-gov.ezproxy.library.ubc.ca/pubmed/?term=Sabbagh%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=26318465
http://www-ncbi-nlm-nih-gov.ezproxy.library.ubc.ca/pubmed/?term=AlSalloum%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26336015

1.3 The origin of cells in the palate

The cells forming the palatal structures are formed of cranial neural crest derived
ectomesenchymal cells, pharyngeal ectoderm derived epithelial cells, and mesoderm désived cel
(Ito et al., 2003; Shuler et al., 1992; Ferguson, 1984). The palatal shelves are covered by epithelial
cells divided into oral epithelia, nasal epithelia and medial edge epithelia. Furthermore, the nasal
epithelial cells differentiate into pseudostnaif ciliated columnar epithelial cells and the oral
epithelial cells differentiate into stratified squamous keratinized epithelium, whereas the (MEE)
cells are eliminated from the midline seam dather Cell Migration, EpithelialMesenchymal
Transdifferenation (EMT) or Apoptosis (Programed cell death) (Fitchett and Hay, 1989;
MartinezAlvarez et al., 2000; Shuler, 1995; Shuler et al. 1992).

The use of transgenic animal modélas helpedto understandhe cell fate during
palatogenesid he development dheWntl-Cre; R26R mouse model showed tmatre than 90%
of the mesenchymal cells are derived from cranial neural crest cells (CNCC) (Chai et al., 2000; Ito
et al., 2003; lwata et al., 2010). Neural crest cells (NCCOnsemediate cellthatoriginateat the
dorsatmost region of the neural tube the embryonic ectoderm cell layer and only found in
vertebratesThe (NCC) migrate extensively to generate a number of differentiated cell types
including smooth muscle cells, neurons and glial cells, epinegproducing cells, melanocytes,
andmany of the skeletal and connective tissue of the (€hdi et al., 2000; Jiang et al., 2000;
Kirby and Waldo, 1995; Nichols, 1981; Sddnenfeld and Klacheim, 1999; Snider et al., 2007,
Gilbert, 2000) The neural crdéscan be divided into four main domains: The cranial (cephalic)
neural crest, trunk neural crest, vagal and sacral neural crest and cardiac neural crest (Gilbert,

2000).



The cranial (cephalic) neural crest cells migrate dorsolatevaliizh happens beforthe
closure of the neural tub® create the craniofacial mesenchyme. These Cii@&entiateinto
cranial neurons, glia, cartilage, bone, and connective tissues of the face. They also give rise to
odontoblasts, thymic cells, and bones of the middle@ally the cells of the cranial neural crest
are able to produce cartilage and b@&gbert, 2000) The face is the product of cranial (cephalic)

neural crest cells.

1.4 The process opalatogenesis

The mammalian palate, a structure that separates theasisy from the nasal cavity,
facilitates breathing and swallowing functions. It is bordered anteriorly and laterally by the
maxillary teeth and superiorly covered by the respiratory epithelium of the nasal cavity and
inferiorly by the masticatory epitham of the oral cavity. It is divided into two divisignghe
primary palate derived from the frontonasal process and the secondary palate originating from the
maxillary proces®f the first branchial arcfFerguson, 1988). The development of the fulbpal
as one fused structure requires the interaction of complex and dynamic moiplegesand

cellular differentiation (Ferguson, 1988).

1.4.1 Human palatal development

The facial prominences surrounding the primitive mouth give rise to the developiment o
the face Bush & Jiang, 2011)in humans, these prominences appear during the fourth week of
human embryogenesis as ectodermal thickenamgnasal placodes on either side of the inferior
aspect of the frontonasal procédSshoenwolf & Larsen, 2009As the lateral and medial rims

expand to form a pit, themesenchyme starts to condense and proliferate at the borders of the
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thickened ectoderm (Kernahan, & Rosenstein, 1990). By the end of the fourth week of
embryogenesjghe frontonasal process and latesall medial nasal process start to bulge, the
nasal cavities start to form by deepening of the nasaklpitsthe neural crest cells start to migrate
from the first branchial arch (Kernahan, & Rosenstein, 1990). The frontonasal process and the
medial nasigprocesses on both sides form the nose, anterior maxilla, primary palate and the upper
lip. At the bottom of the nasal pit, the medial surface of the maxillary process medtsahathral

surface of the medial nasal process forming the primary p#&ataghan, & Rosenstein, 1990).

The formation of the secondary palate, which gives separation between oral and nasal
cavities, begins between the seventh and eighth week of human embryogenesis. The nasal septum
begins growing downwards from the frontonapebcess along the midline. The two palatine
shelves, extending from the maxillary process, begin to reorient towards the rtkdimahan,

& Rosenstein, 1990At the beginning, the two palatine shelves are positioned vertically on each
side of the deveping tongue. In the seventh week the palatal shelves start to reorient to a
horizontal position as the mandible goand the tonguwers(Ferguson, 1988By the eighth

week, the opposing palatal shelves start to approximatéegid tofuse anteriogl. As they
approximate, the epithelial layers covering the two shelves adhere creatmgdla epithelial

seam (MES). The MES, which consists of two layers of basal epithelial cells, must then disappear
in order to allow for the subsequent mesenchynaaiflaence and fusion which then occurs
between the opposing palatal shelf®ash & Jiang, 2011)As the palatal shelves fuse to each
other they also fuse to the nasal septum. Fusion of the palatal shelves with the globular process
results in the premaxdty area: the primary palate, the maxillary incisors area and the philtrum of
the upper lipfBush & Jiang, 2011)The fusion of the palate is completed by the 17th wBakh

& Jiang, 2011)
1C



Disturbances that occur during the process of palatal developmkmte failure of palatal
shelf formation, failure of palatal shelf elevation, failure of f#lahef growth and failure of
palatal shdéladhesionAll of these abnormal patterns of developnresult in clefting othe palate

(Figure2, Figure 3) Ferguson, 1988).
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Figure 2 Human palatal Development

A. Frontal section through the head of a-Wiekold embryo. Tle palatine shelves are in the vertig
position on each side of the tongliee \entral view of the palatine shelves after removal of the 0|
jaw and the tongughows he palatine shelves are still vertidal.Frontal section through the head
an 8thrweek embryo. The tongue has moved downward, and the palatine shelves have re
horizontal position. The Ventral view of the palatine shelves after removal of the lower ja
tongue. The shelves are horizontal. Note the nasal seftuiRmontal sectn through the head of
10th-week embryo. The two palatine shelves have fused with each other and with the nasal
In the ventral view of the palate. The incisive foramen forms the midline between the primg
secondary palateReprinted fromSadler, T., & Langmar{Sadler, T., & Langman, 2010).
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1.4.2 Mouse palatal cevelopment

The development of the mouse secondary palate has a similar totmsdiuman palate.
At embryonic dayE11.5the secondary palate starts to form. The medial aspects of the palatal
shelf, which emerge from thener aspect of the maxillary process and extend apiasteriorly
along the lateral side of the oropharynx, elevate and become parallel to one @aiatindrinde,
2007) The anteromedial borders of the palatal shelves then start to fuse with theyatate.
At the same time, the superior aspects of the palatal shelves begin to fuse with the inferior border
of the nasal septum the midline (Kaufman, 1992).

The vertical growth of the pakdtshelves continues until day @Bembryonic development
(E13) (Chai and Maxson, 2006). During actigeowth embryonic das/E12 to E14the vertical
palatal shelves become engulfed between the cheeks and the lateral sides of th&tangge (
2008. Depending on the mouse strdnem embryonic day E14.5 tal, the palatal shelves begin
to reorient horizontally above the dorsum of the tongkieyss 2009. Subsequently, the
opposing palatal shelves continue to grow horizontally allowing them to approximéte
midline and adherebetween the opposing mebedge epithelia (MEE)This ultimately creates
the MES (iritli-Linde, 2007. Progressive disintegration of the MES allows for a successful
mesenchymal confluence between the opposing palatal shelves along the midline, anteriorly with
the primary palate ahdorsally with the nasal septum, ultimately dividing the cavity into oral and
nasal cavitiesGritli-Linde, 2007 Krauss 2008. Similar to human development, any failure in
the process of palatal developmeotmation, reorientation, acadhesiorwill result in a cleft in

the palate (Figure 3, 4) (Ferguson, 1988).
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(A) Failure of palatal shelf formation B, Failure of palatal shelf elevation

C ) Failure of patatal shelf growth D ) Failure of palatal shelf fusion

-

Tongue

Figure 3 Failure in the process of palatal development.

Chai Y and Maxon RE Jr. (2006) Recent advances in craniofacial morphogBeasi3yn 235:235375.
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Figure 4 Palatal development in the mouse.

(A) Time couse of palate development in mice-fB Scanning electron micrographs showing c
views of the secondary palate at representative developmental stages (Kaufman, 1992). Ora
mark sites of fusion between the medial nasal processes and maxilleegg®e®, white arrowheac
point to initial outgrowths of the primary palate, white arrows point to the initial outgrowth c
secondary palatal shelves, red arrowheads mark the initial site of palatal adhesion and fus
the yellow arrowkad points to the gap between the primary and secondary palates that will dis
following fusion between these tissues.-Wp Representative histological frontal sections fre
anterior (GK), middle (L-P), and posterior (QJ) regions of the developirgplate at each indicate

stage. Reprinted from Kaufman (Kaufman, 1992)
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1.4.3 Disparities between mouse and humanretomical development

Some anatomical differences in lip and palate dgraknt exist between mice and humans
(Katebi, KolpakovaHart, Lin & Olsen, 2012)in humans, the airway begins in the oronasal cavity
which extends posteriorly and then curves as it connects to the trachea inferiorly-degre®
angle. The result is aohizontal hard palate, angled soft palate and an inferiorly extended uvula.
On the other hand, the mouse hard palate, soft palate and other airway structures remain horizontal
due to the fact that mice are quadrupe#aufman, 1992).

Proportionally, thenouse palate is very large when compared to the full bodyGizthe
other hand, the human palate is much smaller in comparison to the total body (Jeong,009).
rugae in the mouse spans the entire palate while in the humamugzdyareonly locatedn the
anterior region. The human hard palate is compos$éatact bone from the anterior teeth up to
the horizontal plate of the palatine bone, while in mice, a cavity spans from the anterior teeth to
the first molar(Jeong, 2009). This cavity is alsouind in rats and is anatomically called anterior
palatine foramen (Greene, 1968)oreover, in mice a large cavity is found between the nasal
cavity and conchae and the hard palate, the function of which is still unknown (Kaufman, 1992),
while in humans téa only cavities are the nasal cavity and the maxillary sinuses. In kuman
orofacial clefts can occur as cleft of the lip, cleft of the alveolus, cleft of the paledenbination
of any of these typesThey can occur bilaterally either in the lip or palaVhile in mice, the
clefting can occur bilaterally in the lip but only in the midline in the pdlieng, 2009)Despite
these differences, the mouse reseralbluman palate developmantis anaccessible mammah

model for research onlLZP.
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1.5  Syndromic cleft lip, with or without cleft p alate

The classification of syndromic CL, with or without a CP, requires ptesence of
additional physical or cognitive abnormaliti®éore than 275 syndromes have CL with or without
a CP as a defining feature. Tbause of more than 75% of these syndromes has been identified
genetically (Leslie and Marazita, 2013).

Specifically, several syndromes have been linked to certain genetic msitswctiated
with CL. Van der Woude sydrome, the most common syndromih clefting hasa prevalence
of 1 per 34,000andis caused by a mutation the IRF6 gene (Kondo et al., 2002). Loepgetz
syndrome is associated with mutationli@Fb R @&r TGFb R (Loeys et al., 2005A mutation
of the gene PHF8 has been linked to Sideridinked mental retardatiofLaumonnier et al.,
2005),while other syndromes with clefting features include Sthagmli-Opitz syndrome (Porter,
2000), Desmostelosis (Waterham et al., 2001), andliked dominanta chondiodysplasia
punctata (Dempsey, Tan and Herman, 2011).

The ransforming growth factdseta(TGFb yignaling pathwayan important regulator of
many cellular processemcluding cell growth, cél differentiation, apoptosisand cellular
homeostasiduring embryonic development, is another example of a mutation that causes
syndromes associated with CP (Hosokawa et al., 2010; Ito et al., 2003; Iwata et al., 2010; Oka et
al., 2007; Sasaki et al., @6). MutationsinTGFh R1 o+#% RRGHhave been -linked
Dietz syndrome, a syndrome that can show craniofacial malformations including cleft palate and
craniosynostosis (Loeys and De PaePe, 2008; Loeys et al., 2005; Mizuguchi et al., 2004).
Overexression of TG s i gnal i n g Frilirs-(EBN-4)tgend mwation ¢an cause
Marfan syndrome that has the same clinical phenotype as deissyndrome (Brooke et al.,

2008; Habashi et al., 2006; Kalluri and Han, 2008). Another syndrome xhiitehe same
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phenotype as TGB R2 mu t 224l1l.ddeletionssyndronm DiGeorge syndromdéhe most
common microdeletion syndronveith a prevalence estimated at 1:40Q@hich results from a
small deletion on chromosome 22 which causes alteredbl @fBaling (Lindsay, 2000; Lindsay

et al., 1999; Lindsay et al., 2001; Portmoi, 2009; Vietlli and Baldini 2003; Wurdak et al., 2005;

Oskarsdottir, 2004
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1.6  Non-syndromic cleft lip, with or without cleft palate
The etiology of norsyndromic cleft lip vith or without palate (NSCL/P) is multifactorial

and can be related to any change in numerous genes secondary to epigenetic factors such as
smoking duringoregnancy, alcohaonsumption during pregnancy, or any exposure to drugs

as anticonvulsant drugthat might alter the normal palatal developmer,(Serrano, Miguel,

Ruest, & Svoboda, 2009; Hanson, Myrianthopoulos, Harvey, & Smith)19&geral studiesave
associated mutations in T&38, IRF6, CYP, MSX1 and TBX10 with NSCL/Fy, Serrano,

Miguel, Ruest, & Svoboda, 2009; Carinci, Scapoli, Palmieri, Zollino, & Pezzetti, 208ira et

al., 2007.

1.6.1 Epidemiology of non-syndromic cleft lip, with or without cleft p alate

Approximately70% of all cleft lip with or without cleft palateaseqCL/P) ard 50% of
cleft palate onlycases(CPO) are classified as nesyndromic(NSCL/P) Qugessur, Farlie, &
Kilpatrick, 2009). In norsyndromic orofacial clefts, the frequency of CL/P is dodldkemales,
while (CRO) is doubledin females (Mossey et al., 2009According to Gundalsch and Maus
(2006) around 75% of clefts that involves the lip are unilateral and among them, clefts affecting
the left side are twice as common as the right side.

Data have shown that the incidence of 4sgndromicNSCL/P also tendsd vary by
geographic and ethniorigin (Leslie and Marazita, 2013). Asians or Amerindiame most
commonly affected by NSCL/P while people of African origin ass#éfected (Dixon, Marazita,
Beaty, & Murray, 2011)Several environmental factors mighipéain the difference in prevalence
such agyeneralnutrition, level ofavailablemedical care, lack of vitaminandmaternalsmoking

prevalencdLeslie, & Marazita, 2013).
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1.6.2 Genetic diology

The genetic complexity oNSCL/P comes from the interactionf enultiple genes and
environmental risk factor&inking NSCL/Pto genetic factors only began in 1942 after recording
an increased incidence of orofacial clefts among relatives of a patient with a cleft were observed
and noted (FogiAnderson, 1942). Furtiemore, the segregation analysis done NMdgrazita,
Spence & Melnic1984) and later the twin studies done by Mitchel (2002) both confirmed the
genetic deteminants BISCL/P. It is estimated that CL/P and CPO have more than 90% heritability
(Grosen et al2010). Families with CL/P and CPé&fected firstdegree relatives have-30 times
higher risk of recurrence compared to the general population (Sivertsen et al., 2008; Grosen et al.,

2010).

1.6.3 Environmental risk factors
The role of environmental factons the development of NSCL/P is supported by
epidemiological data. Several risk factors includinmtbirths, maternal antibiotic use, antiemetic
medication, severe morning sickness, common coldtiaternalsmokingandpassive smoking
(Sabbaghet al, 20159, pesticide exposuréXu et al., 2015history of maternal abortionand
parental age at time of childbirthin et al., 2014have beemassociated witincidence of NSCL/P.
Alcohol consumption during pregnancy for instance, has been linked to icaigfty
increased risk of clefting. This link arose from the association between orofacial clefts and a
variation in the alcohol dehydrogendsegene, ADH1QJugessuet al, 200%). The combination
of heavy alcohol consumption during pregnancy withuced enzymatic activity ahe ADH1C

variant appears to increase the risk of orofacial clefts (Boyles et al., 2010).
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Nutrition during pregnancy also plays a big role based on studies assessing the use of folic
acid supplements as a preventive measure yahd Murray, 2010). However, the benefit of
folate use during pregnancy remains controversial (Wehby and Murray, 2010; Wilcox et.al., 2007).
Reducedrisk of NSCL/P has also been observed in correlation with the useatfium
supplementatioand adequathydration during pregnancggbbagtlet al, 20153

Several studies have shown that gengironment interaction may contribute to orofacial
clefts (Wyszynski, 2002) Romitti et al. (1999)n a casecontrol study from lowaexamined
environmental factorssmoking and alcohol consumption and candidate gene -BGF t o
understand their combined effect on the severity of orofacial clefts. The study showed andncrease
risk if the mother was smoking more than 10 cigarettes/day. Furthermore, the risk of CP among
infantswas even higher if there was an allelic variant at -BGERomitti et al., 1999) In another
study Maserti et al. (1997) utilized casarent trios to test geremvironment interaction. Their
results showed an evidence of increased transmission obT&HRele 6 among smoking mothers
(Maestri et al., 1997)

Ins u mma r grvidentithat@enetic factors and environmental factors play a great role in
the etiology oNSCL/Peither independently or jointly.eSeral genes are involved in the etiology
of NSCLP, howeverTGFb 3 s bean associated with NSCL/Both independently or in the
presence of other environmental fact@Romitti et al., 1999Lidral et al. 1998 Maestri et al.,

1997.
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1.6.4 NSCL/P and genetic tudies

A variety of tess and approaches have been emgetbto identify the genes that contribute
to the development of NSCL/P, including linkage analysis, genomic rearrangement, candidate
genes, and genome wide association stytlieslie and Marazita, 20).3

Linkage analysis studies which are based on theegationof geneticloci can be
performed on pairs of affected relatives or large families.NFS@CL/P, only 13 genomevide
linkage scans have been conducted and none had a gemimmisignificant LOD scorea
statistical estimate of whether a gene amlisease gendave the tendendp be locatedlose to
each other on a chromosome and are likely to be inhgiMedazita et al., 2004)One of the
largest linkage studies was done on 388 extended families, aneanadyais of all published
linkage scangevealed that there were likely genetic determinants of NSCL/P on chromosome
sections 1932, 2p13, 30ZB, 9921, 14q2P4 and 16924 (Marazita et al., 200Brther esults
showed thathechromosomategion 1424 containg TGFb 3 & eassative gene for NSCL/P
(Marazita et al., 2009).

Genomic rearrangemens a majorgenomicmutation caused bygross alterations of
chronosomes or large chromosomal regidalsing the form of deletion, duplication, inversion,
insertion or translocation of base pairs. Recent analyses in patients with genetic rearrangement
implicated the following gene in NSCL/P:cleft lip and palate transme&rane protein 1
(CLPTMY) (Yoshiura et al., 1998 special AT-rich sequencéinding protein 2(SATB2)
(FitzPatrick et al., 2003ymall ubiquitinrelated modifier {1SUMOY) (Alkuraya et al., 2006), and
fibroblast growth factor receptor(EGFRJ (Kim et al, 2005).

Mouse models with induced clefting by either mutagenesis or by gene knockout methods

have been used in research for gene discovery in this area. Alternatively, many Mendelian

22


http://rosalind.info/glossary/genome/
http://rosalind.info/glossary/mutation/

syndromes that include clefting as part of their phenotype are ofteed@éy severely damaging
mutations in a gene, while less deleterious variants of the gene can cause similar but less severe
isolated clefts (Stanier and Moore, 2004).
In summary, genome scan metaalysis studies have identified a significant link between
the TGFb 3 | ocus and the incidence of . ONsgrGationd® i n i
studies support the link between genomic mutations in-BGF a n d/P itNHair@angLidral et
al., 1998) Mouse model studies involving T&F3 k n o ¢ k ovatibn nice showntlzatthese
animals experience significant clefting of the secondary pfdatartinen et al., 1995%iven the
current findingsTGFb 3 appears to play a critical rol e i

and is likelyinvolved in tre pathogenesis gialatalcleftingin mammals, including humans

17 TGF-b signaling

Thetransforming growth factor bedGFb) superfamily consi st of
differentiation factors including activins, bone morphogenic proteins (BMBSs), intabind GF
b (Kitisin et al., 2007) TGFb pat hway sti mul ates multiple sig
fate, growth and differentiatiofMassague & Wotton, 2000fhe TGFb si gnal i ng i s ¢
throughthe TGFh t ype | ( b RIy)pedndd sT@FERRI | ) ; a-transrt
threonine kinase receptor subunit, to a specific mediator known as the SMAD proteins initiating
the SMAD-dependent signaling pathwétisin et al., 2007)Also, TGFb i s capabl e of
another non SMAD signalingathway througiMitogen-activated protein kinas¢®APK) (Iwata,

Parada & Chai, 2031
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1.7.1 SMAD-dependent TGFb si gnal i ng pathway

TGFb signaling begins by assembling a speci
transcription factor§Feng & Derynck, 2006 The receptor is composed of two regions, an
extracellular region which is a small and tightly folded globular domain and a cytoplasmic region
formed by a juxtamembrane segment and a protein kinase deaymck, Zhang & Feng, 1998)
The isoforms of GF-b ; DBGE -OTZLGFan® 3TGBi nd-bt ¢ ypplee | TGFecept
which then phosphorylates and activate the receptor. BothbTGF aneé 3T GRve a hi g
affinity to bind to the2 TbrdqUi rres epn omRIdliwthii d re
(lwata, Parada & Chai, 2011ypubsequently, TGB t ype | receptor (TbRI)
compl ex and acti vat e-chediatgd gilycin®erine prHodphmorylatigiivatea T b R1 |
Parada & Chai, 201 XKitisin et al., 2007) Specific receptorassociated SMADs {SMADs),
Mothers against decapentaplegic homoldqg@ MAD2) and SMAD3 are phosp
(lwata, Parada & Chai, 201Attisano & Wrana, 2002)The phosphorylated-BMADs are then
dissociated from this complex and associated véhcemediator SMAD (ceSMAD) SMAD4
resulting in nuclear translocation and either gene activation or représsaia, Parada & Chai,
2011 Massague & Chen, 20Q0Meanwhile, the induction of inhibitory SMAD proteins either
SMADG6 or SMAD7 creates an autgulatory feedback loop that prohibits the activation of

receptor activated SMADSchuster & Krieglstein, 2002; Massague, 2000).

1.7.2 SMAD-independent TGFb si gnal i ng pathway
TGFb 1 s capabl e -SMAD sigeating pathwvays) gpectiically GTPases,
phosphatidylinositol &inase andVIAPK pathways, which include P38un Nterminal kinase

(INK), andextracellular signékegulated knasegERK) (Mu, Gudey & Landstrom, 201Xang,
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Liu & Derynck, 2009; Zhang, 2009 The process oSEMAD-independent TGl si gnal i ng
pathwayis still ambiguous and how it functions is stilhknown. Thebalance between both
signaling pathways is crucial defining cellular specific response to T®F s i(lyataaRarada

& Chai, 201).

1.8 Mouse craniofacial phenotypesnd deletionof TGRb si gnal i ng genes

1.8.1 TGF-b1 null (TGF-b1'/ J mice

The expressionof TGB1 during pal at al f u sNME& prioritas str o
theadhesion of opposing palatal shelves (Fitzpatrick, Denhez, Kondaiah & Akhurst, AB60).
adhesionfTGFb 1 epi t heli al expression ceasnygwaand i s
Parada & Chai, 20111, Yang, Luo, Dedhar & Liu2007) Around 60%TGFb 1 nul | mut ant
die in utero while 40% survive to term, they develop normally in the first two weeks of life and
die by the fourth week due to rapid wasting syndrome, all the mice devetopltdocal
inflammatory disease in mosf thetissues (Kulkarni et al., 1995HeterozygoustGFb 1 nu | |

mice are normal developmentally.

1.8.2 TGF-b2 null (TGF-b2'/ ) mice

The expression of TGB2 i s mainly |l ocalized to pal at
adhesion Ivata, Parada & Chai, 20L1TGFb 2null mutant mice die prenatally and develop
multiple developmentalefects (Sanford et al., 199Reterozygou§GFb 2 nul | mi ce ar e

developmentally.
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1.8.3 TGF-b3 null (TGF-b3'/ ) mice

The expression ofransforming growth factor bet@ (TGFb 3 ) ingly expressead in
MEE cells prior to adhesion of the palatal shelves and continues throughout the palatal fusion
procesgYang & Kaartinen, 2007; Martine3anz et al.,, 2008fYGFb 3 i s an essenti a
both cell degradation and palatadhesion (Kadinen et al., 1995TGFb 3 knoc kou't mi ¢
born with a cleft in the secondary palate caused by a defect in the degeneration of the medial edge
epithelial cells and the process of palatal fusion (Taya, O'Kane & Ferguson, 1999; Kaartinen et al.,
1995).Lack of TGFb 3 function in null mut ant nrilaya,e | ead

O'Kane & Ferguson, 1999The loss of TG 3 s i gn al was rescued by

SMAD2 (Cui et al., 2005eterozygou§GFb 3 nul | mi ce are nor mal de
184 THbRTbBbRI I a nmull nfide.R | 1
TbRI null mutant mice die early during embt

development of the yolk sac and also the placenta, and absence of red blodéuss et al.,
2001).Heterozygou§ b Rlll miceare normal developmentally

T b R hull mutant micehave a lethal defect in both vasculogenesis and yolk sac
hematopoiesis leading to early embryonic d¢@$hima, Oshima & Taketo, 1996). Heterozygous
T b Rrull mice are normal developmentally.

Mutagenic T b R IndllImice die at an early embryonic stage before birth due to a
proliferative defect in heart and also an increased cell death livéingStenvers et al., 2003).

Heterozygoud b R hull iice are normal developmentally.
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1.8.5 SMAD 2 null mice

Research has revealed an important biological role of SMAD2 in regulating
embryogenesis,MBAD 2 null mutant nmuseembryos failed to form an organized egg cylinder and
also lacled mesoderm (Nomura & Li, 1998; Waldrip, Bikoff, Hoodless, Wrana & Robertson,
1998; Weingtin et al., 1998)AImost one fifth (20%) oHeterozygousSMAD2 knockoutmice

develop gastrulation defects and also lack mandible or dleayra & Li, 1998.

1.8.6 SMAD 3 and SMAD4 null mice

SMAD3 null mutant mice die afterbirth at age one month to eight maologhso a primary
defect in immundunctions (Yang et al., 1999HeterozygousSMAD3 null mice are normal
developmentally

SMAD4 null mutant mice die early during embryonic development between embryonic
day E6.5 and E8.5 and they are all developmentallgydd at E6. They show little or no
elongation in the extraembryonic portion of late egg cylinder stage embryos (Yang, Li, Xu &

Deng, 1998)Heterozygous SMAD4 null mice are normal developmentally
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1.9 Experimental mammalian models: micein the study of cleft lip and palate

Numerous aimal species haveeenused to study human development. Several mammals
mimic the sme developmental processltagnans. Mice models particular have beeunsed
extensively in deciphering those biologicabpeses The benefit of studying mice in particular
to understan@L and CRcomes from anatomical and molecular similarities in palatal development
and the facthat miceare susceptible tsimilar genetic modifications and manipulatiohs fact,
mice anchumans share almost 99% of thgenes (GrithLinde, 2008) Different studies have used
mice to study normal and abnormal palatal developménth have revealekley molecules and

complexregulatorypathways regulating each step of the lip and palateldement.

Development of the secondary paletenicehappens in concurrence withme growth and
development of other craniofacial structures (Gtittide,2007;2008). Mouse modetsan be used
to determine ifclefting is secondary to altered growthtbe lip, failure ofreorientationof the
palatal shelves or abnormal fusileading topersistent midline epithelium searHuman genetic
studies have succeeded to some extent to identify key genes thirosyadromic orofacial clefts,
howeverthe undersandingof nonsyndromic orofacial clefteemains unclear due the complex

etiology (Gritli-Linde, 2008).
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1.9.1 Experimental mammalian models: K14SMAD2 mouse fhenotype

Cytokeratin 14 (K14) is expressed in mammalian epithelial cells. K14 pronusieen
SMAD?2 overexpression in transgenic mice has been shown to result in several phenotypic
characteristics in mice: half the size of their litter mates until adulthood, short tail, failure of
development of the rudiment of external ear, the paws skinhias flaky with a tight surface,
hair development disturbances, and hykenatinized ventral skin surfa¢ko et al., 2001).

The K14SMAD2 overexpression was found tocae clefting of the secondary palate in
the TGFDb 3  k n onck(Cuiet al., 2005).he mechanism of palatal fusion in the KIAD2
overexpressed TGB3 knockout mi ce and the fate of the
K14-SMAD2 overexpression played significant role in the fate of MEE and restoring the

SMAD?2 signal pathway was enough to restore the fusion of the secondary(@alateal., 2005)

1.9.2 TGF-b 8" and K14-SMAD2/TGF-b 8" mice phenotype

TGFb 8" heterozygous mice were bred tengrateTGFb 8” homozygous knockout
newborns All homozygous newborn mice TG 87 showed grossly abnormal development of
the airways and terminal air spaces, resulting in a primitive lung with decreased alveolarization at
birth and cleft palat¢Kaartinen et al., 1995).

Research did not reveal any skeletal abnormalities in the newborn except those pertaining
to the palatal bones. All homozygous newborn mice -bG¥) suffered from clefting of the
secondaryalate (Kaartinen et all995; Proetzett al., 1995)The severity of the clefting varied
among mice genetic backgroufithartinen et al.1995; Proetzel et al., 199K00, Cunningham,
Arabshahi, Gruss & Grant, 2000)he phenotype was most severe in the C57BL/6 mouse line

background (Cui etla 2005).In 50% ofthe homozygotes, the palatal cleft extended into the most
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anterior palate, while in the remaining homozygotes the anterior segrasfused(Kaartinen et
al., 1995). Seriatoronal sections of thpalate during the course of palatakion showed that
vertical growth and elevation of the palatal shelves was normal (Kaartinen et al., TKOBH). 8
" newborns die within the first day as they cannot sugikéartinen et al.1995; Proetzel et al.,
1995)

TGF-b 8" heterozygous mice eve mated with KI4SMAD2 mice in order to generate
K14-SMAD2/TGF-b 8" line, and then cross mated to produce SMAD2/TGFb 8
newborngCui et al., 2005)All K14-SMAD2/TGF-b 8” newborn showed fusion of the secondary
palate with mesenchymal confince with no persistent MEEi et al., 2005)Fusion extended
through the secondary palate and anterior portion of the soft palate in 50% of the K14
SMAD2/TGFb 87 (Cui et al., 2005).Clefting was still present between the primary and
secondary palat(Cui et al., 2005).The palatal fusion score was correlated with levels of
phosphorylateéeSMAD2 (P-SMAD?2), the higher the fusion score the higher tHeNPAD?2 levels
which indicate that the rescue of the palatal fusion is attributed to the increaSMRDR2 levels
(Cui et al., 2005)To conclude, all these results suggests that-bGF i s necessary
and continuing the phosphorylation of SMAD2 in the palatal MEE that was required to induce
gene expression mandatory to complete the fudiba.activation and amount of SMAD?2 in the

absenceof TGB 3 pr ov es t pindetermiang tkedaye ofpMER geks.
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Chapter 2: Medial edge epithelium

Figure 5 Coronal section of mousdetus
Process of MEE disappearance in palatal shelves to reach mesenchymal confltEnce|

2.1 Fate of medial edge epithelium
Throughout the course of palatal development, medial edge epithelium (MEE)

disappearance is one of the crucial steps in the process of palatal(Figioe 5). However, the
fate of these cells is stilebatedand controversies still remain on this issti@ée ellular
mechanism behind the disintegration of the midline epithelial seam have been under great focus
for decadedNo conclusive evidence prowdafirm conclusion on the fate of the MEE cdllseki,
2011) Different results from research done on both in vitro and in vivo on the fate of MBE&ssug
that MEE cells select their fate based on the environmental condition (Gurley, Wamsley & Sandell,
2004). Researchers have proposed three different theories regulating the fate of edgdial
epithelium1) apoptosis?2) epitheliatmesenchymalransdifferentiatioEMT) and 3) migration

(Table 2.
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2.1.1 Apoptosis (programed cell death)

Apoptosis was onef the first theories to describe the mechanism regulating MEE cells
disappearance. It was based on ultrastructural obsernthibimcluds, presence of lysosomes,
autophagic vacuofe macrophages and dense bodiesbman, 1968DeAngelis & Nalbandian,

1968; Hayward, 1969; Shapiro & Sweney, 19¢8hah, Schuing, Benkhaial, Young, & Burdett,
1991) Later, MartinezAlvarez et al., (2000), showed in their study the presence of macrophages
and phagocytosis of dead cells near the MES and concluded that M&E8ucemg palatal fusion
undergo programmed cell death.

Cuervo & Covarrubias (2004), used a technique to label MEE cells genetically with an
adenovirus that carried a LacZ gene, indicated that apoptosis is the main process for MES
disintegration. They atsnoted that only the periderm cells migrate orally or nasally forming the
triangles and this process is crucial for the upcomigEMell apoptosis (Cuervo & Covarrubias,
2004). Furthermore, Cuervo & Covarrubias (2004) used another labeling techwitjoe
carboxydichlorofluorescein diacetate succinimidyl ester (CCFSB)ilar to (Griffith & Hay,

1992) and also concluded that apoptosis is the fate of MEE during palatal fusion. Cuervo &
Covarrubias (2004) argued that there was lack of follow up in prestadges to confirm whether

the transforming cells containing the dye were dying cells or were phagocytes containing the dying
cells(Cuervo & Covarrubias, 2004).

Vaziri Sani et al.(2005)utilized conditional knockout mice kieke/R26R in order to trace
the MEE cells in vivo, and found no labeled cells in the palate mesenchymexXilsioal.,(2006)
utilized the same technique and did not find any labeled cells in the palate mesenchyme. Both
studies concluded that MEE celundergo programmed cell deatlith no evidence of EMT

(Vaziri Sani et al., 2005; Xu et al., 2008udas & others (2006galsoemphasized the important
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role of apoptosis during palatal fusion when they added-BGF b e a dGF-bt 838 MEShrel

demonstradthe occurrence of apoptosis rather than EMT (Dudas et al., 2006).

2.1.2 Epithelial-mesenchymal tansdifferentiation
Epithelial-mesenchymatansdifferentiatiofEMT) is a process allowing an epithelial cell
attached tbasement membrane to undergo multiple changes enabling it to assume a mesenchymal

cell phenotype. Those phenotypes include, enhanced migratory capacigy@mess, resistance

to apoptosis, and increased production of extracellular matrix (ECM) components. The climax of
an EMT process is signaled by the degradation of underlying basement membrane and the
formation of a mesenchymal cell that can migrateydwan its originating epithelial layer (Kalluri

& Neilson, 2003).The process dEMT playsa fundamentalole in wound healing, development

ard in stem cell§Lamouille, Xu & Derynck, 2014)

Epithelial and mesenchymal cells differ in functional and phgsic characteristics. The
epitheliallayer is composed of cells thatetightly adjoined togethely specialized intercellular
junctionsincluding tight junctions, adherens junctions, gap junctions antaksmegAlberts,

Wilson & Hunt, 2008)Epithelial cells have an apidoasolateral polarizatiathatcan be displayed
throughthedistribution of adhesion molecutesadherins and integrins, the polarizedanization
of theactin cytoskeletorthe presence of cetlell junction in lateral belt form arttie presence of
basal lamina at the basal surface (Thiery & Sleeman, 2086he contraryforming anorganized
cell layeris not a characteristic ofesenchymal cell§heyd o rh@vé the same apic¢hlasolateral
organization as epithelial cellhey ae not associated with a basal lamerad they contact

adjacent mesenchymal cells focallhiery & Sleeman, 2006)
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Figure 6 Cellular changes associated with EMT

Epithelial cells demonstrate apidahsal polarity, show strong celéll adhesion through adhere
junctions and tight junctions, and have a basal matrix consisting primarily of type 1V collagg
laminin. Upon induction of EMT, the cells lose their adhesion and change morphology and 3
front endto-back end polarityGonzalez & Medici, 2014)

Definitive evidence of transformation of the MES cells into mesenchymal callsclea
found during examination of palatal fusion in eahbryos utilizing ultrestructural studies and
transmission electron microscofEM) (Fitchett & Hay, 1989)The MESbeforetransformation
activatesvimentin, an intermediate filament expressed by mesenchgetial (Hay, 1990rnd
decreases Syndecan, aoitleelial determinant(Fitchett & Hay, 1989).

Cell linage studies tracing MES cells incorporgtdyes was utilizedat trace the fate of
the MES cellgShuler, Halpern, Guo & Sank, 1992; Shuler, Guo, Majumder & Luo, 1831)

using Dil (1,1-Dioctadecy3,3,3',3' Tetramethylindocarbocyanine Perchlojate florescent dye
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to trace the cell linage, Shulehowed that EMT occurs during MES disappearanceantirmed
theultrastructural findinggShuler, Halpern, Guo & Sank, 1992; Shuler, Guo, Majumder & Luo
1991) This approachutilizing Dil dyewasfirst used bySerbedzija and colleagutstrace neural
creg cells undergoing EMT(Serbedzija, Bronnefraser & Fraser, 1992; Serbedzija, Burgan,
Fraser & BronnefFraser, 1991; Serbedzija, Bronstgaser & Frasr, 1989)and was adopteith
both the invitro ard in vivo models todeterminethe fate of the MEE cells during palatal fusion
(Shuler, Halpern, Guo & Sank, 1992; Shuler, Guo, Majumder & Luo, 1@8ifjith & Hay, 1992,
used another dye to trab#EE trangormation during palatal fusiofCCFSE)which is Iccalized
only in the epitheliatells and does natansport into the connective tisq@&iffith & Hay, 1992)
Their findings (Griffith & Hay, 1992) concurwith the findings ofShulerand colleague§1991,
1992. The concept of EMT during palatal fusiatas alssupporedby the findings ofKaartinen,
Cui, Heisterkamp, Groffen & Shuler, 19%aartinen et al., 1998mphasizing the role of TGF
b3 dWMESBEM].

Contrary toVaziri Sani et al.(2005 andXu et al.,(2006 results, another study was done
utilizing the same technique and found labeled epithelial cells present in the palatal mesenchyme
(Jin & Ding, 20®). Although all the studies have used different-kid transgenic mice lines, the
discrepancy in the result could be due to differences in the time of k14 promoter transgene
activation or due to different insertion sites of each k14 promotesgeae ($eki, 2011). Also
Jin & Ding, (2006)in their study examined the programed cell death fate of MEE cells in the
apoptotic protease activating factor{Apaf-1) deficient mice where they lack Caspase 9 and 3
(caspase effectors), and showed that althougba3as9 and 3 where not activated palatal fusion

was normal.
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Opposed toMartinezAlvarez et al. (2000) findings,Fitchett & Hay (1989), observed
those phagocytic cells previoustliscoveredand concluded that they were restricted to the
midpalatal rapherad posterior palate and are involved in the removal of the peridermal cells caught
in the MES.Griffith & Hay (1992), stained the palate wi@omori stain for acid phosphatase, an

enzymemarker for lysosomes, and found that the isolation bodies weresusoiyes.

2.1.3 Cell migration

The concept of cell migration was first observed by Carette and Ferguson in 1992, they
proposed that medial edge epithelial might migrate to the oral orep@@liaduring the process
of palatalfusion (Carette & Ferguson992).They used a Dil labeling technique to label the MEE
cells and trace them during the process of palatal fusionganculture. Thé finding revealed
that MEE cells migrateasally or orally forming the nasal and oral triangles on both sides of the
palate, and eventuallgecome part of theral and nasal epithali Cell culture studies have
demonstrated that MES cells migrate syyppressindg=-cadherin which facilitates cell to cell
adhesiorand expressing vimentifibronectina n dsmabth muscle o in response tdGF-b3
(Ahmed et al., 2007).

Jin & Ding, 2006 utilized a different organ culture method where a RosaRfinated
A b | paktal shelf was paired with a C57Btdérivedii w h ipalaabshelf In their studythey
observed the migratioof MEE cells to the nasal side only. they also observed an anteroposterior
migration of MEE cells, which could have a role in posterior palate fuSereral studies have

shown that peridermal cells that cover the MEE migrate to the edges of the ipadiited prior
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to contact of the palatal shelves and their presiitcaly is necessary for the first contact between
the twoshelveqDudas, Li, Kim, Yang & Kaartinen, 2007).
To concludemoststudieshaveemphasize on the fate of the periderm cellglinating that
they eitherdie early prior to fusion omigrate toward the nasal or the oral epithé¢harthermore,
current research indicated that migration is one of the fates of MEE during palatal fusion but not

the only one

2.2 The role of twistl and ollagen IV during palatal development

The process of EMT is controlled by multiple signaling molecules including growth factor,
transcription factors and extracellular matrix activator (Thiery & Sleeman, 2006). One of the
hallmarks of EMT in both developmeand tumorigenesis is the suppression of epithedidherin
(E-Cadherin) (Yu, Kamara, & Svoboda, 2008). The suppressiorcaidBEerin is associated with
loss of intercellular epithelial junctional complexes (Yu, Kamara, & Svoboda, 20@gytein
is aupressed by several EMTanscription factors including Twistl, Snaill and Snail2 (Slug)
(Batlle et al., 2000; Yu, Kamara, & Svoboda, 2008).

Twistl protein, a basibelix-loop-helix (bHLH) transcription factoris expressed in the
palatl shelvesn boththe MEE cells prior to fusion angiesenchymal cells (Yu, Kamara, &
Svoboda, 2008; Kitase, Yamashiro, Fu, Richman, & Shuler, 2011). This was also confirmed in
organ culture, the expression of Twistl wasagulated in chicken palatshelvestreated with
TGF-b &and decreased in mouse palatal shelves treated witHbT&E€utralizing antibodies (Yu,
Kamara, & Svoboda, 2008)The addition of Twistl sSiRNA to cultured palatal shelves

downregulated Twistl expression and prevented fusion (Yu, Kamara, & Svoboda, 2008)
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Twistl plays a pivotal role in the process of EMT in embryonic development and tumor
progression. Twistl is essential for the development of mice mesenchyme (Zhu, Ma, Wang, Song,
& Lv, 2016). Twistl plays a key role in migratin and localizatin during therphogenisis of
cranial neural tube (Soo et al., 2002). Twistl was also linked to tumor progression and metastasis
(Yang et al., 2004)In mammary cell carcinoma, Twistl levels were correlated with tumor
metastasis and invasion (Yang et al., 2004)e Twistl null mutant mice Twistl) die early
during embryonic development at day E11.5 with failure of neural tube closure (Bourgeois et al.,
1998). Heterozygous mice Twi§t? are born with araniofacialabnormality similar to Saettire
Chotzen syndromm the human (Bourgeois et al., 1998).

The kasement membrane (BM) is composed of a network of protéasinclude
collagens, fibronectins and lamin{McClay & Ettensohn, 1987)n the palatal shelves, the BM
separate the MEE from the surrounding mesgmeh In epithelial tissues, the basement
membrane is mainly composed of Laminin, type IV collagen, and fibron@etmaroon &
Diewert, 1996).Type IV collagen is a member of the collagen superfamily and consist of six
di st icming(Khdshnoodi, Pedcimko, & Hudson, 2008)Degradation of the basement
membrane is one of the hallmarks of EMT. Epithelial cells cultured on fibrillary collagen type |
and type 1ll undergo EMT, acquire motile capability and becomesinggMenke et al., 2001)

When the sameetls are cultured on collagen type IV (CollV) and laminin they maintain their
epithelial phenotypéMenke et al., 2001)TGFb 8” mice with cleft of the secondary palate
retained their MEE cells basement membrane and wherbTGF was added to t he
it resulted in the loss of the basement membrane and calnwittefusion of the palatal shelves
(Kaartinen, @i, Heisterkamp, Groffen, & Shuler, 1997revious studies have suggested a

correlation between loss of CollV in the MES basement membrane and the ability of MEE cells
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to undergo EMT through the expression of twiitase, Yamashiro, Fu, Richman, & Shul
2011)

To sum up, théoss of BM is considered an important step toward EMT. The selective loss
of CollV in the BM and the presence of the mesenchymal marker twistl in the MEE cells provides

evidenceor EMT.
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Table 1: Fate of medial edge epithelium (MEE) in literature

(2006)

References Study type Fate Methods
DeAngelis & Nalbandian (1968), In vivo Cell death
Histology
Farbman (1968),Hayward (1969),
Electron microscopy
Shapiro & Sweney (1969)
In vivo EMT, cell death in the Electron microscopy
Fitchett & Hay (1989)
In vitro periderm Immunohistochemistry
In vivo EMT
Griffith & Hay (1992) Fluorescent labelling (CCFSE)
In vitro
In vivo EMT
Shuler et al. (1991, 1992) Fluorescent labelling (Dil)
In vitro
Carette & Ferguson (1992) In vitro Migration Fluorescent labelling (Dil)
Kaartinen et al. (1997) In vitro EMT Fluorescent labelling (Dil)
In vitro Cell death, EMT,
. TUNEL staining Retroviral vector
Martinez-Alvarez et al. (2000) migration was not
labelling
excluded
In vitro Cell death, a few EMT, Fluorescent labelling (CCFSE)
Cuervo & Covarrubias (2004) migration of periderm Adenoviral vector infection
cells Cytochalasin D TUNEL staining
In vitro Cell death, EMT,
Electron microscopy TUNEL
Takigawa & Shiota (2004) migration, migration and
Immunohistochemistry
cell death (periderm)
In vitro Cell death, EMT, no Fluorescent labelling (CCFSE)
Gurley et al. 2004
migration TUNEL staining
In vivo Cell death, EMT,
Jin & Ding (2006) K14-cre; R26R mouse
In vitro migration
Vaziri Sani et al. (2005) Xu et al. In vivo Cell death

K14-cre; R26R mouse
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http://onlinelibrary.wiley.com.ezproxy.library.ubc.ca/doi/10.1111/j.1440-169X.2010.01245.x/full#b26
http://onlinelibrary.wiley.com.ezproxy.library.ubc.ca/doi/10.1111/j.1440-169X.2010.01245.x/full#b9

2.3 How cells die: apoptosis, autophagy and necrosis
2.3.1 Cell death

During the course of development, cell death plays a radbaping orgas orseparating
fingers and toes. It also serves a role in eliminating structures that had a functwaramtbnger
neededThe total elimination of the tadpotail during amphibian metamorphosssan example.
By the end of metamorphosis, all thigsues in the tail are removéeg apoptosigishizuyaOka,
Hasebe & Shi, 2009Apoptosis is an evolutiondy conserved phenomenon essential for both
development and tisstm®meostasis in all mulgellular organismg¢Elmore, 2007).

Research has shown thatlls can die by several mechanis(@ghulzeOsthoff, 2008)
Current research has enumerdatedhammals, as many as elevaffiedent pathways of cell death
(Kroemer et al., 2005, Melino, Knight & Nicotera, 200Bcording to morphological criteria,
cell death can be distinguished in mammals into three distinct types; apdpigses! cell death)
autophagic cell deatfType Il cell deathand necrosigType Il cell death) Figure7 (Alvarez et

al., 2010)
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(J Monteiro, G Silva, & C Vilar, 2015)

2.3.2 Differences betweemmechanism of ell death.

Many morphological and biochemical differences have been observed between apoptosis,
autophagy and necros(¥ermes & Haanan, 1994Cell necrosis occurs due to exposure to
extreme physiological conditions; hypermia and hypoxia; leading ttlamage inthe plasma
membraneNecrosisis a nonspecific cell deatlthat happensvhenthe cell logsits ability to
maintain homeostasisausingrapidinflux of extracellular iondNa" and Ca and wate (Barros et
al., 2001 Barros, Hermosilla, & Castro, 2001This process cause$d entire cellto swell

including the intracellular organelléisatthenrupture, releasing the cytoplasmic content with the
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lysosomal enzymes into the extracellulardi(Barros, Hermosilla, & Castro, 200Necrotic cell
death is assoated with tissue damage and inflammatory resp@fszemer et al., 2005)

Apoptosis is a type of cell death theccurs in normal physiologmonditionswith the cell
participating in its own death (Schul@sthoff, 2008). Apoptosis occurs during tissue
homeostasis, development of the nervous system and embryod&uesis & Gruber, 1998)t
is characterized bgpecial changes in the nuclear morphology, chromatin condensation and
fragmentation, cell shrinkage, blebbing of the plasma membrane and tordapoptotic bodies
(Bowen, 1993Carson & Ribeiro, 1993 ohen, 1993).

Phagocytosiss aprocesshat was first detected 100 years ago by Metchnikoff (Flannagan,
Jaumouille, & Grinstein, 2012). It is defined as the process of fmagele (>0.5¢ mingestion
by cells (Flannagan, Jaumouille, & Grinstein, 2012). This procgascrucial part of the immune
system providing innate immunity and it is also crucial for tissue homeostasis and remodeling
(Aderem, 2003). phagocytosisilizesreceptors on theell surface to recognidereignbodies and

bind to them (Flannagan, Jaumouille, & Grinstein, 2012).

24 TGF-b and apoptosi s.

The TGFb through is activated intracellular SMADproteins has been linked to
programmed cell death (apoptosis) in epithelialsc€lichuster & Krieglstein, 2002 GFb
utilizes SMAD?2 inside the cell byneans of phosphorylation orderto carry the signal to the
nucleusThis activation increaseaspase activatiapecifically;the activation of caspase8hich
cleaves proteins inmany cell compartmentkeading to morphological changes of apoptosis

(Wyllie, 2010).
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Among other functions of TGB s its ability to induce programmed cell death in a variety
of cells. TGFb was found to induce apoptosis in human and mouse lymphocytasy€hi et al.,
1995). Brown and colleagues, (1998) found thatouse lymphoma cell line respondsTiGF~b
in a dose dependent mannéhenTGFbisadministrated cell growth is inhibited and with higher
dosags of TGFb a large number of cells die by ggosis (Brown et al., 1998). Further
experiments done on the same lymphoma cell line found that interference with SMAD pathways,
either overexpression of SMAD7 which inhibits SMAD signaling mediatetiG#y-b or mutation
of SMAD2 and SMAD3, inhibited GFb mediated apoptosis (Patil et al., 2000f5Fb also was
found to induce apoptosis in liver epithelial cells. Liver epithelial cells in rats undergo programmed
cell death when treated withGFb (Teramoto et al., 1998).GFb was found to induce growth
arrest in fetal hepatocytes (Sanchez et al., 1995) and induce apoptosis (Sanchez et al., 1997). Also
TGFb was shown to induce apoptosis in both-amorigenic rat prostate epithelial cells (Hsing
et al., 1996) and prostatic carcinoma cells (LandstrOm ,et286).Another study has revealed
the involvement of SMAD proteins in this process and found an increased expression and
activation of SMAD2 (Brodin et al., 1999YGFb was found to be essential in regulating
apoptosis in the central retina, the apgicra of TGFb neutralizing antibodies decreased the
number of apoptosis positive cells in the central retina (Dunker et al., 2001). Lee et al. (2002)
studied the effect of GF-b on human lens epithelial cells in vitro and found th@Fb induced
apoptosisthrough downregulation dB-cell lymphoma 2(BCI2) (Lee et al., 2002). Moreover,
TGFbwas found to induce apoptosis in human gastric carcirn@tieand the process was found
to be inhibited by SMAD3 knockdown (Kim et al., 2004).recent study found tharGFb
induced apoptosis in human gingival epithelium through a SMAD2 and caspase 9/3 cascade

(Yoshimoto et al., 2015).
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Studies have reported a critical role of SMAD2 in HBF i nduc e d weapetypft osi s
cells and in tumors.n murine gingival jutional epithelium, SMAD2 overexpression in k14
SMAD?2 mice was found to induce apoptosis and the levels of apoptotic cells were correlated to
levels of phosphorylateBMAD2 (Fujitaet al.,2012). TGFb t h r o u g bigndingwds 2
found to be involved in hman brain glioma and current research showed that SMAD2 induced
apoptosis by upregulating caspase3 and downregulatingZB@hao et al., 2015Additionally,
decreased levels of phosphoryla®®dlAD2 was correlated to cancer invasion and poor prognosis
in gastric carcer (Wu et al., 2012)n summary, eidence from in vitro and in vivo studies support
the role of TGFb as a death inducing factor in epithelial cells. Tswas found to induce
apoptosis through its SMAD signaling pathws4ost significantly, currenstudies have found a
correlation between levels of phosphorylaBdAD2 and programmed cell death in epithl

cells.

2.5 Mechanism of goptosis

The mechanism of apoptosisaisascade ofnultiple everis (Cohen, 1997)There are two
main pathwaysof apoptosis, extrinsic (death receptor pathway) and intrinsic (mitochondrial
pathway)(Elmore, 2007) Caspases, ajor players in the event of programmed cell death, are
categorized into initiators (caspase 2, 8, 9, and &®@cutionergcaspase 3, 6, and and
inflammatory caspases (caspase ,1add 5) (Hancock, 2010; Marks, Klingfter & Muller-
Decker, 2009).

The etrinsic signalingpathwayinvolves a receptor mediated interactitrereceptors are
members of the tumor necrosis factor (TNF) superfa(&lyore, 2007)The common ligand and

corresponding death receptor inclugas ligand Fas receptofFasL/FasRand TNFU/ TNFR1
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(Elmore, 2007)Upon binding to the receptor, cytoplasmic adaptor proteins are recruited. Fas
ligand bind to Fas receptor anduses adaptor protein FADD to bind, Thtfand binds to TNF
receptorandcauses adaptor protsifRADD, FADD and Rip to bindogether(Hancock, 2010;
Marks, Klingmuller & Muller-Decker, 2002 Then,FADD associates witprocaspas® andan
autocatalytic activation of procaspaSeoccurs. Mce caspase 8 is activated the executioner
caspasebave beemctivated Elmore, 2007).

The intrinsic pathway involves no receptor mediated stitmitochondrialnitiated events
occur(Elmore, 2007).Stimuli include, absence of growth factors or cytokimme the presence of
radiation toxins, hypoxiaor viral infections Hancock, 2010; Marks, Klingaier & Muller-
Decker, 2009 These stimuli alter the inner mitochondrial membrane and result in an opening of
the transition por(Saelens et al., 2004)his releases prapoptotic proteingmainly cytochrome
¢, Smac/DIABLOand serine protease HtrA2/Omi from the intermembrane space into the cytosol
(Hancock, 2010; Marks, Klingaler & M uller-Decker, 2009 These proteins are involved in the
activation of the mitochondrial pathway, cytochrome c binds to Apahd procaspa®. This
leads to the activation of caspasgBEmore, 2007). Caspase® then binds to and activates
procaspas8, procaspasé and procaspaseéas well (Budihardjo, Oliver, Lutter, Luo, & Wang,
1999). After that caspas® an executioner caspase, cagsdiwation of the endonuclease caspase
activated DNase (CAD), which is responsible for the apoptotic DNA fragmentation, and chromatin
degradation (Sakahira, Enari, & Nagata, 1998).

In conclusion,both the intrinsic and extrinsic pathwaywill lead eventudly to the
activation of theexecutioner caspases. The presence of activated cé&spaaeell will indicate

that itis undergoing programmed cell death.
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2.6 Apoptosis detectionmethods

Apoptosis is a major player in multiple celluarents (Sgonc & Gher, 1998) Cell death
that occurs during embryonic development, metamorplagl endocrine tissue atropiNagata,

1997)  Apoptosis canoccur in pathological conditions including cardiovascular and
neurodegenerative diseases (Wang, 19939ptosis targts individual cellsnstead of all the cells

in a specific tissuéCarson & Ribeiro, 1993). In contrast, necrosis is a massive synchronized loss
of cells from tissueg§Wang, 1997)Once apoptosis is initiated the cascade proceeds quickly and
cell death hapens within houréNagata, 199;7/Carson & Ribeiro, 1993)

Programmed cell death, apoptosis, is a process that involves a sequence of events from cell
shrinkage, increased density of the cytoplasm, chromatin condensation, DNA fragmentation,
degradation ofnuclear proteins, formation of apoptotic bodies and finally phagocytosis by
neighboring cells and macrophag@& wen, 1993Carson & Ribeiro, 1993Cohen, 1993)The
analysis of apoptosidepends on those characteristics iancery important in varioudiaical and
basic investigationgSgonc & Gruber, 1998)Several methodkave been uiited in order to

differentiate between necrotic, apoptotic and viable cells (Elmore, 2007; Sgonc & Gruber, 1998).

2.6.1 TUNEL technique

A common method to detect apoptosss based on DNA fragmentationferminal
deoxynucleotidyl transferase (Tdt) mediated dUTP -eicl labeling (TUNEL)detects DNA
fragments by labeling the end3he method was developed by Galirto study apoptosis on
different types of cell§Gavrieli, Sherman, & BerBasson, 1992)This method uses terminal

transferase t o addydaxyllermdda DNAdragimdn3. Thabeled dUEP 3 6
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can be detected by fluorescence microscdpyofic & Gruber, 1998)The advantages of this
technique is thelality to detect initial DNA fragmentation in cells undergoing apoptosis, the high
sensitivity, and the ability to detect a single cell using fluorescence microsEbisymethod
requires careful controls becausesiprone to false positiveitherare p@siblefrom necrotic cells

or cells undergoing DNA repair (ElImore, 2007).

2.6.2 Immunohistochemistry detection of goptosisrelated caspase3

Immunohistochemical detection of apoptotic cells using antibodies against a variety of
apoptotic markers, specificgllcaspas® is a productive approacifArchana, Yogesh, &
Kumaraswamy, 2013Taspases is a cysteinproteasehat cleaves target protasiat aspartic acid
residues. Caspase is an executionenzymeand it is responsible for the proteolytic cleavage of
many importantproteins(Sakahira, Enari, & Nagata, 199&)aspases is considered the main
player in the cascade of apoptositeavage of caspaseat the P1 position activates caspase
and is involved in the activation of othesispasesglmore, 2007)This enzymatic activation of
caspase generates neepitopes which are used as antgém generate antibodies specific to
immunodetect activated caspakelhe detection of cleaved casp83€caspas8) is a direct and

very sensitive method to detectogposis(Archana, Yogesh, & Kumaraswamy, 2013)
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2.7 Hypothesis

Smad?2 overexpression rescudeft palate inthe TGFb3 null mutant mice by increased

apoptosisoof MEE.

2.8 Aims and dbjectives

Aim:

Objective 1

Objective 2

To identify the mechanism of MEE disappearance as a result of KI8MAD?2

overexpressioninthe TGFb 3 nu | | mut ant mice.

To investigate in vivo the effect of Smad®erexpression in MEE cells on the
mechanism of fusion of palatal shelves for K3#had2 mice and K18mad2/TGF

b3 null mi ce by detecting basement memb

To detect and quantifthe nedial edge epithelial cedpoptosis rate that results
from Smad2 overexpressidoy detecting Cleaved caspase3 positive cells and
TUNEL positive cells in K14Smad2 mice and Kt8mad2/TGFb 3 nul | mi c e

compare them with WT and T&3 nul | mut ant mice.
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Chapter 3: Materials and methods

3.1 Animal breeding

We thank Dr. Yand@hai for providing the KI&MAD2 mice(lto et al., 2001) Methods
within this study followed the guidelines of the Animal Care Committee of the University of
British Columbia. To identify the KE&mad2 transgengodlymease chain reactidi?CR) primer
set was used to detect the cytokeratin 14 promoter regimdetect the TGIB3 knockout gene
another PCR primer set was used to detect the mutated(dikdassed in detail in section 3.2)
Mice heterozygous with respect to the 6B */dene werenated to produce TGE 8" /Aull
embryos, as well aBGF-b 8*/'Heterozygousrad TGFb 8 homozygousmbryosTGFb 8*/ T)
heterozygous mice wertien mated with K14SMAD2 mice to generate aGFb 8*//TR14-
SMAD 2 line, which was then cross mated to prodiG&b 8 // K14-SMAD 2 newborngrescue

mouse line).

3.2 Animal genotyping
The day of finding a vaginal plug was designated day 0.5. Pregnant mice were killed on

embryonicday (E14.5 and thefetuseswere recovered Fetusesvere individually labelled and
decapitated for further study and the bodies used for genotypipglipyerase chain reaction

(PCR. DNA was isolated from the mouse embryo using REDExxatmp E Ti ssue PCR
(SigmaAldrich, St. Louis, MO, USA) Eachmousetissue samplevas added to 56.25ul tissue

extract solution (45ul extraction solution mixed with 11.RP&gsue prep solution) in a 1.5ml
microtube. The samplgasmixed thoroughly by vortexing and incubated for 10 minutes at room

temperatureNext, the sample was incubated for 3 minutes at 9&f@€r that, 45ul neutralization
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solution Bwasadded to theample and mixed by vortixind.he sample tissue extract was stored
at 4°C.A 13pl mastePCRmix was made by mixing: 4.36pl H20, 8ul REDExtr&a&tAmp PCR
reaction mix, 0.32ul(1:100) forward primer and 0.32u(1:100) reverse primer in a 1.5 ml
microtube. Ten, 2ul of the sample tissue extra@sadded to 13pl mast&tCRmix.
PCR analysisvas carried out usingvo sets of primetonefor TGFb &nd one for K14

SMAD?2 (Table 2). First primer setfor TGFb 3was forward sequences Nj TGGGA GTCAT
GGCTG TAACT 3] aevalse sequenceS Nj CACTC ACACT GGOGUPER GTAGS
products were a 400 bp fragment for the wildtype I8 al | el e and a 1, 300 L
mutated allele. PCR conditions were 31 cycles of 95°C for 20 secon@sfd&5 seconds, 72°C
for 1 minute, followed bya final cycle of 72°C for 10 minute$Second Primer set wédsrward
sequence5’ ACACC TCCAA AGCAG GACCA AGTGG 3' anteverse sequenceSATTTA
CGCCT CTGTG ACCCA GGGCT TC 3'. PCR product size was 48ftdgment for the K14
SMAD?2 allde. PCR conditions were 35 cycles of 94°C for 1 min, 62°C for 1 min, 72°C for 1 min.
PCR products were analyzed gl electrophoresisising aSYBR® Green(Thermo Fisher
Scientific, Waltham, USA)stained2% agarose gfUl t r aPur e E Agar dcs e, Fi
Waltham, Massachusetts, UpAfter the PCR cyckehadfinished 15ul from each PCR miwere
loaded tandividuallanes on the agarose gélhe results were analyzed by visualizing the gel with
UV light and a digital photograph is taken of the staiDBGA separation patteri€areful labelling
of all samples enabled the genotype to be assigned to individual embryonic heads in various
experimental conditions.

The total sample size wd® mice divided in4 groups, with10mice in each of the groups
analyzel. G*power software (HeinricheineUniversity, Disseldorf, Germany) was used to

calculate the sample size as it gave a power of 0.9 for all groups in each methodology.
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Table 2 : Primers used for mouse genotyping
Bold charactersndicate forward sequence. Reverse sequences are placed underneath.

Primer Sequence (8") Product (bp) Reference

5NTGGGAGTCATGGCTGTA WT 400bp
TGFb 3 Taya et. al, 1999
5Nj CACTCACAGT@AGTA A I Mutated 130Mp

5'ACACCTCCAAAGCAGGACCAAGTGG 3
K14-SMAD2 487 bp Ito et. al, 2001
5'ATTTACGCCTCTGTGACCCAGGGCTC 3

3.3 Histology and immunohistochemistry
Immunohistobemistrywasused to identify the location and distribution of target antigens

in MEE cells by staining with specific antibodi€3ollV (1:100,ab19808 Abcam),degradation

of type IV collagen isa fundamental evenh EMT. Twistl (1:50,ab50887 Abcam) plays an
important role in the EMTCcaspase3 (1:10896645 Cell Signaling Technology, USA) ciitical
activator of apoptosis Psmad2 (1:20#31012, Cell Signaling Technology, USAa critical
mediator of TGFb signaling were examined in palatal tissigcadherin (1:1003165622,
Transduction Laboratoriesn epithelial cell marketoss of Ecadherin is considered to be an

important sep in EMT.Histologyandimmunohistochemistrwere conducteds follows:

3.3.1 Fixation and paraffin embedding of the amples
C57BL/6 mice heads were dissected on the indicated gestation@Etdyp). Samples
were fixed in 4% Paraformaldehyde (PFA)/Phospihatifered salingdPBS) withpH 7.4 at 4°C

on ashaker overnight (12 hours). Samplesrethen washed in PBS for 30 minutes twice at 4°C
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on a shaker. Samples were then dehydiateougha series ofgraded ethanol (EtOH)Fisher
Scientific, Waltham, Massachusetts, US&) room temperatures/ith shakingin the following
sequence: washed in 50% EtOH for 15 minutes twice, then 70% EtOH for 30 minutes twice, then
85% EtOH for 60 minutes once, then 95% EtOH for 60 minutes once, then 100% EtOH for 30
minutes three times:ollowing ethanol dehydration, tharapleswere washed inylene (Fisher
Scientific, Waltham, Massachusetts, USA) 45 minutes twic&vith shakingat roomtemperature
Samples were themmersedn axylene:paraffin mixture at 1:1 ratio in the oven at 58°C for 45
minutes. Then, samples wenemersedin paraffin for 20 minutes and placed imacuumchamber
and repeatethree times. Finally, fixechouse heaswereembeddedn anembeddingdlock with
paraffin wax.

Serial frontal sectiongum thick were preparedising a microtome820 microtome
American optical spenceBuffalo, NY) along the anterieposterior axisperpendicularto the

secondary palate midlirfer immunofluorescence and confocal microscopic analysis

3.3.2 Hematoxylin and eosin

Prior to immunofluorescence, slides wappropriately ®ined for microscopic evaluation
usi ng kemataxylirsauson Samples werérst deparaffinized in the oven at 58°for 10
min. after that, the samples were then rehydréteough xylene(Fisher Scientift, Waltham,
Massachusetts, USApnd a graced ethanol series (EtOH) (Fisher Scientit, Waltham,
Massachusetts, U§Aat room temperature in the following sequence: immerse the slides in xylene
for 10 minutes twice, then 100% EtOH for 3 minutes twice, then 95% EtOH for 1 minute once,
then 70% EtOHor 1 minutes once, then 50% EtOH for 1 minute, and finally in PBS for 1 minute

twice. Next, slides were immersed ihematoxylinstain (Modified HarrisHematoxylin Sigma
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Aldrich, St. Louis, MO, USAfor 1 minute. Then, the slides were immersed in a watetainer,

stained water was discarded, and the container was refilled again withAvedethat, the slides

were placed under running water for 10 minubésxt, the slides werstained with eosifEosin

Y Saturated RichardAllan Scientific Kalamazog MI, USA) for 40 seconds Slides were
dehydrated through graded ethanol (EtOH) series and xylene at room temperature in a fume hood
in the following sequencé&i0% EtOH for 1 minute, then 95% EtOH for 1 minute, then 100%
EtOH for 10 minutes, then Xylenerf@0 minutes anthenin a new xylene for 30 minuteafter

that, 230ul of mounting medium were placed on each slide, and a coverslip were mohated.

slides were viewed by light microscopy

3.3.3 Deparaffinization of tissuesections andrehydration

Prior to staining the tissue sectionsvith specific antibodigs samples werefirst
deparaffinized in the oven at 58° C for 10 min. after that, the samples were then rettidoaigh
xylene (Fisher Scientift, Waltham, Massachusetts, US#)da graded seriesf ethanol (EtOH)
(Fisher Scientift, Waltham, Massachusetts, US# room temperature in the following sequence:
immerse the slides in xylene for 10 minutes twice, then 100% EtOH for 3 minutes twice, then 95%
EtOH for 1 minute once, then 70% EtOH for 1 minutese, then 50% EtOH for 1 minute, and

finally in PBS for 1 minute twice.

3.3.4 Antigen retrieval and background stain blocking
Slides werdhen placed in a pressure &eo (contaiing 2-liter water and 4 ml EDTA) for
antigen retrieval for 2.5 minute$hen he pressure valvevasrelieved and the pressucedker

was placed under running water for 10 minutes to cool ddwen samples were rinsed in PBS
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once and washed in PBS irCaplin jar on a shaker for 5 minutes twice. Slides were then placed
in a humidfied chamber and 100ul blocking solution (3% bovine serum albyB$A)/ 0.1%
Triton X-100 / PBS) per slide were applied to cover the entire sample for 30 minutes to reduce

background staininghe blocking solutionwasdrained from thelides(but not dry).

3.3.5 Analysis of MEE apoptosis rate TUNEL technique

Apoptotic cells were detected in paraffin sections by the TUNEL technique using an In
Situ Cell Death Detection Kit (Roche Applied Science, Basel, Switzerl&tdles werefirst
deparaffinizedandthen rehgrated (seeection3.3.3. Slides were then placed inhamidfied
chamber and 100! blocking solution (3% bovine serum albumin(BSA)/ 0.1% Trid0X PBS)
per slide were applied to covdretentire sample for 30 minutés reduce background staining
After that,the blocking solutionvasdrained from thalides(but not dry) and 100ul of the TNEL
mix (10pl of the enzyme solutions were mixed with 90ul of the label solution) were applied on
each slideSlides were placed in ancubatorat 37°C for 60 nmutes.Samples were rinsed in PBS
once and washed in PBS ii€aplin jar on a shaker for 5 minutes three times (slides were covered
during washing to protect them from light). Next, slides were placed inutmedfied chamber,
coverslips were mounted Wwitmountn ¢ me d i u m i-diemitinog-phanglinddl&{DAPI;
Vector Labs)or labeling nuclear DNATo confirm the specificity of antibodies, additional slides
were incubated with th&abeing solution only. No fluorescence staining was found in these
negativecontrol sectionsFFPEmousespleensectiors were stained for TUNEL and used as a
positive control.

Total (DAPI) and apoptotic (TUNEL positive) celwerecountedn MEE. The percentage

of apoptotic MEE cells was calculated as follows: apoptotic MEE (#l)s= number of TUNEL
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positive staining cells/number of total DAPI positive cells x Nifie sections obtained from each
sample for each secondary palate location (Anterior, Middle and Posterior) were analyzed, and
average values were calculated forsgamples in each grouphese mean values and the standard
deviations were used foneway ANOVA that compared TUNEL positive cellsthewild type,

K14- SMAD2/ TGF-b 8" andK14- SMAD 2/TGFb 8 mice groups.

3.3.6 Analysis of MEE apoptosis rateccaspase3echnique

Apoptotic cells were detéed in paraffin sections hysingcleaved caspasd8caspase3
antibody (1:100, Cell Signaling Technology, USAS$lides were firsdeparaffinizedand then
rehydrated (see sectidh3.3. After that,Antigen retrievalwas donédn a pressure cockemda
blocking solutionwas applied (see sectiorB.3.4. Then, primary antibdies were diluted with
blocking solution Ccaspase3 (1:100, Cell Signaling Technology, Y8Ad Ecadherin (1:100
Transduction Laboratories) and 100ul applied on each slide. Slides were incubated with the
primary antiboées overnight in ahumidfied chamber at 4°C. Next, samples were rinsed in PBS
once and washed in PBS itCaplin jar on a sheer for 5 minutes three timeSluorescén labeled
secondary antibodig3onkey antiMouse IgG, Alexa Fluor® 488L:100, Invitrogen, CA, USA
and Goat antiRabbit IgG, Alexa Fluor® 568 (1:100, Invitrogen, CA, UpAvere diluted with
blocking solution and 1@ul were applied on each slide. Slides were placed luraidfied
chamber for 60 minutes at room temperat@emples were rinsed in PBS once and washed in
PBS in aCoplin jar on a shaker for 5 minutes three times. Next, slides were placed in the
humidfiedc hamber , coverslips were mount-dahidno t h mo

2-phenylindole (DAPI; Vector Labs)o confirm the specificity of antibodies, additional slides
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were incubated without the primary antibodies. No fluorescence staining was ifouhese
sectionsMousespleensectiors werestained fotCcaspaseadnd used as a positive control.

Total (DAPI) and apoptoticGcaspasedositive) cell counts wereountedin MEE. The
percentage of apoptotic MEE cells was calculated as follows: appM&tte cells (%) = number
of Ccaspasedositive staining cells/number of total DAPI positive cells x 1Qhe sections
obtained from each sample for each secondary palate location (Anterior, Middle and Posterior)
were analyzed, and average values wereutakdfor ten samples in each grouphese mean
values and the standard deviations were usearietvay ANOVA that comparedCcaspase3
positive cells in thewild type, K14- SMAD2/ TGFb 8" and K14- SMAD 2/TGFb 87 mice

groups.

3.3.7 Analysis of MEE phosphorylated SMAD?2 rate

Cells containing jmosphorjatedSMAD2 were deteted in paraffin sections bysing
Psmad2 antibody (1:20, Cell Signaling Technology, UGAljita et al.,2012) Slides were first
deparaffinizedand then rehydrated (see sect®B.3. Antigen retrieval was done in a pressure
cocker and a blocking solution was applied (see se&i8r). Then primary antiboges were
diluted with blocking solutionPsmad21:20, Cell Signaling Technology, USAnhd Ecadherin
(1:100 Transduction Laboratories) and 100ul were applied on each slide. Slides were incubated
with the primary antibaesovernight in ehumidfied chamber at 4°C. Next, samples were rinsed
in PBS once and washed in PBS in@pln jar on a shakedor 5 minutes three timeBluorescen
labeled secondary antibodiBsnkey antiMouse IgG, Alexa Fluor® 48@L:100, Invitrogen, CA,
USA) andGoat antiRabbitIgG, Alexa Fluor® 568 (1:100, Invitrogen, CA, UfAverediluted

with blocking solution and 100vere applied on each slide. Slides were placedhanaidfied
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chamber for 60 minutes at room temperat@enples were rinsed in PBS once and washed in
PBS in aCoplin jar on a shaker for 5 minutes three times. Next, slides were placed in the
humidfiedc hamber , coverslips were mount-damnidno t h mo
2-phenylindole (DAPI; Vector Labs)Yo confirm the specificity of antibodies, additional slides
were incubated without the primary antibodies. No fluorescence staining was ifouhese
sectionsMouse colon tissue sections wetained folPsmad2nd used as a positive control.

Total (DAPI) andPsmad2 positivecells were countedin MEE. The percentage of
PhosphoriatedSMAD2 MEE cells was calculated as follows: PhosplassdSMAD2 MEE
cells (%) = number of Psmad2 positive staining cells/number of total DAPI positive cells x 100.
Nine sections obtained from each sample for each secondary palate location (Anterior, Middle and
Posterior) were analyzed, and average values werglagd for ten samples in each group. These
mean values and the standard deviations were usetdavay ANOVA that compared Psmad?2
positive cells in the wild type, Kt4SMAD2/ TGFb 8" and K14 SMAD2/TGFb 87 mice

groups.

3.3.8 Analysis of MEE twistl and collagen IV expression

During EMT, the climax of tis process is signaled by the loss of the basement membrane
and the creation of a mesenchymal calpable of migratingway from the originaepithelial
layer.Type IV collagen is a component of basmnt membraneén order to detedbss of basement
membrane during palatal fusion in MEE9IIV (1:100, Abcam)antibody was usedilso, MEE
cells expressing twistl protein, a markeraafell undergoingeMT, were detected using Twist

(2:50, Abcamntibod).
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Slides were firsdeparaffinizedand then rehydrated (see sect@®n After that, antigen
retrieval was done in a pressure cocker and a blocking solution was applied (see3sédion
Then primary antibads werediluted with blocking solutionTwistl (1:50, Abcam) an€ollV
(1:200, Abcam)and 100ul were applied on each slide. Slides were incubated with the primary
antibodesovernight in a humidied chamberat 4°C. Next, samples were rinsed in PBS once and
washed in PBS in@oplin jar on a shaker for 5 minutes three tinkésorescen labeled secondary
antibodiesDonkey antiMouse IgG, Alexa Fluor® 4881:100, Invitrogen, CA, USAand Goat
anti-Rabbit IgG, Alexa Fluor® 568 (1:100, Invitrogen, CA, U$Awere diluted with blocking
solution and 100pl were applied on each slide. Slides were placédimidfied chamber for 60
minutes at room temperatuisamples were rinsed in PBS once and washed in PBE&oplkn
jar on a shaker for 5 minutes three times. Next, slides were placed hurthidfied chamber,
coverslips were mount ed wi-damidimaphenylindolg(DARéE di u m
Vector Labs).To confirm the specificity of antibodies, additairslides were incubated without
the primary antibodies. No fluorescence staining was found in these sdéeament membrane

in blood vessels served as an internal positive cofaraollV.

3.4 Confocal laser mcroscopy
Sections were examined witiNekon D-Eclipse C1 Laser Scanning Confocal Microscope
(Nikon Instruments Inc., Melville, NY, USA) equipped with 3 laser diode modules (405/488/543
nm). Each section was scanned with a Plan Fluor 40X (aperture 0.75) lens and a Plan Apo VC 60X
(aperture 1.4pil lens. Fluorescent images were captured with a Qimaging R&ig@R digital

camera installed on the Nikon-Exclipse C1 Laser Scanning Confocal Microscqpeage
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resolution: 1600x1200 pixels). Z stack of images were analyzed using ImageJ (U. S.INationa

Institutes of Health, Bethesda, Maryland, USA).

3.5 Statistical analysis
All data wereanterpreted usingBM SPSS Statistics for Windows, Version 20.0. Armonk,
NY: IBM Corp. ShapireWilk testwasusedto testdata normal distributiarValues are expressed
as the mean + SEM. Differences between groups were determined usiegvay ANOVA.

Differences were considered statistically significant at P < 0.05.
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Chapter 4: Results andconclusion

4.1 Increased MEE cell apoptdic rate.

TUNEL assay was conducted to examine Wwhetoverexpression of Smad2 can induce
apoptosis in MEE cellsSpleen sectiongere used as positive control of apoptosis. No TUNEL
positive nuclei were observed in negative control sectibh8A defragmentation was detected
and localized in the palatal NEcellsin the anterior, middle and posterregionsof the secondary
palate at day E14.5 (figur)). K14-SMAD 2/TGFb 8" mice exhibitedanincrease in TUNEL
positive MEE cells (19.8% anterior,12.124 middle and Q.77% posterior)compared to the wild
type 0% anterior,0% middle and0% posterioy (Figure 11). Also, K14-SMAD 2/TGFb 8"
rescuemice exhibitedanincrease in TUNEL positivBEE cells (12.3% anterior,30.5% middle
and29.4% posteriorcompared to the wild typ@igurell). There was a sigficant difference of
amount of apoptotic cell ratio at tpg.05 level for the three groups (£, 6) = 10.30p = 0.011].
Post hoc comparisons using the Tukey HSD test indicated that the mean score for-the K14
SMAD2/TGFb 8 rescue mice apoptotic cathtio (M = 24.07, SD=10.20) was significantly
different than the wild type mice.

Cleaved caspase3 (Ccaspase3) antibody, an apoptosis meakelso usedo detect
apoptotic cells associated wiimad2overexpressiom the palataMEE cells Ccaspase protein
was localized in the palatal MEE cells, in the anterior, middle and postezgionsof the
secondary palate at day E14.5 (figure 8). Our resulbwed that Ccaspa8epositive cells were
detected in the nasal and oral MES trianglé® K14-SMAD 2/TGFb 8" micealsohad amuch
higher ratio ofCcaspase&poptosis positive MEKE13.7% anterior, 10.1% middle and 17.6%
posterioriwhen compared to the witype mice(0.0% anterior, 831% middle and 0.0% posterior)

(Figure 9. K14-SMAD 2/TGF-b 8" rescuemice hachigher ratio ofCcaspasepositive MEE cells
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(31.7%6 anterior33% middle an®5.6% posteriorwhencompared to the wiltlype miceandK14-
SMAD 2/TGF-b 8" (Figure9). There was a significant difference@taspasepositivecell ratio

at thep<.05 level for the three groups (£, 6) = 83.87p = 0.000041]Post hoc comparisons using
the Tukey HSD test indicated that the mean score for theSMAD2/TGFb 8 rescue mice
Ccaspasepositivecell ratio (M=3343, SD=1.98) was significantly diflerent than the wild type
mice. Also, the mean score for the KIBMAD2/TGFb 8" mice Ccaspasepositive cell ratio

(M=13.8 SD=3.79H was significantly different than the wild type mice
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Ccaspase3 expression in coronal E14.5 palatal sections

E-cad/Ccaspase3/DAPI

A) Wild Type B) TGF-B3 *-/K14Smad2 C) TGF-B3 -/- IK14Smad2

Anterior

Middle

Posterior

Figure 8 Ccaspase3 expression in corahE14.5 palatal sections

Fluorescent images of Ccaspase3 during palate development at E14.5. A)ypéldhice shows

fewer apoptotic cells in the MEE. BK-14Smad2 ovexpression mice have a higher ratio of

apoptotic activity in the MEE, C) TGE 3/- K-14Smad2 Rescue shows higher ratio of apoptosis

in the MEE, indicating that Smad2 overexpressiay haveescued the cleft palate by increased

MEE apoptosis. Arrowheads indicate Ccaspase3 positive cells in MEE.
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Figure 9 Apoptosis ratio in MEE of wild type mice, K14Smad2 mice and TGFR3 ) /K14Smad2

Quantification of Ccaspase3 positive cells expressed as percent of total nuclei in the MEE] In the
anterior middle and posterior there were statistical significaateea the group$F (2, 6) =

83.87,p = 0.000041n = 10 (* P<.01).
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Apoptosis detection in coronal E14.5 palatal sections by TUNEL assay.

A) wild Type B) TGF-B3 *-/K14Smad2 C) TGF-g3 -/I- IK14Smad2
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Figure 10 Apoptosis detection in coronal E14.5 palatal sections by TUNEL assay.

Fluorescent images during palate development at E14.5 of Terminal deoxyidytteansferase
(TdT) dUTP NickEnd Labeling (TUNEL) technique which detects apoptotic cells that undergo

extensive DNA degradation during the late stages of apoptosis. A} TWfid mice coronal

O

sections shows no TUNEL positive cells. B) K&had2 oveexpression mice have a higher rati
of apoptotic activity in the MEE. C) TGE 3/- /K-14Smad2escue mice shows higher ratio qgf

apoptosis in the MEE. Arrowheads indicate TUNEL positive cells in MEE
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Figure 11 Apoptosis ratio in MEE of wild type mice, K14-Smad2 mice and TGFR3) /K14Smad?2

Quantification of TUNEL positive cells expressed as percent of total nuclei in the* REES.
In the anterior middle and posterior there were statistical signifidaeteeeen the WT and TGF

R3 ¢/-) IK14SmadZroups[F (2, 6) = 10.30p = 0.011 n= 10] (*P<.01).
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42 I ncreased | evels of actiwtheMEE Aphosphoryl .

We performed immunofluorescence to determine the levBehospheSMAD2 protein
in wild type, K14Smad2 and K18mad2/ TGFb 8~ transgenic micedigh magnification images
showed that PhospHeMAD?2 proteinwas present in the MEE cells during the process of palatal
fusion at day E14.5 invild type, K14Smad2 TGFb 3" and K14Smad2/ TGFb 87 mice
(figure 12). Strong Phosph&MAD?2 protein signal was detectrss the secondary palate in the
anterior, middle and postericggions

High levels ofphospheSMAD2 wereobserved in MEE@lsin K14-Smad2 TGFb 3"
) mice (43.12% anterior,61.6% middle and6.1% poserior) and K14Smad2/ TGFb 8" which
hadstrongphospheSMAD?2 protein signa(26.9% anterior41.0%% middle and8.7®%6 posterior)
Wild type mice hadower levelsof phospheSMAD2 when compared tboth K14-Smad2 TGF
b 8" and K14Smad2/ TGFb 8. A significant differencén theamount of phosph&mad? at
the p<.05 level for the three groupas alsadentified[F (2, 6) = 26.97p = 0.001002].

Immunofluorescence double staining revealed TUNEL positive MEE oedse
immunoreactie for phospheSMAD?2 (figure 12E) indicating a correlation between cell death and
phosphorylation of SMAD2A Pearson produanhoment correlation coefficient was computed to
assess the relationship between the ratio of apoMEE and levels of phosph®mad?2. There
was a pasive correlation between the two variablesbioth K14-Smad2/TGFb 87 mice, r =
0.9901, n = 9p = 0.00001, and K1mad2/ TGFb 8" mice, r = 0.8767, n = § = 0.001954.
Overall, there was a strong, positive correlation between levels of phSsmEu? and cell death.
Increases in SMAD2 phosphorylation were correlated with increaghs ratio of cell death in

the MEE during palatal fusion.
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Phospho-Smad2 expression in coronal palatal sections

fPhospho-SMAD2/DAPI

A Wild type B 1or-p3 +K14smad2 C  TGF-3 “IK14Smad2

PSMAD + TUNEL
D TGF-p:} 2 PSMAD

TUNEL

Figure 12 PhosphaSmad2 expression in coronal palatal sections

Fluorescenimages of Phosph@&mad2 (Red) at E14.5 and its localization in the MEE from Wilg
type, TGFb 3 - K1ASmad2 and TGB 3/- K14Smad2 (AD). Coronal section of TGB 3 - +
K14Smad2 and TGB 3/- K14Smad2 mice palates showed higher expression of Ph&phd2
in the MEE. Arrowheads indicate Phospimad2 positive cells in MEEmmunofluorescence
double staining revealed TUNEL positiEE cells showng immunoreactivity to phospho

SMAD2 (E).
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4.3 Loss of basemenmembrane in the MEE cell and tistl positive cells
To investigate whether MEE associated with SMAD2 overexpression were undergoing
EMT during palatalfusion we performedconfocal microscopic analysis using an EMT marker
Twistl and a basement membrane marker collageiwistl is a protein thahduces EMT i
downregulanhg epithelial gene expression and actiwgt mesenchymal gene expression
(Lamouille, Xu & Derynck, 2014)Twistl also, causes loss of cekll adhesion mediated by E
cadherin. To distinguish MEE cells undergoing EMT from mesenchymal Cellsigen type IV
was used as a markef basement membran€he loss of basement membrane is considered one
of the hallmarks of EMT.
At earlier stage of palatal fusion microscopic analysis showed thHte basement
membrane was retained in the palatal M&#& finding coincides withpresence of highdevels
of apoptosisAs the degrdation of MES occurred atiay E14.5, éwer numbesof Twist positive
cellsweredetectedn the MEE of wild type, K14Smad2TGFb 8" and K14Smad2TGFb 8

mice (figure 13). Those cells indicated by arrowheads (figuB} Wereassociated with loss of

basement mebrane. Thinning and degradation of basement membrane was also detected in the

K14-Smad2TGFb 8" and K14Smad2TGFb 8 mice at day E14.5These results ftiner
indicate that the process of EMT occatsa later stage than programmed cell death.

To trace epithelial cells undergoing EMT originating from MEE we used
immunofluorescence double staininging twistl and phospheSmad2 antibodiesConfocal
microscojic analysis revealed cells positive to twistl and phospinad2 in the palatal
mesenchyme adjacent to the MiB$heK14-Smad2TGFb 8" and K14Smad2TGFb 87 mice
(figure 14. This finding coincidel, with high levels of phosphS8mad2 detected at the protein

level with immunofluorescence in both experimental groups.
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Figure 13 Twistl expression in coonal palatal sections

Fluorescent images of TWIST1 (green) an EMT Marker, Collagen IV (red) basement membrane
marker and DAPI at E14.5 in the MEE from Wilgbe, TGFb 8" K14Smad2, TG §)
K14Smad2 and TGB 8. Arrowheads indicate Twist positieells in MEE. No Twist positive

cells were observed inthe T&EGF3 nu |l | mi ce MES.
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