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Interferon regulatory factor 6 (IRF6) variants are associated with common isolated forms
of cleft lip with or without clefting of the palate (CLP). Based on high sequence and
structural homology with other IRFs, IRF6 has been predicted to act as a transcription
factor, but its function and role in CLP is largely unknown. Studies in the Cox lab have
found that IRF6 binds, in a phosphorylation-enhanced manner, to the NME (non-
metastatic) complex, which has been reported to interact with factors that activate the
PAR (PARD3-PARDS6) polarity complex. This provides a novel mechanism in which IRF6
may contribute to proper epithelial function. NME regulated PARD3 activation
stimulates establishment of epithelial apical and basolateral domains (i.e. polarity),

ultimately impacting epithelial cell adhesion, shape, and behavior. Thus, via protein-



protein interactions, IRF6 is hypothesized to contribute to the regulation of epithelial

polarity, which when disrupted, leads to epithelial defects observed in CLP.

Specific aims were developed to investigate the contribution of IRF6 to primary palate
and tooth development. Using site-directed mutagenesis, reported CLP associated VWS
patient mutations were introduced into yeast and mammalian expression constructs
and subsequently compared with wild type IRF6 in their ability to interact with NME.
Out of the twelve mutations tested, nine mutations disrupted the IRF6:NME interaction.
Additionally, mutating three conserved serines to alanines resulted in loss of IRF6:NME
binding and lowered nuclear levels of IRF6. Potential effects of the IRF6:NME
interaction on epithelial polarity were assessed by measuring activity of the GTPases
Racl and RhoA, in HEK293T cells ectopically expressing either a wild type or mutant
IRF6. Disruption of the IRF6:NME complex also caused active Racl and RhoA up-

regulation.

In human patients, CLP is often associated with tooth abnormalities, and in mice, Irf6
was detected in ameloblasts and has roles in tooth epithelial invagination. A murine
model with Irf6 conditionally ablated in ameloblasts (driven by the Pitx2-Cre promoter)
was developed. Irf6 conditional knockouts-(/rf6 cKO) exhibited a variety of crown
morphological alterations, including loss of cusp patterning. Hypodontia was also

observed; 3™ molars were occasionally missing. Additionally, /rf6-cKO molars displayed



rapid enamel attrition with wear reaching dentin 7 days post-eruption. Irf6-cKO enamel
was hypomineralized compared to controls (p<0.05), and a delay in maturation was
observed. Histological sections revealed persistence of an immature enamel matrix in
Irf6-cKO samples (not present in controls) in addition to disruptions in ameloblast
polarity. Immunohistochemistry revealed upregulation of amelogenin and
downregulation of kallikrein-like 4 in Irf6-cKO P14 molars. Root patterning defects were
also observed in Irf6-cKO mice, including severely taurodontic mandibular second
molars. In P4 Irf6-ckO molars, mRNA expression of enamel matrix proteins was
unchanged, yet Wnt10b and Osterix were downregulated (p<0.05). By P13, Wnt10b and

Osterix expression in Irf6-cKO mice were comparable to controls.

Overall, our findings contributed toward the understanding of the role of /rf6 in CLP, as
well as tooth abnormalities associated with epithelial disorders. Disruptions of
IRF6:NME complex and altered Racl/RhoA expression by IRF6/NME mutations suggest
IRF6 can impact processes such as epithelial polarity. Tooth-targeted Irf6 deletion in
mice demonstrated enamel and root patterning defects consistent with CLP patients
featuring IRF6 mutations. These results identified a critical and non-redundant role for
IRF6 in crown and root formation, suggesting diversity of /RF6 function in epithelial-

derived tissues.



The chapters in this thesis are organized by the following topics:

Chapter 1: Introduction to IRF6, palatogenesis, epithelial adhesion/polarity, and tooth

development

Chapter 2: Materials and Methods

Chapter 3: Investigation of the IRF6:NME complex and its contribution to epithelial
polarity: Tested IRF6 patient mutations and their ability to disrupt IRF6:NME binding,
investigated factors regulating IRF6:NME complex and potential effects when it is

disrupted,

Chapter 4: IRF6 loss-of-function causes defects in enamel formation and root patterning:

characterization of Irf6-cKO model, investigated ameloblast polarity

Chapter 5: Towards understanding the role of IRF6 in tooth development: further
characterization of Irf6-cKO model, investigated expression of enamel and dentin matrix

proteins in Irf6-cKO samples versus controls

Chapter 6: Discussion: Propose pathways where IRF6 is a potential contributor
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AP-2: adaptor protein complex 2

ARHGAP: Rho GTPase activating protein

ARF6: ADP-ribosylation factor 6

BMP: bone morphogenic protein

BPS: Bartsocas-Papas syndrome

cKO: conditional knockout

CLP: clefts with or without palatal involvement

Co-IP: Co-immunoprecipitation

Cre: Cre recombinase

DMP1: dentin matrix protein 1
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EMT: epithelial to mesenchymal transition

ENAM: Enamelin
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IRF6: Interferon Regulatory Factor 6

K14: Keratin 14
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KSR: kinase suppressor of Ras

LBC: A-Kinase Anchoring Protein-LBC

MEE: medial edge epithelium

MES: midline epithelial seam

MMP20: Matrix metalloproteinase 20

NDPK: nucleoside diphosphate kinase

OSX: osterix

OVOL1: OVO-like 1

PAR: PARD3-PARDG polarity complex
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PCR: Polymerase chain reaction

PDL: periodontal ligament

PFA: paraformaldehyde

PPS: popliteal pterygium syndrome

Racl: Ras-related C3 botulinum toxin substrate 1

RGS19: regulator of G protein signaling 19

Rho: Ras homolog gene family
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RIPK4: receptor interacting serine-threonine kinase 4

SDS: Sodium dodecyl sulfate

SHH: Sonic hedgehog
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TIAM1: T-cell ymphoma invasion and metastasis 1

TGFB: transforming growth factor beta

TGFB2: TgfB Il receptor

TJs: tight junctions

TNAP: tissue non-specific alkaline phosphatase

TP63: tumor protein 63
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Y2H: yeast two-hybrid



ACKNOWLEDGEMENTS

First, | would like to acknowledge my PhD mentors and chairs of my thesis
supervisory committee, Dr. Timothy Cox and Dr. Martha Somerman for their
mentorship, support, encouragement, and especially for making me a better scientist. |
am always impressed by their scientific knowledge, and | feel privileged to have worked
with them. | feel that | am more equipped now to handle scientific issues. | have
learned many new techniques in the lab, and my writing/presentation skills have
improved. Working with them has reinforced to me that although challenging, science
is exciting and thus, | credit a significant amount of my accomplishments in my PhD
program to their mentorship. | would also like to extend my gratitude to my thesis
supervisory committee, Dr. Michael Cunningham, Dr. Avina Paranjpe, Dr. Tracy
Popowics, and Dr. Daniel Chan (Graduate School Representative). | am especially
grateful for their advice and guidance throughout my PhD career. They provided a

variety of perspectives, and | feel that | have really benefited from their support.

In working with Dr. Cox and Dr. Somerman, | have benefited from working with
wonderful individuals in their labs, and | am also extremely grateful for the
opportunities to work in environments such as the University of Washington, Seattle
Children’s Research Institute, and the National Institutes of Health. | would like to
mention Dr. Brian Foster, who was my first unofficial mentor at the University of
Washington, where | decided to pursue the DDS PhD program. Additionally, | would

also like to acknowledge the University of Washington Department of Oral Health



Sciences for their support, especially Dr. Richard Presland, Jennifer Kohn, Kathy Hobson,
Rosale Meriales, and Eileen Kakida. They were also significant contributors to my

success in the program.

I would also like to acknowledge sources of my funding support: the National
Institutes of Health (for the UW institutional grant as well as my individual F30
fellowship), the University of Washington (for travel awards), the American Cleft Palate
Association (Junior Investigator Award), and the Magnuson family for the Magnuson
Scholarship. This funding has allowed me to pursue my goals in science, and | am deeply

indebted to all of these institutions.

To all my friends—1 wish | had space to name you all. Thank you for adding

another dimension to my life besides work, and | gained many wonderful memories.

Last, but not least, | would like to acknowledge my parents, Tung and Hui Chu,
and my sister, Felicia Chu. Words cannot express how much love, understanding, and
encouragement they have given me, and | would not be where | am today without
them. Every accomplishment | made in my life would not have been possible without

them.



Table of Contents

(@0 F=T o) =T ol B [ d o To [T 1 4 o o ISP POPPPPPPPPRt 1
CLP 25 Q 8lODal diSEASE . .uuuuuiiiiiiiiii s 1
CLP is a public health problem .............eee s 2
Development Of the faCe .....uiiiiiiiiiiiiiiiieeee e 3
Behavior of epithelia during fUuSION ...........uviiiiiiiiiiiiiiiiieeeee e 6
Roles of IRF6 in developing epithelia........cuuuueeiiiiiiiieiiiiceeee e, 7
IRF6 and signaling pathways involved in palatal fusion ...........cccccvvvviiiiiiiiieiiiiiiiiiieieneas 9
Other roles Of IRFB.......oeiiiiieie e e 10
NME2 has been identified as a potential IRF6 protein-protein interactor................... 11
Epithelial polarity and adheSioNn ......ccoeeeiiiieiiiiiiiiiee e 13
Importance of serine phosphorylation ..........eeeiiiiiiiiiiiiiie e, 15
CLP and t00th deVelOpmMENT.......ceiiiiiiieeiicee e e e eeeeees 17
Overview of Crown developmMENT.........eeuiiieiiiieiieeeceee e e e e e eeens 18
Overview Of root deVelOPMENT ....ccciiiiiiiiiicee e e e eeeees 19
Overview of enamel developmMENT .........uuuiieeiiiiiiiiieeee e e e eeees 20
AmMeloblast MOIPROIOZY ....uuuiiiiiiiiicc e e e e e e eeaaaaan 21
FiN 011 oY =L=T o 11 o HO OO UPPTTPPPUURN 22
ENAMEIIN.ceiiiiii et 22
Matrix metalloproteinase 20........uuucii i i 23
KAITKI@IN-2 .. e e e 24
Polarity and enamel development ........coovvviiiiiiii e 25
Hypothesis and SPeCific AIMS .....uuiueiiii i e e e e 26

Chapter 2: Materials and Methods ..........couiiiiiiiii e e 28
YEast tWO hybrid .....cooooe e e e e 28
Selection of IRF6 patient MuUtations .......cccoeeviiiiiiiiiiie e 29
Selection Of CONSErVed SEINES .........uuiiiiiiiiiiiiieeee e 30
Investigating NME1/NME2 sequence CONSErvation ........ccceeeeeeeeeeeciiuvneeeeeeeeeeeeennnneennns 30
Selection of NME1/NME2 patient mutations .......cccceeeeeeeeeiiiiiieeieeeee e e 31

Generation Of MUEANT CONSTIUCES ...uieniiei ittt ettt et et et et et eaneesneesnees 31



Addition of 5" Untranslated Region (UTR) ....ccceiiiiiiiiiiiiiiee e e e e 37
Selection of epithelial Cells.......cooovviiiiiiiiii 39
Co-IMMUNOPIECIPITATION c.ueiiiiiie e e e e e e e e 40
RACL PUIl dOWN @SSAYS...eeviiiiiiiiiiiiiiiiiieeteeeeeeeesesseeeeseseeeeeseseeeseseesesssessssssnsssassssseeraenaanne 41
RNOA PUII OWN @SS@YS..evviiiiiiiiiiiieiiiieieerieeeeeeeeseeseereesseeeseeeeeeeseeeeeseeseeea—————————————. 41
Generation of IRF6 conditional knockout ..............eciiiiiiiiiiiiiies 42
[ T o] Lo = U URRUORR 43
IMMUNONIStOChemMISTIY (IHC) c.cevvviieiieeeeeeeeeecee e e 44
IMMUNOCYEOCNEMISTIY 1uuuiiieeeieeeitieee et ee et ree e e e e e e e er it rreeeeeeeeesassaneeees 44
SHENCING IRFB..cevtiiiii e ettt e e e ettt eee e e e e e e eeesabbaaeeeeeeeeeessraaeeeeeeeesessnnan 45
Whole tooth dissections (P4 SAMPIES)....ccceeeeeiieiiiiiiieeieeeeeeeccee e e 47
Whole tooth dissections (P13 SAmMPIES)....cccceevieerriiiieiiieiieieeiiiieee e eeenaaee 47
Enamel organ diSSECHIONS. ........cuviiiiiiiieeiiiieettceee e e e e e e e e e e e e e eea b 48
Scanning electron MicroSCOPY (SEM) .uvuuuiiiiiiiiiiiiiiiieiee et eeeeeeeaaaaan 50
Yol oL PP PPPPPPPPPPPPPPPPPPRE 50

INTRODUGCTION ..coiiiiiieeeiiitee ettt e s e e s e e s e e e s s e e e s e nnneeeeenannees 52
MATERIALS AND METHODS ...cciiiiiieiiiiee ettt e e e 55
RESULTS -ttt ettt e st e e e e e s e et e e s e ane e e e e s aanee e e e e ennnneeeeennnees 56
VWS patient mutations disrupt IRF6:NME binding .......ccoovvviiiieiniiiiiiecceee e, 56
Importance of C-terminal phosphorylation in regulation of IRF6 function.................. 57
Disrupting serine phosphorylation alters nuclear translocation of IRF6...................... 58
Racl and RhoA are altered when IRF6:NME2 are disrupted........ccovvvieeeiieeririiinnnnnnn.n. 59

siRNA knockdown of IRF6 results in decrease of NME1/NME?2 in 293T epithelial cells59

DISCUSSION ...ttt ettt ettt ettt e e st e e e e asb et e e s e b e e s eneeeeesennneeeeennnees 59
FIGURES AND TABLES. ...ttt ettt e e e st e e e e e e e eaeneas 67
Chapter 4: IRF6 loss-of-function results in defects in enamel formation and root
[T L =] o oV oY= U 75
INTRODUGCTION ..iiiiteeeeit ettt ettt e ettt e e et e e e e e e e e esee e e e e enneeeeeennnnees 75

RESULTS ettt ettt e e e s et e e s e e e e et aabba s 76



Loss of Irf6 causes defects in tooth patterning and initiation .............cevvvvvvveiiiiiiennnnnn. 76
Loss of Irf6 causes alterations in root formation ..., 77
Enamel maturation defect observed in Irf6-cKO samples...........eevveveevveeeevveeeeeereennnnnns 78
Disturbances in ameloblast polarity observed in Irf6-cKO samples.............uuvvevevvvnnnns 79
Altered NME2 protein expression detected in Irf6-cKO samples ........ccccceeveeeeeeeennnnnn. 80
DISCUSSION L.ttt ettt s e ettt s e e e e e e e eeaas s e e eaaa s e eeanaseeeasnanseneennnns 80
FIGURES AND TABLES. ...ttt e e e e et e e e e e e e eennne s 88
Chapter 5: Towards understanding the role of IRF6 in tooth development.................. 100
INTRODUCGTION ...ttt e e ettt e s e e e e e e eeennae s e e e e e e e eeennne e es 100
RESULTS -ttt ettt e e e e e e e e s e e e e e e e e ennnnneeeenannnes 103
Loss of Irf6 causes alterations in crown morphology and enamel defects ................ 103
Comparison of Irf6-cKO ameloblasts with controls...........cccovvvvviieeeiiiiiiiiiiiiieeeeeeeeees 104
Loss Of Irf6 causes root @alterationsS..........eeevuriieeiiieiiiiiiiiiceee e 105
Knockdown of IRF6 in ameloblast-like cells ..........ccveeeiiiiiiiinie 106
IRF6 and the expression of genes involved in enamel and dentin formation............. 107
Loss of IRF6 causes alterations in enamel matrix proteins.......ccccccvveeeeeeeeeireevvvenennn. 109
DISCUSSION ...ttt et e et e e e e e e e e e e e e e e ennnneeeennnnees 109
FIGURES ...ttt e e e e ettt e e e e e e ettt bba s e e e eeeeeennna e es 114
Chapter 6: DISCUSSION ...uuiiiiiceeiiiee e e e et cee e e e e e e ettt eee e e e e e e e e e aeeaaeeeeeeeeraessnanneeaaannes 134
IRF6 has cytoplasmic and NUCIEAr roleS ........ueueeiiiieieccee e 134
IRF6 function and its contribution epithelial function and CLP .............cevvvvvvvvvivennnns 137
Epithelial polarity and tooth development ..., 141
IRF6 is critical towards advancing enamel to maturation stages.......ccceeeevvvvvvvvvnnnnn... 143
IRF6 and Signaling Pathways Involved in Tooth Development........cccooeeiveeviiiiinnnnnn... 145
CONCIUSION ..ttt e e e s e e e e e e e e e e e e eannes 146
FIGURES AND TABLES. ...ttt ettt e et e e et e e et e e e eene e e eeenaans 148

REFERENCES ..ottt ettt s e e e s eaa s s s e e e eaaansaas 157



List of Figures

Figure 3.1: Schematic of contributors to epithelial polarity in adherens junctions..................... 67
Figure 3.2: Serines absolutely conserved in position among IRF3, IRF5, and IRF6. ...................... 68
Figure 3.3: Comparison of NME1 and NME2 in human (h), rat (r), mouse (m), and chick (c)....... 68
Figure 3.4: IRF6 also binds to NMEL. .....ccooeiiiiiiiiii i, 69
Figure 3.5 and Table 3.1: Evaluating effect of IRF6 missense mutations on the ability of IRF6 to
bind NME1/NME2 using yeast two-hybrid. ........cccoocviiiiiiiiiic e 70
Figure 3.6: Testing effects of conserved serines on IRF6:NME binding. ...............ccceeeeiii. 71
Figure 3.7: Serine phosphorylation alters nuclear translocation.......................cc, 72
Figure 3.8: Racl and RhoA increase when the IRF6:NME2 interaction is disrupted in HEK293T
o] | SO TP PP PPUTTPPPPPPNt 73
Figure 3.9: Knockdown of IRF6 HEK293T cells results in decrease in NME1 and NME2 mRNA

1) o1 =E] o] o PO PPPUPPPRN 74

Figure 4.1: Irf6-cKO mice survived past birth without any apparent disruptions in mortality.....88
Figure 4.2: Loss of Irf6 causes defects in crown and root development..................ccl. 89
Figure 4.3: Altered crown morphology seen prior to tooth eruption (P7 and P14 samples)........ 91
Figure 4.4: Comparison of P28 Irf6 -cKO pulp chambers and roots with littermate controls. .....92

Figure 4.5: Increased enamel attrition observed in Irf6-cKO teeth. ........................cl. 93
Figure 4.6: Hypomineralized enamel observed in Irf6-cKO samples. (A, B, C, D). .oeeveeeeveennnnnenn. 94
Figure 4.7: Micro-CT analysis of P28 Irf6-cKO incisors compared to controls.............................. 95
Figure 4.8: SEM analysis of P28 Irf6-cKO incisor enamel compared to controls. ........................ 96
Figure 4.9: Hematoxylin and eosin staining performed on decalcified P28 Irf6-cKO and control
=1 101 0] L= TP PPPPPPPPPPRS 97
Figure 4.10: Hematoxylin and eosin staining performed on decalcified P28 Irf6-cKO and control
=1 10101 L= TP PPPPPPPPPRS 98
Figure 4.11: Immunolabeling of IRF6 and NME in P14 wild type developing teeth. ................... 99
Figure 4.12: Loss of Irf6 alters NME2 @XPression. ........ccceeveeieeeeeieeiieeeeeeeeeeeeeeeeeeeeeeeeeeee e, 99
Figure 5.1: Variations in crown morphology observed in P84 Irf6-cKO samples....................... 114
Figure 5.2: Enamel maturation delay observed in Irf6-cKO samples. ............cccccceiiiiil. 115
Figure 5.3: Irf6-cKO P4 samples exhibit polarized ameloblasts comparable to controls. .......... 116
Figure 5.4: P7 Irf6-cKO samples exhibit disturbances in polarity and enamel formation. ......... 117
Figure 5.5: P14 Irf6-cKO samples exhibit disturbances in ameloblast organization and enamel

10 0 1= o o PSPPSR 118
Figure 5.6: HERS appears shortened in Irf6-cKO P14 samples compared to controls. .............. 120
Figure 5.7: C shaped roots observed in Irf6-cKkO P28 mandibular second molars.................... 121
Figure 5.8: Reduced separation between mesial and distal roots observed in Irf6-cKO samples.
............................................................................................................................................... 122
Figure 5.9: Root morphological alterations observed in Irf6-cKO P84 mandibular molars........ 123
Figure 5.10: Knockdown of Irf6 in LS8 cells. ....ccoooiiiiiiiiiii 124

Figure 5.11A: Loss of IRF6 in P4 molars does not cause changes in mRNA expression of enamel
0T 0 D o] 01 (=] ¢ 125



Figure 5.11B: Loss of IRF6 in P4 molars causes changes in mRNA expression of osterix and
LAY 0 TP 126
Figure 5.12A: Loss of IRF6 in P13 molars does not cause changes in mRNA expression of enamel
A D o] o1 (=11 1T PP UPPTPPPRUPPPPPIRE 128
Figure 5.12B: Loss of IRF6 in P13 molars does not cause changes in mRNA expression of Osterix

F Lo T T 31 0 2 PP PPPPPPPPRS 129
Figure 5.13A: Loss of IRF6 in P13 enamel organs does not cause changes in mRNA expression of

€NAME] MALIX PrOTEINS. .oeiiiiiiiiiiiiiiiiiiee ettt eeeee et aeeeeeeeeeeeesasaeseeseesesaessessssesesnnnes 130
Figure 5.13B: Loss of IRF6 in P13 enamel organs does not cause changes in mRNA expression of
OSEEMIX AN WNELOB. ..cciiiiiiiiiiiiiiieee ettt e e e ettt e e e e e e s s bbbttt e e e e e s sabbbeeeeeeeesssaanbraaeeeeeesas 131
Figure 5.14: Loss of Irf6 alters AMEL @XPression. .......cccoevveeeiiiiiiiiiicceeee e, 132
Figure 5.15: Loss of Irf6 alters KLK4 eXpression........ccccceeeeeeeeieiiieic, 133
Figure 6.1: Schematic of contributors to epithelial polarity in adherens junctions................... 148
Figure 6.2: Schematic for hypothesized effects when IRF6 is lost...........ccoeeeiiii . 149
Figure 6.3: Schematic for hypothesized role for the IRF6:NME compleX............cceeeeeeennnnnnnnn. 150
Figure 6.4: Studies have shown that RGS19 leads to delayed palatal fusion............................ 151
Figure 6.5: Schematic for hypothesized role for the IRF6:NME compleX.............cceeeeienninnnnn. 152
Figure 6.6: Alterations in epithelial polarity and disturbances in enamel matrix proteins may
account for defects in crown/root morphology, ameloblast polarity, and enamel. .................. 153
Figure 6.7: Possible roles for IRF6 in the WNT pathway. ........cccooeeeiiii 154

Figure 6.8: Effects on WNT pathway as a result of IRF6 10SS.........cccoeeviiiiiiiiii, 155



Vi

List of Tables

Table 2.1: Primers used in site-directed mutagenesis to generate constructs with IRF6

00 =Y i o] o PP PP PP PO UPUPPPRt 34
Table 2.2: Primers used in site-directed mutagenesis to generate constructs either abolishing a
phosphorylation site (serine to alanine) or acting as a phosphomimic (serine to aspartic acid). .35
Table 2.3: Primers used to generate IRF6 wild type and mutation-containing PCR products, which
were subsequently A-tailed and cloned into TOPO VECTOrS. ....ccceevvveviiiiiiieeieeeeeiiceie e, 35
Table 2.4: Primers used in site-directed mutagenesis to generate constructs with NME1 or NME2

mutations. Each mutation has a corresponding forward and reverse primer. ...................o..... 36
Table 2.5: Primers used to generate NME1 wild type and hybrid PCR products, which were
subsequently A-tailed and cloned int0 TOPO VECLOIS.......uuuviiiiiiiiiriiieiieereeeeereerereerrrereererrerre. 37
Table 2.6: Primers used to add 5’UTR to human NME1/NME2 SEQUENCES..........ccceververeeriuveeeennns 39
Table 2.7: Genotyping primers used in our stUdy.........ccceeeeiiiii 43
Table 2.8: Primers used to check Irf6 mRNA expression in LS8 and HEK293T cells. Each gene has
R (o] [ e I [ [o W A LT YN o T 10 01T PP PPPPPPPPPRS 46
Table 2.9: Primers used to check mRNA expression of genes involved in amelogenesis and

foTe [o] 0} doT =41 o Ty 3PP PPPPPPPPPRS 49
Table 3.1: Summary of IRF6 missense mutations that disrupted IRF6:NME binding.................. 70

Table 4.1: Occurrence of crown and root abnormalities observed in control and /rf6-ckO
=1 101 0] L= TP PPPPPPPPPPRS 90
Table 6.1: Summary of tooth defects observed in Irf6-cKO mice.............cccceeiii, 156



Chapter 1: Introduction

CLP as a global disease

Clefts of the lip with or without clefting of the palate (CLP) are the most common
congenital deformities of the face, occurring with a global incidence of approximately 1
in every 600 to 700 live births (1-4). CLP has multiple etiologies, including a genetic
basis (1, 2). Genome-wide association studies have implicated Interferon Regulatory
Factor 6 (IRF6) variants as major contributors to CLP incidence. /RF6 mutations cause
van der Woude syndrome (VWS) and popliteal pterygium syndrome (PPS), which
notably feature orofacial clefts (5-33). VWS is the most common form of syndromic CLP,
predicted to account for 2% of all syndromic forms of CLP. Additionally, IRF6 variants

are linked to approximately 12% of nonsyndromic forms of CLP (34).

CLP is a result of an aberration in the fusion of embryonic structures during facial
development (35, 36). Development of the primary palate is dependent on proper
fusion of the two maxillary processes with the medial nasal processes (37). This fusion
occurs during the sixth week of human development and mouse embryonic day 10.5. A
critical step in this fusion process is adhesion of epithelial surfaces, and as a result of,
failure to fuse in embryonic facial primordia, clefting may present either as a unilateral
or bilateral anomaly (35, 38). Depending on the severity, CLP can require many years of

therapy and management.



CLP is a public health problem

CLP dramatically alters the quality of life of affected individuals, often resulting in
eating, speaking, and auditory problems. The consequences of not repairing CLP
includes velopharyngeal insufficiency, which compromises feeding and speaking (39,
40). Other orofacial and dental complications include midface retrusion, collapse of the
alveolar arches, and malocclusion (39, 40). In concurrence with these complications,
CLP patients are likely to experience negative psychological effects. In a study of school-
aged children with CLP, 69% reported bullying (41). Of the 69%, 84% of the taunts were
related to the facial clefts. In a study of adults who had undergone CLP repair, the
incidence of anxiety and depression was twice as high in CLP individuals versus controls
(42, 43). In these studies, contributors to the anxiety and depression included
dissatisfaction with appearance, dentition, speech, as well as a desire for further
treatment. The current standard of care for CLP is surgery, which may require multiple

surgeries as the child ages.

For reference, a general timeline of CLP is provided (39, 40) with medical and dental
procedures highlighted:

e Prenatal: medical diagnosis, genetic counseling, psychosocial issues

e Neonatal (0-1 month): continue above, feeding, hearing screening, monitor growth
e 1-4 months: continue monitoring hearing, feeding, and growth, repair cleft lip

e 5-15 months: continue monitoring hearing, feeding, and growth, repair cleft palate



e 16-24 months: assess speech and language development, monitor ears and hearing,
place ear tubes if necessary

e 2-5years: monitor speech and language development, manage velopharyngeal
deficiency, consider lip/nose revision

e 6-11 years: monitor speech and language development, manage velopharyngeal
deficiency, orthodontic evaluation and treatment, alveolar bone graft, monitor
school and psychosocial needs

e 12-21 years: monitor school and psychosocial needs, orthodontics and restorative

dentistry, rhinoplasty and orthognathic surgery (if needed)

Consequently, management of CLP is multidisciplinary and multistage process, often
leading to financial and psychosocial challenges. Furthermore, timing of surgical
procedures may affect the wellbeing of the affected individual; individuals receiving
surgical procedure earlier were reported to have higher self-esteem compared to
individuals receiving the surgery later (44). Identifying risk factors, genes, and pathways
involved may assist in management of CLP by helping to identify susceptible populations

and develop more targeted therapies.

Development of the face
Facial clefts occur as a result of abnormal merging or fusion events (35, 38, 45). In facial
development, the joining of two processes occurs either through merging or fusion.

Merging of two processes refers to the removal of a furrow in between two facial



processes. Proliferation of the underlying mesenchyme removes the furrow. Fusion
occurs between two separate, distinct facial processes, and this requires adhesion of the
epithelia overlying the facial processes, removal of the epithelial seam between the two

processes, and merging of the underlying mesenchyme.

During the fourth week of human development, the face is composed of five separate
mesenchymal prominences that encircle the stomodeum, or primitive mouth (45, 46).
The two maxillary prominences appear lateral to the stomodeum, the mandibular
prominences lie caudal to the stomodeum, and the frontonasal prominence is present
on the upper border of the stomodeum. During the fifth week of human development,
invagination of the nasal placodes gives rise to a ridge of tissue, which form the medial
and lateral nasal processes. During the sixth and seventh weeks of human
development, the maxillary prominences grow, and the medial nasal and maxillary
prominences fuse. The junction at which the maxillary process, medial nasal process,
and the lateral nasal process meet is termed the lambdoidal junction (A) (47). Fusion of
the medial nasal and maxillary prominences forms the upper lip, and merging of the
mandibular processes forms the lower lip and jaw. Merging of the medial nasal
processes results in formation of the intermaxillary segment, which gives rise to the

philtrum of the upper lip and the primary palate.



Also during the sixth week of human development, the palatine shelves are present (45,
46). They are first oriented obliquely downward on either side of the tongue, and by the
seventh week, they begin to assume a more horizontal position. Once the shelves are
fully horizontal, proliferation of the palatal shelves brings the shelves closer together.
The mesenchyme of the palatal shelves is covered by a layer of epithelium, termed the
medial edge epithelium (MEE). When the palatal shelves contact, the midline epithelial
seam (MES) is formed. Fusion requires removal of the MES, and the palatine shelves
fuse in an anterior to posterior direction, forming the secondary palate. In the anterior

region, the palatine shelves fuse with the primary palate.

Abnormal epithelial fusion results in a variety of orofacial clefts. Clefts of the lip can
present unilaterally or bilaterally (45). Unilateral cleft lip is caused by failure of the
maxillary and lateral nasal processes to fuse, and bilateral cleft lip is caused by failure of
the maxillary and median nasal processes to fuse (45). Inadequate merging of medial
nasal processes results in median cleft lip. Clefts of the lip frequently occur in
conjunction with clefts of the palate; clefting of the lip often distorts the position of the
palatine shelves, causing improper contact of palatine shelves during fusion. Clefts of
the palate also occur without facial clefts, and these are caused by failure of fusion

between the palatine processes (45).



Behavior of epithelia during fusion

During fusion of the facial processes, epithelia overlying the mesenchyme undergo
morphological changes. In development, immature ectoderm is initially composed of a
single layer of undifferentiated, cuboidal cells, which stratify and differentiate,
ultimately forming the mature epidermis (48). Following the first stratification, the
periderm, a single layer of flattened cells covering the developing epidermis, is formed
over the basal layer (48, 49). Oral periderm development has been examined in mice
(50). P63 is a marker for the basal layer, and keratin 17 (K17) is a marker for periderm,
and a K17-GFP promoter has been used to trace periderm development (50). In E10.5
embryos, the periderm is formed over the developing facial processes, and by E12.5, the
periderm overlying the palatal shelves were also K17-GFP positive. Additionally, the
periderm is highly proliferative; the majority of its activity occurs between E11.5-E15.5
(50). In these studies, periderm cell proliferation was inversely related to epithelial
differentiation. By E16, terminal differentiation of the epidermis has been initiated,

foreshadowing periderm removal (50).

The periderm serves as a barrier between apposing epithelia, preventing premature
fusion. As the facial processes approach each other, the periderm must be removed for
proper adhesion of the underlying basal epithelial cells. Thus, prior to contact, periderm
cells overlying the MEE bulge and desquamate (51-54). Subsequently, filopodia,

cytoplasmic projections and lamellipodia, cytoskeletal actin projections, are induced



which facilitate recognition and contact of apposing epithelia (35, 51, 54). Adhesion of
the epithelia generates the MES, which has to be removed for mesenchymal continuity.
Three hypotheses have been proposed for this removal: epithelial to mesenchymal
(EMT) of the MES, cell death of the MES (primarily by apoptosis), and migration of MES
cells away from the midline. Studies have provided evidence toward each one of these
hypotheses; thus, removal of MES is likely coordinated by multiple processes (55).
Regardless, MES requires disintegration of cell-cell adhesion complexes (adherens
junctions, tight junctions, desmosomes) and alterations in cytoskeletal components. E-
cadherin, the main cell adhesion molecule in adherens junctions, is downregulated
during breakdown of the MES (56). Persistence of E-cadherin impairs fusion and
mesenchymal confluence. Loss of E-cadherin can also lead to a tumorigenic epithelial
phenotype (57). E-cadherin deletions have also been detected in families with CLP (58).
Consequently, dysregulation of adhesion complexes can disrupt fusion of facial

primordia.

Roles of IRF6 in developing epithelia

Irf6 expression has been detected in ectoderm overlying facial processes during
formation of the lip, primary palate, and secondary palate, suggesting that Irf6 has roles
in epithelial adhesion and fusion (5, 59, 60). Further, in situ hybridization has detected
Irf6 expression in the periderm. To study Irf6 function in developing epithelia,
Irf6R84/R84C mutants were generated (61). R84C is the most common IRF6 mutation

found in PPS patients. Epidermis from these Irf6 mutants failed to differentiate



properly, and ectopic epithelial adhesions were observed. In controls, the basal layer
and periderm were labeled as distinct layers with p63 and K17, respectively. In contrast,
K17 expression was dramatically reduced in Irf6f84“/R84C mutants, and the basal layer
appeared thickened and disorganized. In the zebrafish model, a dominant negative
form of Irf6 inhibited the expression of Grainyhead-Like 3 (Grhl3), which also has roles in

maintaining epithelial integrity (62).

Further suggesting roles of IRF6 in epithelial differentiation, the expression of adhesion
molecules was altered in Irf6"4“/R84C mutants compared to controls. Markers such as
desmoplakin (desmosomes) and E-cadherin (adherens junctions) have been used to
gauge status of epithelial adhesion complexes and polarity in Irf6?84“/R84C mutants. Prior
to periderm formation, Irf6f84</R84C epidermis was comparable to wild-type controls. In
normal periderm development, epithelial cells are polarized with respect to their
distribution of adhesion complexes. However, desmoplakin and E-cadherin exhibited
altered distribution in Irf6R84</R84C mutants. Desmoplakin was observed on the outer
surface of the Irf6"%4“/R84C mutant epithelium, whereas in wild-type epithelium, it was
absent. E-cadherin was detected in Irf6f4/?84C phasal cells, which was not detected in
controls. TEM analysis revealed multiple membrane protrusions on the apical surface of
exposed basal cells and found desmosomes in ectopic adhesions detected in Irf6/84¢/R84C

mutants.



IRF6 and signaling pathways involved in palatal fusion

A myriad of genetic pathways have been implicated in palatal fusion events; these
include the sonic hedgehog (Shh), bone morphogenetic protein (Bmp), fibroblast growth
factor (Fgf), transforming growth factor beta (TGFB) and wingless type (Wnt) pathways
(35, 38, 63). Participants in these pathways include extracellular signaling factors,
transcription factors, protein modification factors, cell adhesion molecules, extracellular
matrix members, and molecules involved in kinase cascades. Of these pathways, IRF6

has most frequently been associated with TGFB and Wnt pathways.

TGFB members have several roles in palatogenesis. In the TGFB pathway, TGFB
activates its serine/threonine kinase receptors, leading to phosphorylation of mothers
against decapentaplegic homolog (SMAD) proteins (64-66). Phosphorylation of Smad2
and Smad3 allows them to form transcriptional complexes with Smad4. These
complexes are subsequently translocated to the nucleus, leading to activation of TGFf3
targets. TGFB1 and TGFB3 are expressed in the MEE during palatal development, and
Tgf83-null mice exhibit persistence of the MES and disrupted palatal fusion (66, 67).
Furthermore, in Keratinl14-Cre recombinase (K14-Cre); Tgf8 Il receptor (Tgfbr2)
conditional knockouts, complete clefting of the soft palate, epithelial outgrowths of the
primary palate, and persistence of the MEE were observed (68). Irf6 has been detected
in MEE during palatal fusion, and Tgfbr2 mutants exhibit decreased Irf6 expression in

the MEE (60, 69). Additionally, Smad4™f; K14-Cre; Irf6*/?84 mice exhibited submucosal
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cleft palate and persistence of MEE, and overexpression of Irf6 rescued MEE
degeneration in K14-Cre; Tgfbr2//f mice (68). Thus, this data suggests that IRF6 and

TGFB members participate in the same pathway to regulate the MEE in palatal fusion.

Irf6 is also believed to participate with Wnt family members in palatogenesis. WNT9b
has been implicated in CLP; Wnt 9b null mice exhibit clefts of the secondary palate (70).
WNT9b is expressed in the epithelia of maxillary, medial, and lateral nasal processes in
E9.5 through E11.5 mouse embryonic ages, and via Tumor Protein 63 (TP63), is believed
to regulate IRF6 activity. Loss of Tp63 in mice also results in facial clefting (71). p63 has
been found to bind to an enhancer region within the Irf6 locus, thus directly regulating
Irf6 (71). Palatal epithelium from p63-null mice also exhibit reduced /rf6 levels, and
p63*/; Irf6™84</* mutants exhibited dysregulation of periderm, and palatal shelves failed
to fuse (72). Knockdown of p63 in mouse keratinocytes revealed a decrease in Irf6
MRNA expression. Irf6 and p63 are both expressed at the A junction, suggesting that
this p63-Irf6 regulation participates in the fusion of facial primordia. Furthermore,
lower levels of Irf6 and p63 were detected in the A junction of Wnt9b null mice, thus

linking the WNT pathway with IRF6 regulation in facial epithelia (72).

Other roles of IRF6
Additionally, studies to date suggest that IRF6 has significant roles in skin, limb, and

craniofacial development. All current Irfé murine lines exhibit recessive inheritance
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with homozygotes dying before or shortly after birth as a result of inadequate barrier
function through the skin (73). On a gross level, compared to wild type littermates, Irf6
knockout mice lacked external ears, had shorter snouts and jaws, as well as lacked
hindlimbs and tail. Histologic examination revealed that homozygous null embryos do
not form all layers of the epidermis. Wild-type embryos form basal, spinous, granular,
and cornified layers, whereas Irf6 homozygous null embryos possess an expanded
spinous layer while lacking granular and cornified layers of the epidermis. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and 5-bromo-2'-
deoxyuridine (BrdU) analyses suggest this expansion is a result of increased proliferation
and defective terminal keratinocyte differentiation. In addition, similar to PPS patients,
ectopic epidermal adhesions were noted in the oral cavity (ventral surface of the tongue
and the floor of the mouth). Epidermal adhesions were also noted between the tail and
hindlimbs, as well as in the esophagus, further indicating unregulated proliferation and

keratinocyte differentiation.

NME2 has been identified as a potential IRF6 protein-protein interactor

In order to identify potential IRF6 interacting proteins and provide clues to possible
roles in cellular processes, yeast two-hybrid screens were conducted in the Cox lab at
Seattle Children’s Research Institute (74). Yeast two-hybrid (Y2H) screen using N-
terminally truncated IRF6 protein (Exons 7-9) retaining both the protein interaction
domain and the serine rich region) identified NME2 as a potential protein-protein

interactor.
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NME2 belongs to a large family of highly conserved proteins that were first discovered
for their involvement in metastasis (75). NME2 has numerous functions, including
functioning as a nucleoside diphosphate kinase (NDPK) and as a histidine-dependent
protein kinase. It functions as a hexamer with its close paralog NME1 and provides the
majority of cellular GTP used by GTPases that regulate cell adhesion and behavior (76-
78). In epithelia, NME1/2 has been implicated in the regulation of epithelial adhesion
and polarity (discussed further in the next section). Initial studies of NME function were
in Drosophila; awd mutants possess a NDPK dead mutation, and they exhibit loss of
apical and basolateral domains accompanied by a redistribution of DE-Cadherin (79). In
mammalian cells, NME1 also has roles in the regulation of E-cadherin levels in adherens

junctions (80).

To date, a role in NME1/NME2 in CLP has not been reported. NME1 has been found to
inhibit TGF-B1-mediated EMT in mammalian cells, and loss of NME1 led to increased
TGF-B1 suppression of E-cadherin (81). Although this study were not conducted in
palatal epithelia, it theorizes a role for the NME complex in the MES. Additionally,
Regulator of G protein signaling 19 (RGS19), which has roles in MES removal, is believed
to upregulate NME1/2 (82). Loss of Rgs19 delays palatal fusion, which may be a result

of Nme alterations in epithelial polarity and adhesion (83, 84).
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Epithelial polarity and adhesion

The presence of ectopic oral adhesions suggests dysregulation in epithelial adhesion.
Epithelial cell-cell adhesion is a carefully regulated process, from initiation of cell to cell
contact to full maturation of cell-cell junctional complexes. Mature epithelial cell-cell
junctional complexes are composed of tight junctions and adherens junctions (85).
Tight junctions and adherens junctions are both composed of transmembrane proteins
(nectins and cadherins for adherens junctions, occludins and claudins for tight
junctions), which alter cytoskeletal dynamics via interactions with cytoplasmic proteins
(86-89). Via interactions with p120-catenin, B-catenin, and a-catenin, cadherins
influence cytoskeleton reorganization (Figure 3.1) (85, 90, 91). Absence of these
cytoplasmic proteins results in loss of cell-cell adhesion. Other contributors to E-
cadherin mediated cell-cell adhesion include the family of Ras homolog gene family
guanosinetriphosphatases (Rho GTPases), including Ras homolog gene family,

member A (RhoA) and Ras-related C3 botulinum toxin substrate 1 (Rac1) (91-93).

RhoA has several roles in the epithelium. For example, RhoA is crucial in proper
assembly of stress fibers at adhesion complexes (94) and regulates the actin
cytoskeleton (95). Via RhoA, Irf6 has been hypothesized to impact epithelial cell shape
and adhesion. Irf6 deficient keratinocytes exhibit more prominent stress fibers and
elevation of activated RhoA compared to wild type cells (95). Similar to other GTPases,
RhoA cycles between active (GTP-bound) and inactive (GDP-bound) forms. RhoA is

activated by guanine nucleotide exchange factors (GEFs), which exchange GDP for GTP,
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and inactivated by GTPase activating proteins (GAPs), which induce GTP hydrolysis (96).
For example, Arhgap29, a GAP, has been identified as a downstream target of Irf6, and
Irf6 deficient keratinocytes exhibit lower levels of Arhgap29 (83, 97). Additionally, RhoA
has reported roles in keratinocyte differentiation (98, 99). RhoA has also been

implicated in palatogenesis, via mediation of TGF-B signaling (100).

Along with other cytoplasmic proteins, Racl and RhoA are critical in other functions of
Adherens junctions, including participation in intracellular signaling, transcriptional
regulation, and establishment of epithelial cell polarity. The NME complex also
regulates epithelial adhesion and migration via activation of Racl and RhoA GTPases.
Activation of GTPases is controlled by the interaction of NME1 and NME2 with Rac1 and
RhoA-specific guanine nucleotide exchange factors (GEFs): T-cell ymphoma invasion
and metastasis 1 (TIAM1) and A-Kinase Anchoring Protein-LBC (LBC), respectively .(101-
105). By altering the expression of Racl and RhoA, these GEFs are believed to regulate
adhesion strength by controlling microtubule dynamics, reorganization of the actin
cytoskeleton, and E-cadherin recruitment to and/or removal from the plasma
membrane (106-108). Regulation of epithelial adhesion by NME likely occurs through
the PAR (PARD3-PARDS6) polarity complex, for which TIAM1 binding is required for
PARD3 activation. PARD3 activation stimulates establishment of epithelial apical and
basolateral domains (i.e. polarity), and its activity influences the dynamic nature of tight
junctions and adherens junctions. Adherens junctions contain cell adhesion molecules

such nectins and cadherins: the position and number of such adhesion molecules
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regulates the strength of epithelial-epithelial cell adhesion and therefore cell shape and
behavior (85, 91). Mutations in both nectin1 and E-cadherin have been identified in CLP
patients (58, 109). Accordingly, the IRF6-NME complex is hypothesized to regulate
establishment and/or maintenance of adherens junctions and tight junctions via GEFs,
and mutation or complete loss of IRF6 would impact overall polarity and adhesion

strength.

Importance of serine phosphorylation

Numerous IRF6 mutations have been documented in CLP cases, but mechanistic links
between the reported mutations and the associated phenotypes have not been
established. In patients with VWS, 60% of all IRF6 mutations are missense mutations
(110). Fifty five percent of these reside in the helix-loop-helix domain and are predicted
to affect DNA binding. Of the remaining 45% of missense mutations, 70% are found in
the protein binding region/interferon association domain (IAD) and 25% in the serine-
rich region (SRR) (110). Of note, 25% of nonsense mutations also occur within the SRR,
further highlighting the importance of this small region in overall IRF6 function (110).
Data from yeast two hybrid assays and co-immunoprecipitation experiments
demonstrate that NME2 binds IRF6 via the IAD, and this interaction is enhanced by
phosphorylation of serine 424 in the C-terminal SRR (74). Thus, we hypothesize that
CLP-associated mutations in the IAD and SRR disrupt the ability of IRF6 to bind NME2,
and that this subsequently affects epithelial adhesion and/or polarity (ultimately

impacting fusion of maxillary and medial nasal processes that form the upper lip).



16

Serine phosphorylation has important roles in other members of the IRF family. For
example, IRF3 resides in the cytoplasm until phosphorylated; upon viral infection, IRF3 is
phosphorylated and enters the nucleus, subsequently activating interferon expression
(111). The crystal structure of IRF3 suggests that N and C terminal autoinhibitory
sequences interact to protect a hydrophobic surface present in the IAD (111).
Phosphorylation is believed to rearrange the autoinhibitory interaction to expose the
IAD hydrophobic surface, thus allowing for protein-protein interactions, including
dimerization (111). When autoinhibitory sites are mutated in IRF3, IRF3 maintains a
constitutive monomeric state. Similarly, phosphorylation activates transcriptional
activity of IRF5 (112). When phosphorylation target residues were replaced with the
phosphomimic aspartic acid, increased nuclear localization of IRF5 was observed (112).
The crystal structure of IRF6 has not been resolved, but based on sequence homology,

phosphorylation of IRF6 is expected to play a role in IRF6 activation.

Studies have identified potential serine residues involved in regulating IRF6 activation
and nuclear localization. Serines 413 and 424, potential IRF6 phosphorylation sites, are
conserved in IRF3 and IRF5 (Figure 3.2). Mutation of these serines to glutamic acid
resulted in constitutive IRF6 activation, suggesting that similar to other IRF members,
serine phosphorylation regulates IRF6 activity (113). Additionally, S413E/S424E results
in increased IRF6 dimerization, although S413E/S424E did not appear to enhance

nuclear localization. Receptor-interacting protein kinase 4 (RIPK4) is believed to
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phosphorylate IRF6; a kinase-dead RIPK4 does not elicit the same trans-activator activity
as a wild-type RIPK4 (114). Additionally, wild-type RIPK4 colocalizes with IRF6 in the
cytoplasm and results in IRF6 nuclear translocation, whereas the kinase dead RIPK4 had
no effect on IRF6 nuclear translocation (114). IL-1 receptor-associated kinase-1 (IRAK1),
which is also implicated in the immune system roles of IRF5 and IRF7, has also been
reported to activate IRF6 (113). Thus, evidence is building towards additional roles for

IRF6 besides the epithelia—IRF6 has potential roles in the immune system.

CLP and tooth development

Dental abnormalities are frequently found in patients featuring epithelial disorders. The
tooth has several origins; the cells and structures that form the enamel arise from oral
ectoderm, and the cells and structures that form the dentin, pulp, and periodontium
arise from neural-crest derived ectomesenchyme (45). Reported dental abnormalities
associated with ectodermal dysplasias include enamel hypoplasia, conical crowns,
taurodontic molars, and hypodontia (115). Furthermore, compared to the general
population, patients with CLP exhibit higher rates of tooth agenesis, aberrations in tooth
morphology, and enamel defects (116). Specifically, hypodontia and taurodontism are
associated with VWS and isolated forms of CLP (117-119). Maxillary second premolars,
mandibular second premolars, and maxillary lateral incisors are the most frequently
absent; depending on the study, their absence is noted in 10 to 81% of VWS patients
references. Thus, similar mechanisms likely control aspects of tooth development and

palatal fusion.
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Overview of crown development

Tooth development is a carefully coordinated and complex process. Development of
the mandibular first molar has been well studied (45, 120-123). In mice, mandibular
first molar development begins on embryonic day 11.5 (E11.5) with thickening of the
oral epithelium. As the oral epithelium proliferates, the dental lamina is formed, and it
invaginates into the underlying ectomesenchyme, resulting in formation of the tooth
bud. The ectomesenchyme continues to condense around the developing tooth bud,
and by E14.5, the tooth bud has progressed to the cap stage. In the cap stage, the
epithelium has folded and formed the inner and outer enamel epithelium, which
encircle the stratum intermedium (found adjacent to the inner enamel epithelium) and
the stellate reticulum. Together, these layers comprise the enamel organ. The outer
enamel epithelium is on the perimeter of the enamel organ, and the inner enamel
epithelium gives rise to the ameloblasts, which eventually form enamel. Additionally, in
the cap stage, the enamel knot is formed, which functions as a signaling center,
although the cells present in the enamel knot do not proliferate. Molars also have
secondary enamel knots, which are the tips of future cusps. Signals are sent to the
ectomesenchyme, which has now formed the dental papilla. The dental papilla will
eventually give rise to the dentin and the pulp. The ectomesenchyme surrounding the
dental papilla and the enamel organ is termed the dental follicle, and it eventually
develops into the supporting structures of the tooth. Mice are generally born around

E19-E20, and by postnatal day 4 (P4), the tooth has progressed to the bell stage. In the



bell stage, the tooth begins to assume characteristics of its final shape as a result of
folding of the inner enamel epithelium. Additionally, cells in the inner enamel
epithelium and the dental papilla differentiate into ameloblasts and odontoblasts,
respectively. The inner enamel epithelium cells elongate and signal to
ectomesenchymal cells to differentiate into odontoblasts. The odontoblasts begin to

deposit dentin, and the ameloblasts begin to deposit enamel.

Overview of root development

Following crown development, root development is initiated with formation of the
Hertwig’s epithelial root sheath (HERS) (45, 124-126). In the murine mandibular first
molar, this occurs at P7. The HERS is derived from the inner and outer enamel
epithelium and is believed to act as a guide for root elongation and separation (125,
127). As the HERS migrates inward and apically, it establishes a barrier between the

mesenchyme-derived developing periodontium and pulp. The HERS extends apically

19

and surrounds the pulp; at the very apical end of the pulp, the rim of the HERS encircles

the apical foramen. For multi-rooted teeth, folding of the HERS generates secondary

apical foramina (45). The HERS has also been found to induce differentiation of the root

odontoblasts. Following deposition of the radicular mantle dentin, the epithelial sheath

fenestrates, and individual cells migrate away from the root into the future periodontal

ligament. This also allows for the initiation of cementum formation. In murine P14,
root dentin and cementum deposition are visible in the mandibular first molar. As the

root lengthens, the alveolar crests surrounding the crown are removed, and the tooth
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socket undergoes resorption and apposition in order to position the tooth for eruption

into the oral cavity at P21.

Overview of enamel development

During amelogenesis, or enamel development, the ameloblasts, which form enamel and
are derived from the oral epithelium, undergo several morphological and functional
stages: presecretory, secretory, transition, and maturation (128-132). In the
presecretory stage, following odontoblast differentiation and predentin deposition,
ameloblasts differentiate and begin enamel deposition. As ameloblasts progress toward
the secretory stage, they elongate into tall, columnar cells, develop Tomes’ processes,
and secrete enamel matrix proteins, including amelogenin (AMEL), ameloblastin
(AMBN), enamelin (ENAM), and matrix metalloproteinase (MMP20). During this stage,
the ameloblasts move in a sliding pattern relative to one another, altering the strength
of adherens junctions between ameloblasts. At the end of the secretory stage, the
Tomes’ process is lost as the enamel reaches its full thickness. In the transition stage,
the ameloblasts lose their columnar shape and begin the transition between ruffle and
smooth-ended cells. In the maturation stage, ameloblasts secrete enamel proteinases
to remove enamel matrix proteins as well as transport ions to enhance mineral
accretion. As the protein matrix is removed, the enamel crystals grow wider and larger
as mineral is deposited. During the maturation stage, ameloblasts also undergo

apoptosis prior to tooth eruption.
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Ameloblast morphology

In amelogenesis, the ameloblasts feature distinct morphological characteristics in each
stage (45, 128-132) . Prior to the presecretory stage, preameloblasts are cuboidal with
large, centrally located nuclei. Distally, they are found adjacent to the basal lamina,
which also contacts the predentin. At the proximal end, a junctional complex is found
adjacent to the stratum intermedium. As ameloblasts differentiate and elongate in the
presecretory stage, the organelles (e.g. the Golgi complex) migrate distally, and the
nuclei become more proximally located. At the distal end, the basal lamina breaks
down, the Tomes’ process is visible, and a second junctional complex is formed adjacent
to the differentiating odontoblasts. At the end of the presecretory stage, ameloblasts
are fully differentiated and cannot undergo cell division. In the secretory stage, enamel
matrix proteins are synthesized and are packaged into membrane-bound secretory
granules, which migrate into the Tomes’ process. The contents of the granules are
released adjacent to the mantle dentin to form the initial layer of enamel. As the
enamel matrix is deposited, ameloblasts move away from the dentin surface, and the
Tomes’ process lengthens. Eventually, the Tomes’ process narrows, and by the time the
enamel reaches its full thickness, the Tomes’ process no longer extends into the enamel.
The ameloblasts shorten and assume a more cuboidal appearance. In the transition
stage, ameloblasts continue to synthesize and secrete proteins. The ameloblasts
continue to shorten, and breakdown of organelles occurs. During this time, water and
organic material are removed, and the distal end of the ameloblasts alternate between

ruffle-ended and smooth-ended. Modulation between smooth and ruffled ends is
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believed to alter permeability of the enamel organ, thus allowing for organic matrix
removal and mineral deposition. Ruffle-ended ameloblasts have tight distal junctions
and leaky proximal junctions, allowing for mineralization. In contrast, smooth ended
ameloblasts feature the opposite and allow for the exit of protein fragments and water.
Additionally, the basal lamina is re-deposited between the ameloblasts and the

developing enamel, and ameloblasts attach to it via hemidesmosomes.

Amelogenin

Amelogenin (AMEL) is the most abundant extracellular matrix protein in developing
enamel, and it is encoded by two single copy genes on the X chromosome and the Y
chromosome (AMELX and AMELY, respectively) (45). AMEL expression ceases when
enamel has reached its full thickness. Mutations in AMELX cause a range of enamel
defects, including hypoplastic and hypomaturation phenotypes. Amelogenin-null mice
exhibit chalky-white teeth with accelerated wear of incisor tips and molar occlusal
surfaces (133, 134). Scanning electron microscopy revealed loss of prismatic structure
in amelogenin-null mice, although elemental analysis suggested normal hydroxyapatite
composition. Human patients with AMELX mutations have a spectrum of enamel

disturbances that ranged from hypoplastic to hypomineralized forms.

Enamelin
Enamelin (ENAM) is the least abundant of the enamel matrix proteins (comprises about

5% of the total enamel matrix) and is encoded by the ENAM gene. Full length ENAM is
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detected at the developing enamel surface, and following establishment of full thickness
of enamel, small ENAM fragments linger within the enamel—these are believed to
inhibit crystal growth. Human mutations in ENAM cause localized pitting of enamel or
in more severe cases, hypoplastic enamel and loss of enamel rod structure. A murine
Enam model has marked enamel hypoplasia and complete absence of normal prismatic
structure (135). Secretory ameloblasts in Enam”~ incisors also lacked polarity and

organization.

Matrix metalloproteinase 20

Matrix metalloproteinase 20 (MMP20) is a tooth specific matrix metalloproteinase. It is
secreted into the enamel matrix during the secretory and transition stages of enamel
development, and it is believed to cleave sites in amelogenin and enamelin. By the
maturation stage, MMP20 is no longer secreted. Cleavage of amelogenin is believed to
diminish amelogenin’s affinity for hydroxyapatite (136). Individuals with MMP20
mutations have hypomineralized enamel, although it is of normal thickness (137-139).
Clinically, the enamel appears mottled and wears easily. Radiographically, the enamel
does not contrast well with dentin. Additionally, Mmp207/- mice exhibit thinner,
hypomineralized enamel, which fractures at the dentino-enamel junction (140-143).
Histological sections revealed retention of organic matrix in Mmp207- enamel, which
was not observed in controls. Furthermore, Mmp207- ameloblasts exhibited abnormal

morphology; the Tomes’ processes were not distinct, and nodule-like formations were
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found in the ameloblast layer (143). Mmp207/- enamel also lacks normal rod and inter-

rod structure and delaminates from the dentin.

Kallikrein 4

Kallikrein 4 (KLK4) is another proteinase critical toward enamel mineralization. KLK4 is
expressed by transition and maturation stage ameloblasts. KLK4 is believed to be
secreted into enamel after the enamel has reached its full thickness in order to degrade
amelogenins and other extracellular matrix proteins. Similar to individuals with MMP20
mutations, individuals with KLK4 mutations exhibit hypomineralized enamel of normal
thickness (144, 145). Loss of KLK4 results in enamel hypomaturation and fracturing
above the dentin-enamel junction (146, 147). Enamel thickness is normal, although
enamel from molars of KIk4”- mice chips away at occlusal surfaces, resulting in dentin
exposure. Klk4”- null mice also exhibit increased ENAM and AMEL immunostaining,
suggesting that loss of Klk4 leads to improper removal of enamel matrix proteins.
Micro-CT analysis revealed that KIk47- enamel density was lower compared to K/k4*/*
enamel. Furthermore, scanning electron microscopy (SEM) reveals decussating enamel
rods with prismatic structure (146, 147). However, the crystallites within the rods are
more loosely packed in KIk47- enamel, thus leading to weaker enamel and further

indicating KLK4’s role in enamel maturation.
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Polarity and enamel development

The tooth serves as an isolated system to examine epithelial-derived tissues.
Ameloblasts, which form enamel and are derived from oral epithelium, exhibit easily
visualized polarity. When p120 catenin, Racl, and RhoA, molecules critical toward the
establishment of epithelial adhesion and polarity, are ablated in teeth, mice exhibit
severe enamel structure defects, including disorganized and hypomineralized enamel
(148-150). For example, when p120 catenin was ablated in the murine enamel organ,
secretory stage ameloblasts lost polarity, flattened, and detached from surrounding
tissues. The resultant enamel was rough and hypomineralized. Furthermore, loss of
p120 catenin resulted in downregulation of E and N cadherins. p120 catenin has been
reported to prevent internalization and degradation of cadherins, which directly affect
the status of adherens junctions. Adherens junctions are also found in cell-cell contacts
between secretory ameloblasts, thus, in addition to polarity, loss of p120 catenin
altered adhesion in the enamel organ (151). Racl conditional knockouts also exhibited
detachment of ameloblasts from the developing enamel matrix, and enamel matrix
proteins such as amelogenin and ameloblastin were reduced. Enamel was severely
hypomineralized, and abraded quickly following tooth eruption. Similarly, transgenic
mice expressing a dominant-negative RhoA exhibited downregulation of amelogenin
and E-cadherin, leading to hypomineralized enamel (152). Thus, disruption of
ameloblast polarity often leads to enamel defects, and ameloblasts offer an alternative

model to further validate the impact of IRF6 on epithelial cell adhesion and polarity.
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Hypothesis and Specific Aims

The aims of this research project were designed to investigate the role of IRF6 in proper
primary palatal development and in ameloblast function, and specifically its contribution
to epithelial polarity in these two tissues. Based on current reports and studies in the
Cox lab, I hypothesized that the interaction of IRF6 with the NME complex is required
to properly regulate polarity of oral epithelium in developing facial primordia and

ameloblasts during mineralization. The following aims were pursued:

Aim 1: Assess effects of IRF6 mutations found in CLP patients on localization of polarity
effector proteins.

Strategies: The potential role of IRF6-NME?2 in establishing polarity was assessed in vitro
using HEK293T epithelial cells. Cells were transfected with IRF6 mutant sequences in
order to generate cells that ectopically expressed mutant IRF6 forms. Activity and
expression of polarity markers were assayed.

Aim 2: Investigate contributions of IRF6 to polarity in a tooth model.

Strategies: Using a conditional murine model in which Irf6 is ablated in ameloblasts, the
impact on ameloblast polarity were assessed by morphological observations and
assessment of the quantity/quality of enamel formed using microCT analysis.

Aim 3: Define the role of IRF6 in tooth development.

Strategies: Tooth tissues will be harvested from Irf6 conditional knockout mice, and a

histological time course will be conducted to determine affected stages of tooth



development. Gene and protein expression of enamel matrix proteins were evaluated

using qPCR and immunohistochemistry.

27
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Chapter 2: Materials and Methods

Yeast two hybrid

Competent MAV203 cells were prepared using the Frozen-EZ Yeast Transformation Il kit
(Zymo Research; Irvine, California). Co-transformation was performed using Frozen EZ
Solution Il solution. Constructs were tested for self-activation by co-transforming
competent MAV203 yeast cells with either pDEST™32-hIRF6 and the empty pDEST™22
vector or pDEST™22-hNME1/2 and the empty pDEST32 vector. Full length IRF6 self-
activates; cell growth was detected when transformed with an empty vector. Based on
studies in the Cox lab (Seattle Children’s Research Institute), Exons 7-9 were deemed
essential for IRF6:NME2 binding and did not result in self-activation when co-
transformed with an empty vector. Thus, truncated human IRF6 (Exons 7-9) sequences
were used in subsequent yeast two hybrid assays to assess for possible disruptions to
the IRF6:NME2 interaction. To assess potential effects of patient missense mutations on
IRF6:NME2 binding, competent MAV203 cells were co-transformed with wild type
NME1/NME2 and wild-type/mutant IRF6 sequences. Cells were plated on SD-Leu-Trp
plates, which selected for transformants that had taken up both plasmids. MAV203
cells were also transformed with an empty vector for a negative control. Plates were
incubated at 30° C for three days; from these plates, colonies were picked and grown up

in SD-Leu-Trp liquid media overnight at 30° C.

Transformants were assessed for reporter gene activity: HIS3, lacZ, URA3. A strong

interaction will exhibit activity for at least two of the three genes. Optical density of
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liquid cultures was measured at 600nm (ODsgo), and 2L of each culture at ODegoo of
0.100 was spotted on selection plates. To assess for HIS3 activity, 3-amino-1,2,4 triazole
(3AT) was added to SD-Leu-Trp-His plates at 50mM and 75mM. 3AT inhibits histidine
biosynthesis, via transcription of HIS3, strong yeast-two hybrid interactions are able to
overcome this inhibition. Concentrations of 50mM and 75mM were deemed sufficient
to limited background activity (negative controls did not exhibit growth). URA3 activity
was assessed by evaluating growth of transformants on SD-Leu-Trp-Ura plates. To
assess for lacZ activity, transformants were first grown on a nylon membrane, which
was placed on a YPAD media plate. SD-Leu-Trp-His+3AT and SD-Leu-Trp-Ura plates were
incubated 48 hours at 30°C, and the YPAD plate was incubated overnight at 30°C.
Transformants were assessed for growth on the —His and —Ura selection plates, and
cultures grown on the nylon membrane were lysed for the X-Gal assay. Transformants

positive for lacZ turned blue in the X-Gal assay.

Selection of IRF6 patient mutations

Twelve specific IRF6 missense mutations in the IAD were compared to wild type IRF6 in
ability to interact with NME2. The specific mutations were selected based on the
following criteria: 1) found in familial cases of VWS/PPS, 2) unlikely to cause secondary
structure disruptions (PSIPRED prediction), 3) less than a 30% molecular weight
discrepancy between original and substituted amino acid, 4) does not change isoelectric
point by more than 0.32 (accepted discrepancy between predicted and measured

values, (153)), and 5) no change in grand average of hydropathicity index. Each of these
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mutations was introduced into yeast (pDEST32) IRF6 expression constructs to test for
interaction with NME2. Wild type IRF6-NME2 interaction will be used as a positive

control.

Selection of conserved serines

Based on sequence alignment between IRF6 and the well-studied IRF5 and IRF3, three C-
terminal serine residues were found to be completely conserved in position within the
SRR. For example, the Cox lab has already shown that the chick homolog to serine 424,
which is conserved, regulates the strength or stability of interaction with NME2. Here,
the role of two other conserved serines (5413 and S418) in IRF6 function will be
investigated. Using site-directed mutagenesis, phosphoinhibitory (Ser to Ala) and

phoshomimic (Ser to Asp) substitutions were generated.

Investigating NME1/NME2 sequence conservation

Various NME2 mutant constructs were tested for interaction with IRF6 using Y2H and
co-immunoprecipitation. To determine specific sites to target, NME2 and NME1 protein
sequences were compared. NME1 and NME2 are small, closely related proteins that
exhibit over 90% amino acid identity within and between species, yet have been
reported to interact with different protein partners(76, 77, 154). To identify key
residues in NME2 that confer this specificity of interaction with IRF6, residues that differ

between the NME1 and NME2 sequences will be targeted for mutation. Additional
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hybrid constructs, in which portions of NME1 and NME2 are interchanged, were tested

in case more than one residue is responsible for this specificity in binding.

Selection of NME1/NME2 patient mutations
Screens for NME1/NME2 polymorphisms were conducted on CLP patients, and two
variants were identified: R18Q in NME1 and G71V in NME2. These were also tested for

ability to disrupt the IRF6:NME interaction.

Generation of mutant constructs

For each of the IRF6 mutations selected, forward and reverse primers were designed
with either single or double nucleotide substitutions for use in overlap PCR (Table 2.1,
Table 2.2, Table 2.3). Overlap PCR was used to generate full length and truncated
(Exons 7 through 9) DNA templates encoding mutant sequences, which were
subsequently A-tailed using standard Taq polymerase and cloned into the entry
pCR®8/GW TOPQO® vector with Top10 E.coli cells (Life Technologies; Carlsbad,
California). Following transformation, cells were plated on LB+Spectinomycin agar
plates and incubated at 37°C overnight. Colonies were picked, grown in liquid
LB+Spectinoymcin and incubated at 37°C overnight for plasmid DNA isolation and
purification using the QlAprep Spin Miniprep Kit (Qiagen; Valencia, California). Plasmid
DNA was digested with restriction enzymes EcoRV and BamHI (LifeTechnologies;

Carlsbad, California) to check for orientation of insert. DNA that exhibited predicted
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digest pattern was submitted for sequencing (Eurofilms Operon; Huntsville, Alabama) to

verify presence of mutated sequence.

For Y2H, the pCR®8/GW-TOPQ® clones were subsequently cloned into pDEST™32
destination vectors using the Gateway® LR Clonase Il Enzyme mix (Life Technologies;
Carlsbad, California) for use in the ProQuest™ Two-Hybrid System (Life Technologies;
Carlsbad, California). Plasmid DNA from pDEST™32 clones was also submitted for
sequencing to verify identity of sequences. For use in immuoprecipitation studies, the
entry clones were cloned into pDEST-myc vectors. Clones containing pDEST-myc
plasmids were selected using LB+Ampicillin plates, and colonies were subsequently
grown in liquid LB+Ampicillin for plasmid DNA isolation and purification using the
QIAGEN Plasmid Midi kit (Qiagen; Valencia, California). Presence of insert was verified

using digestion with restriction enzymes and sequencing (Eurofilms Operon).

Similarly, for NME1/NME2 mutations, forward and reverse primers were designed
(Table 2.4 and Table 2.5). Overlap PCR products were A-tailed and cloned into entry
pCR®8/GW TOPO® vectors. These clones were then cloned into the pDEST™22
destination vectors using the Gateway® LR Clonase Il Enzyme mix (Life Technologies;
Carlsbad, California) for use in Y2H. For use in immunoprecipitation, NME1/NME2 entry

clones were cloned into pcDNA™DEST53 destination vectors.
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Primer name Missense Sequence (5’ to 3’)

mutation
hIRF6-A958G- K320E TGCCAGTGCGAGGTGTACTGGTCTGGGC
K320E-f
hIRF6-A958G- K320E CCAGTACACCTCGCACTGGCACAGCC
K320E-r
hIRF6-A1162G- | K388E TTGGAAAGGGAACTCATCTTGGTTCAGG
K388E-f
hIRF6-A1162G- | K388E CAAGATGAGTTCCCTTTCCAATGGTTTCCC
K388E-r
hIRF6-C772T- P258S GACCTGGGTTCCATGCCTGACCAGG
P258S-f
hIRF6-C772T- P258S GTCAGGCATGGAACCCAGGTCCCC
P258S-r
hIRF6-G749A- R250Q CAGGGCTGCCAACTCTTCTATGGGGACC
R250Q-f
hIRF6-G749A- R250Q CATAGAAGAGTTGGCAGCCCTGAGGG
R250Q-r
hIRF6-G799T- G267C GAGCTCTTTTGTCCCGTCAGCCTGG
G267C-f
hIRF6-G799T- G267C GCTGACGGGACAAAAGAGCTCCTCCT
G267C-r
hIRF6-G961A- G961A CAGTGCAAGATGTACTGGTCTGGGCC
V321M-f
hIRF6-G961A- G961A AGACCAGTACATCTTGCACTGGCACAG
V321M-r
hIRF6-G1016T- | G1016T CTGATTGAGATACAAAAGAAGGTCAAGC
R339I-f
hIRF6-G1016T- | G1016T CTTCTTTTGTATCTCAATCAGGTTGGG
R339I-r
hIRF6-G1141T- | G1141T GAATGGCCATATGGGAAACCATTGG
D381Y-f
hIRF6-G1141T- | G1141T TGGTTTCCCATATGGCCATTCTTCCCC
D381Y-r
hIRF6-G1199A- | G1199A GTAGTGGCTCAGATGATCTACGAGATG
R400Q-f
hIRF6-G1199A- | G1199A GTAGATCATCTGAGCCACTACTGGAATG
R400Q-r
hIRF6-T752C- T752C GGCTGCCGACCCTTCTATGGGGACC
L251P-f
hIRF6-T752C- T752C CATAGAAGGGTCGGCAGCCCTGAGG

L251P-r
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hIRF6-T881C- T881C CACTAGCAAGCCGCTGGACGTCATGGAC
L294P-f

hIRF6-T881C- T881C GACGTCCAGCGGCTTGCTAGTGAA
L294P-r

hIRF6-T1118C- | T1118C GAGATCTACTCATGCTTTGGGGAAGAATCG
L373S-f

hIRF6-T1118C- | T1118C CCCAAAGCATGAGTAGATCTCAAACGG
L373S-r

Table 2.1: Primers used in site-directed mutagenesis to generate constructs with IRF6
mutations.

Each mutation has a corresponding forward and reverse primer.

Primer name Mutation Sequence (5’ to 3’)

hIRF6-S407Af S407A GAGATGTTTGCTGGTGATTTCACACGA
hIRF6-S407Ar S407A GAAATCACCAGCAAACATCTCGTAGATC
hIRF6-S407Df S407D GAGATGTTTGACGGTGATTTCACACG
hIRF6-S407Dr S407D GAAATCACCGTCAAACATCTCGTAGATC
hIRF6-S413Af S413A TTCACACGAGCCTTTGATAGTGGCAGTG
hIRF6-S413Ar S413A CTATCAAAGGCTCGTGTGAAATCACCAG
hIRF6-S413Df S413D TTCACACGAGACTTTGATAGTGGCAGTG
hIRF6-S413Dr S413D CTATCAAAGTCTCGTGTGAAATCACCAG
hIRF6-S416Af S416A TCCTTTGATGCTGGCAGTGTCCGCCTG
hIRF6-S416Ar S416A GACACTGCCAGCATCAAAGGATCGTGTG
hIRF6-S416Df S416D TCCTTTGATGACGGCAGTGTCCGCCTG
hIRF6-S416Dr S416D GACACTGCCGTCATCAAAGGATCGTGTG




hIRF6-S418Af

hIRF6-S418Ar

hIRF6-5418Df

hIRF6-S418Dr

hIRF6-S424Af

hIRF6-S424Ar

hIRF6-S424Df

hIRF6-5424Dr

S418A ATAGTGGCGCTGTCCGCCTGCAGATCTC
S418A GCAGGCGGACAGCGCCACTATCAAAGGATC
S418D ATAGTGGCGATGTCCGCCTGCAGATCTC
S418D GCAGGCGGACATCGCCACTATCAAAGGATC
S424A CTGCAGATCGCAACCCCAGACATCAAGGA
S424A CTGGGGTTGCGATCTGCAGGCGGACACTG
S424D CTGCAGATCGATACCCCAGACATCAAGGA
S424D CTGGGGTATCGATCTGCAGGCGGACACTG

Table 2.2: Primers used in site-directed mutagenesis to generate constructs either
abolishing a phosphorylation site (serine to alanine) or acting as a phosphomimic (serine

to aspartic acid).

Primer name

Region targeted/purpose Sequence (5’ to 3’)
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hIRF6start

hIRF6stop

hIRF6-ex7f

Places IRF6 in same open CATATCATGGCCCTCCACC
reading frame with

destination vector cloning

sites

Spans IRF6 stop codon CACAATTACTGGGGAGGCAG

Used to generate constructs | ATGACTGACCTGGACATCAAGTTTC
that only include Exons 7-9

Table 2.3: Primers used to generate IRF6 wild type and mutation-containing PCR
products, which were subsequently A-tailed and cloned into TOPO vectors.
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Primer name Mutation Sequence (5’ to 3’)

NME1R18Qf R18Q GGGGTCCAGCAGGGTCTTGTG
NME1R18Qr R18Q CACAAGACCCTGCTGGACCCC
NME2G71Vf G71V ATGAACTCAGTGCCGGTTGTG
NME2G71Vr G71V CACAACCGGCACTGAGTTCAT

Table 2.4: Primers used in site-directed mutagenesis to generate constructs with NME1
or NME2 mutations. Each mutation has a corresponding forward and reverse primer.

Primer name

Region targeted/purpose

Sequence (5’ to 3’)

hNMEZ1 start

hNMEL1 stop

hNME2 start

hNME2 stop

hNME1-
2overlapf

Places NME1 in same open
reading frame with
destination vector cloning
sites

Spans NME1 stop codon

Places NME2 in same open
reading frame with
destination vector cloning
sites

Spans NME2 stop codon

Used to generate PCR
products that could be
overlapped to create
NME1/NME2 hybrid
sequences

ACCATGGCCAACTGTGAGCGTACC

CTGTCATTCATAGATCCAGTTCTGAG

ACCATGGCCAACCTGGAGCGCACC

CTCTTATTCATAGACCCAGTCATGAG

GCCATGGTCTGGGAGGGGCTG
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hNME1- Used to generate PCR CAGCCCCTCCCAGACCATGGC
2overlapr products that could be

overlapped to create

NME1/NME2 hybrid

sequences

Table 2.5: Primers used to generate NME1 wild type and hybrid PCR products, which
were subsequently A-tailed and cloned into TOPO vectors.

Addition of 5’ Untranslated Region (UTR)

Sequencing of the mouse Nme?2 clone identified revealed a long 5’ untranslated region
(UTR); this UTR was in frame with the coding sequence. When this untranslated region
was absent, the IRF6:NME interaction could not be recapitulated using human
sequences. Inthe GAL4BD fusion protein, comparatively, the NME protein is much
smaller than the GAL4BD, and the GAL4BD is likely to interfere with proper folding of
the NME protein. The untranslated region is believed to act as a spacer between the

GAL4BD and the NME protein, thus allowing NME to fold properly.

The murine Nme2 clone was part of a library in which pPC86 was used as the vector
backbone (pPC86-mNme2). Analysis of possible restriction enzyme sites revealed that
Ncol and BamHI sites could be used to add the 5’UTR to human sequences. An internal
Ncol site was found in the NME1 and NME2 sequences; therefore, overlap primers were
designed to eliminate the internal Ncol site (Table 2.6). Subsequently, primers were
designed to amplify the NME1/NME2 sequences in order to include the Ncol and BamHI

sites in the PCR products (Table 2.6). PCR products were subsequently poly A-tailed and
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cloned into pCR®8/GW TOPO® vectors (Life Technologies; Carlsbad, California). The
mouse Nme2 (including the 5’UTR) and the pCR®8/GW TOPO® Nme1/2 clones were
digested with Ncol and BamHI to generate sticky ends. The digested, linearized pPC86-
mNme2 was gel purified and ligated with the digested pCR®8/GW TOPO® Nme1/2
products. Ligation products were transformed into Top10 E.coli cells, and plasmid DNA
was extracted and purified (Qiagen Plasmid Midi kit, Qiagen; Valenica, California).
These constructs were co-transformed with IRF6 constructs in MAV203 cells to assess

for impact on IRF6:NME binding.

Primer name Region Sequence (5’ to 3’)
targeted/purpose

hNME2startNcol | Added a Ncol CCTTACCATGGCCAACCTGGAGCGC
restriction enzyme

site to NME2

sequence

hNME1start- Added a Ncol CCTTACCATGGCCAACTGTGAGCGTACC
Ncol restriction enzyme

site to NME1

sequence

hNME2delNcol-f | Used in overlap PCR GCCGGTTGTGGCTATGGTCTGGGAGGGGC
to remove internal
Ncol site

hNME2delNcol-r | Used in overlap PCR CTCCCAGACCATAGCCACAACCGGCCTG
to remove internal
Ncol site
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hNME1ldelNcol-f | Used in overlap PCR CCGGTAGTTGCTATGGTCTGGGAGGGGCTG
to remove internal
Ncol site

hNME1ldelNcol-r | Used in overlap PCR CAGCCCCTCCCAGACCATAGCAACTACCGG
to remove internal
Ncol site

ADH-BamHI Added a BamHI site TTGGGATCCGTGTGGAAGAACGATTAC
to NME1/NME2
sequences

Table 2.6: Primers used to add 5’UTR to human NME1/NME?2 sequences.

Selection of epithelial cells

Human embryonic kidney 293T (HEK293T) cells

HEK293T cells are derived from HEK293 cells, and unlike the original HEK293 cells,
contains the SV40 T-antigen. The original HEK293 line was derived from primary
cultures of human embryonic kidney cells transformed with sheared adenovirus DNA
(155). The Cox Lab (Seattle Children’s Research Institute) have used HEK293T cells for a
number of experiments, and these cells have been found to have high transfection
efficiency and grow as an adherent monolayer on tissue culture treated dishes. Thus,

these were used in our in vitro studies.

LS8 cells
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To investigate the effects of IRF6 on ameloblasts in vitro, the LS8 cell line, an
ameloblast-like cell line was selected. LS8 cells were kindly provided by Dr. Malcolm
Snead, USC, and they have been used to study amelogenin promoter activities for a
number of years (156-159). Similar to HEK293T cells, LS8 cells have a high transfection

efficiency and grow as an adherent monolayer on tissue culture dishes.

Co-immunoprecipitation

Full length human IRF6 sequences (wild-type and mutant) were cloned into pDESTMYC
vectors, which effectively added a c-myc tag. Adherent mammalian (HEK293T) cells at
70% confluency were transfected with plasmids either containing GFP-tagged
NME1/NME2 or c-myc tagged wild type/mutant hIRF6. After twenty four hours, cells
were lysed with M-PER™ Mammalian Protein Extraction Reagent (Life Technologies;
Carlsbad, California) and 1X protease inhibitor cocktail (Life Technologies; Carlsbad,
California), and cell lysate was collected. Protein concentrations were obtained using
either the Pierce™ Coomassie (Bradford) Protein Assay Kit (Life Technologies; Carlsbad,
California) or the Pierce™ BCA Protein Assay Kit (Life Technologies; Carlsbad, California).
To confirm successful transfections, SDS-PAGE and Western blots were used with GFP
and myc primary antibodies (antibody dilutions: 1:1000). The Pierce c-myc Tag IP/Co-IP
(Life Technologies; Carlsbad, California) kit was used to assess the IRF6:NME2
interaction. SDS-PAGE and Western blots (with NME2 as the primary antibody) were

used to assess protein-protein interactions and characterize protein-protein complexes.
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SuperSignal™ West Femto Maximum Sensitivity Substrate (Life Technologies; Carlsbad,

California) or fluorescent secondary antibodies (Odyssey) were used for detection.

Racl Pull down assays

RhoA activity was measured to assess the contribution of IRF6:NME complex to
maintenance of epithelial adhesion and polarity. HEK293T cells were transfected with
either wild type or mutant IRF6 constructs. Twenty-four hours following transfection,
cells were serum starved (DMEM+0.1.% FBS, Penicillin/Streptomycin, and GlutaMax) for
sixteen hours to reduce GTPase levels to a basal state, therefore enhancing detection of
effects on their activity. Following serum starvation, cell lysate was harvested, and all
active Racl activity measurements were performed using an Active Racl Pull-Down and
Detection kit (Life Technologies; Carlsbad, California) followed by SDS-PAGE and

Western blotting using an anti-Rac 1 antibody (dilution 1:1000).

RhoA Pull down assays

RhoA activity was measured to assess the contribution of IRF6:NME complex to
maintenance of epithelial adhesion and polarity. HEK293T cells were transfected with
either wild type or mutant IRF6 constructs. After twenty four hours, cells were serum
starved for sixteen hours to reduce GTPase levels to a basal state, therefore enhancing
detection of effects on their activity. Following serum starvation, cell lysate was

harvested, and active RhoA activity measurements were performed using a RhoA Pull-
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down Activation Assay Biochem Kit (Cytoskeleton; Denver, Colorado) followed by SDS-

PAGE and Western blotting using an anti-RhoA antibody (dilution 1:500).

Generation of IRF6 conditional knockout

A conditional knockout mouse driven by the Pitx2 promoter was generated. Mice
possessing Irf6 exons 3 and 4 flanked by LoxP sites were crossed with mice possessing
the Pitx2 promoter linked to Cre recombinase. Floxed Irf6 mice were kindly provided by
Dr. Brian Schutte (Michigan State University), and Pitx2® mice were kindly provided by
Dr. James Martin (Baylor College of Medicine). All mice were housed at Seattle
Children’s Research Institute according to IACUC policies. Pitx2 is specific to the oral
epithelium is expressed in the dental lamina, enamel knot, undifferentiated cervical
loops, and pre-ameloblasts (160). Pitx2¢/"¢ mice are embryonic lethal. Thus, our Irf6
conditional knockout mice (Irf6-cKO) were heterozygous for the Pitx2¢¢ allele and
homozygous for the Irf6” allele (Pitx2<’*; Irf6"f!). Controls had either Pitx2**; Irf6*,

Pitx2¢¢/*; Irf6™*, or a Pitx2**; Irf6" genotype.

Genotyping for Irf6™f and Pitx2“"¢ mice was performed. At time of either weaning or
sacrifice, tail tips were obtained. Tails were digested with 50mM sodium hydroxide (30
minutes at 95°C, then treated with Tris-HCI, pH 8.0). Samples were centrifuged to
remove debris from digested tissue, and resultant supernatant was used for genotyping.
Samples were prepared for PCR according to KAPA Mouse Genotyping Kit (Kapa

Biosystems; Wilmington, Massachusetts) instructions. Primers are listed in Table 2.7,
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and the annealing temperature for genotyping Pitx2® mice was 60°C, and the annealing
temperature for genotyping Irf6” mice was 55°C. Following PCR, products were run on a
1% Agarose/Sodium Borate gel and visualized using ultraviolet light. Pitx2® mice
exhibited a 900bp band, and Pitx2*/* mice did not exhibit a band when genotyped with
MHOX and PITX2 primers. Irf6"# mice exhibited a 379bp band, and Irf6"/* mice

exhibited 222 bp and 379bp bands.

Primer name Allele targeted @ Sequence (5’ to 3’)

MHOX Pitx2-Cre GCCACTCCCACTGTCCTTTC
PITX2-FLEXB Pitx2-Cre TTCTGGAGGGTTTTCTTGTTCTAGG
3318 Irf6-floxed TGGCAAAATCTATTTCGAGTGG
3319 Irf6-floxed CACACTGACCTCAATGCCTCCAA

Table 2.7: Genotyping primers used in our study.

Histology

Heads were harvested at postnatal ages 4, 7, 14, 28, and 84 (P4, P7, P14, P28, and P84).
Heads were skinned and split sublingually to allow for penetration of the fixative, either
4% paraformaldehyde (PFA) or Bouin’s fixative (Sigma Aldrich; St. Louis Missouri.
Samples were fixed at room temperature for two to three days under rotary motion.
Samples were then rinsed and stored in 70% ethanol at 4° C. For histology, samples

were demineralized in either 14% EDTA solution (pH 7.1) or a mixture of 10% acetic
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acid, 4% formalin, and 0.86% sodium chloride. Following decalcification, samples were
processed and embedded in paraffin for microtome sectioning. 5um sections were
obtained. Sections were deparaffinized and stained with hematoxylin and eosin.
Images were obtained using a Zeiss Axio Imager 2 microscope (Zeiss; Peabody,

Massachusetts).

Immunohistochemistry (IHC)

Standard IHC procedures were used. Tissues were processed for paraffin-embedding
and microtome sectioning (5uM). Primary antibodies used were: Anti-NME2 (LS-B9880,
Lifespan Biosciences), Anti-IRF6 (LS-B3231, Lifespan Biosciences), Anti-amelogenin (sc-
32892, Santa Cruz Biotechnology), and Anti-KLK4 (LS-B1736, Lifespan Biosciences). All
primary antibodies were used at a 1:150 dilution. IHC was performed using biotinylated
secondary antibodies and peroxidase substrate (Vectastain Elite ABC Kit; Vector Labs,
Burlingame, California). AEC Peroxidase Substrate Kit (3-amino 9-ethylcarbazole)
(Vector Labs) was used for detection. Slides were mounted using VectaMount AQ
Aqueous Mounting Medium (Vector Labs; Burlingame, California) and imaged using a

Zeiss Axio Imager 2 microscope (Zeiss; Peabody, Massachusetts).

Immunocytochemistry
Madin-Darby Canine Kidney (MDCK) cells were cultured on either chambered coverslips
(Life Technologies; Carlsbad, California) or Poly-d-lysine coated dishes (MatTek

Corporation; Ashland, Massachusetts) at 37°C with 5% CO; in DMEM (ThermoScientific)



45

supplemented with 10% fetal bovine serum (FBS; Thermo Scientific) and 1% GlutaMAX
(GIBCO by Life Technologies; Carlsbad, California). At 70-80% confluency, cells were
transfected with c-myc-IRF6 wild type or mutant constructs. Twenty-four hours
following transfection, cells were fixed in 4% paraformaldehyde, rinsed with PBS, and
permeabilized with 0.25% Triton X-100. Cells were blocked and stained with a goat anti-
IRF6 antibody (LifeSpan Biosciences; Seattle, Washington) and a rabbit anti-NME2
antibody (Abcam; San Francisco, California) at 1:200 dilutions. Following primary
antibody incubation, cells were incubated with AlexaFluor donkey anti-rabbit 488 and
AlexaFluor donkey anti-goat 633 (Life Technologies; Carlsbad, California) at 1:2000
dilutions. Following staining, cells were visualized with a Zeiss LSM510 confocal

microscope (Zeiss; Peabody, Massachusetts).

Silencing IRF6

LS8 and HEK293T epithelial cells were cultured on either six or twelve well plates at 37°C
with 5% CO; in DMEM (Life Technologies; Carlsbad, California) for 24 hours. At 50-60%
confluency, cells were transfected with either 100nM negative control (scrambled
sequence purchased from Life Technologies; Carlsbad, California) or 100nM siRNA
(three different siRNAs were tested: s79447, s79448, and s79449). Twenty-four hours
following transfection, cells were homogenized (QlAshredder; Qiagen; Valencia,
California), and RNA was isolated and purified (RNeasy Micro Kit; Qiagen; Valencia,
California). RT-PCR and gPCR were performed (Roche Lightcycler 480) with IRF6 as the

target and GAPDH as the reference. Using Roche480 software, relative quantification



46

was performed, and IRF6/GAPDH ratio was compared between cells transfected with

the negative control versus the siRNAs. For experiments with two groups, student’s t-

test was performed, and for experiments with more than two groups, one way analysis

of variance (ANOVA) was used. All statistical analyses were performed with GraphPad

Prism 6.01 (GraphPad Software; La Jolla, California). Graphs were also created using

GraphPad Prism 6.01. See Table 2.8 for primer sequences used.

Primer name

Species/purpose

Sequence (5’ to 3’)

MmGAPDH-f

mGAPDH-r

mIRF6-f

mIRF6-r

hGAPDH-f

hGAPDH-r

hIRF6-f

hIRF6-r

hNME1-f

hNME1-r

hNME2-f

hNME2-r

Mouse (for LS8 cells)

Mouse (for LS8 cells)

Mouse (for LS8 cells)
Mouse (for LS8 cells)

Human (for HEK293T cells)
Human (for HEK293T cells)
Human (for HEK293Tcells)
Human (for HEK293T cells)
Human (for HEK293T cells)
Human (for HEK293T cells)
Human (for HEK293T cells)

Human (for HEK293T cells)

ACCACAGTCCATGCCATCAC

TCCACCACCCTGTTGCTGTA

GCGGTGTGAACTCTTGTGC

GGTGGAGGGCCATGATCT

TCGGAGTCAACGGATTT

CCACGACGTACTCAGC

GGCATAGCCCTCAACAAGAA

CACCCCTTCCTGGTACTTCC

CAGCCGGAGTTCAAACCTAA

CAGGCTGACTTAGTCCTGTGTAGA

TGACCTGAAAGACCGACCAT

GTTCAGCCCCTCCCAGAC

Table 2.8: Primers used to check Irf6 mRNA expression in LS8 and HEK293T cells. Each
gene has a forward and reverse primer.
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Whole tooth dissections (P4 samples)

Immediately after mice were sacrificed, heads were hemisected and immersed in
RNALater (Life Technologies; Carlsbad, California) for 24 hours at 4°C. Samples were
subsequently transferred to -20°C for storage. Prior to dissection of teeth, samples
were thawed at 4°C, and molars were dissected from the surrounding tissues. Samples
were homogenized (MP FastPrep; MP Biomedicals; Santa Ana, California), and RNA was
extracted using TriPure Isolation Reagent (Roche Life Science; San Francisco, California).
Next, RNA was purified (RNEasy kit; Qiagen; Valencia, California) and quantitated
(Nanodrop). RNA was used for RT-PCR and gPCR (Roche Lightcycler 480; Roche Life

Science; San Francisco, California). See Table 2.9 for primers.

Whole tooth dissections (P13 samples)

Immediately after mice were sacrificed, mandibles were dissected out, flash frozen, and
stored at -20°C. Prior to dissection of teeth, mandibles were thawed in RNALater (Life
Technologies; Carlsbad, California) for 30 minutes at room temperature. Samples were
homogenized (MP FastPrep; MP Biomedicals; Santa Ana, California), and RNA was
extracted using TriPure Isolation Reagent (Roche Life Science; Roche Life Science; San
Francisco, California). Next, RNA was purified (RNEasy kit; Qiagen; Valencia, California)
and quantitated (Nanodrop; Wilmington, Delaware). RNA was used for RT-PCR and
gPCR (Roche Lightcycler 480; Roche Life Science; San Francisco, California). See Table

2.9 for primers.



Enamel organ dissections

Immediately after sacrifice of animals, mandibles were dissected out and flash frozen
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for storage and transport. Prior to enamel organ dissections, samples were thawed out

in RNALater (Life Technologies; Carlsbad, California). Basal bone was removed from
inferior aspect of mandibles, and enamel organ was extracted. Enamel organs were

homogenized (MP FastPrep; MP Biomedicals; Santa Ana, California), and RNA was

extracted using TriPure Isolation Reagent (Roche Life Science; San Francisco, California)

and purified using Qiagen RNEasy kit (Qiagen; Valencia, California). RNA was used for

RT-PCR and qPCR (Roche Lightcycler 480; Roche Life Sciences; San Francisco, California).

See Table 2.9 for primers.

Primer name

Sequence (5’ to 3’)

AMBN-f

AMBN-r

AMEL-f

AMEL-r

DMP1-f

DMP1-r

ENAM-f

ENAM-r

TCCCACCGCATAACTCT

GATATTGAACGGGCGAT

ATCGGATCAAGCATCCC

GGGTTCGTAACCATAGG

GCGCGGATAAGGATGA

GTCCCCGTGGCTACTC

ACTATGATGCGGCCAG

GGTTGAGGCGTAGTGC



GAPDH-f
GAPDH-r
IRF6-f
IRF6-r
KLK4-f
KLK4-r
MMP20-f
MMP20-r
OSX-f
OSX-r
TGFB1-f
TGFB-r
TNAP-f
TNAP-r
WNT3A-f
WNT3A-r

WNT10B-f

WNT10B-r

Table 2.9: Primers used to check mRNA expression of genes involved in amelogenesis

ACCACAGTCCATGCCATCAC

TCCACCACCCTGTTGCTGTA

GCGGTGTGAACTCTTGTGC

GGTGGAGGGCCATGATCT

GTTCCTGGGGTGCCTCAT

ATCCGGCTGCTGACACTT

GGAGCCTCAGAAGACCCTTT

TITGGGTAGTCTTTTTCCATTTTC

CGGGTCAGGTACAGTG

ACCATGACGACAAGGG

CACCATCCATGACATGAAC

ACCCACGTAGTAGACGA

GGGGACATGCAGTATGAGTT

GGCCTGGTAGTTGTTGTGAG

CTTAGTGCTCTGCAGCCTGA

GAGTGCTCAGAGAGGAGTACTGG

CGGATTTCTGTCTAGGG

AGGTAGAGAAGACGCTAAC

and odontogenesis.
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Scanning electron microscopy (SEM)

(Methods provided by Dr. Hanson Fong, University of Washington Department of
Materials Science and Engineering)

Samples were fixed in 4% paraformaldehyde for 2 to 3 days at room temperature and
subsequently stored in 70% ethanol. For incisor samples, alveolar bone was removed
prior to mounting in epoxy for the purpose of polishing. Samples were first dried in
ambient air for 15 minutes followed by mounting in room-temperature-cure epoxy
(Allied High Tech Products, Inc., Rancho Dominguez, CA). After overnight curing at room
temperature, the samples were polished sequentially with 600 grit SiC paper, followed
by diamond lapping films of 6 um and 1 um to a mirror finish (Allied High Tech Products,
Inc., Rancho Dominguez, CA). All samples were polished sagittally. After polishing, the
samples were lightly etched with 0.5% aqueous HCI for 30 seconds to reveal the enamel
rod structure under SEM imaging. SEM sample preparation involved mounting the
etched samples on SEM stubs and sputter coated with ~5 nm of Pt (SPI Module
Sputter/Carbon Coaters, SPI Supplies, Inc., West Chester, PA). SEM imaging was
performed in a JSM 6010 SEM (JEOL USE, Inc., Peabody, MA) at 10kV acceleration

voltage in secondary electron imaging mode.

Micro-CT
Samples were harvested at P4, P7, P14, P21, P28, P84, and 6 months following birth.
Following sacrifice of animals, samples were either immediately placed in -20°C or in 4%

paraformaldehyde. Heads were scanned using a Skyscan 1076 scanner; 9um scans were
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obtained using the following settings: 55kV, 180uA, 1450ms with an Aluminum 1.0 filter
(Skyscan; Kontich, Belgium). Scans were reconstructed using NRecon (beam hardening
correction at 60°) (Bruker; Kontich, Belgium) and reoriented in DataViewer (Bruker;
Kontich, Belgium). Regions of interest were defined in CTAnalyser (Bruker; Kontich,
Belgium), and a grayscale threshold was set for enamel. Following thresholding, enamel
mineral density was calculated using built in CTAnalyser functions using attenuation
coefficients obtained from scans of 0.25 g/cm3 and 0.75 g/cm? phantoms. One way
ANOVA with Tukey’s post hoc tests was performed with significance at p<0.05.
(GraphPad Prism, Version 6.01). Graphs were also generated using GraphPad Prism. 3D
reconstructions of samples were created using Drishti Volume Exploration and

Presentation Tool (Ajay Limaye), CTVox (Bruker), and CTVol (Bruker; Kontich, Belgium).

Distance between mesial and distal roots of the mandibular first molar was measured
using reconstructed scans (NRecon, Bruker; Kontich, Belgium). Coronal slices were
obtained after reorientation in DataViewer (Bruker; Kontich, Belgium). One Way
ANOVA with Tukey’s post hoc tests was performed with significance at p<0.05

(GraphPad Prism, Version 6.01). Graphs were also created using GraphPad Prism.
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Chapter 3: The IRF6:NME complex contributes to epithelial maintenance
and polarity

INTRODUCTION

Clefts of the lip with or without clefting of the palate (CLP) are the most common
congenital deformities of the face, occurring with a global incidence of approximately 1
in every 600 to 700 live births (1-4). Genome-wide association studies and
investigations of familial inheritance have implicated Interferon Regulatory Factor 6
(/RF6) variants as major contributors to CLP incidence. /RF6 mutations cause van der
Woude syndrome (VWS) and popliteal pterygium syndrome (PPS), which notably
feature orofacial clefts (5-33). VWS is the most common form of syndromic forms of
CLP, predicted to account for 2% of all syndromic forms of CLP. IRF6 variants are linked
to approximately 12% of other nonsyndromic forms (34). VWS is autosomal dominant,
has high penetrance, and exhibits variable expression; cardinal signs of VWS are lower
lip pits with or without CLP (5-33). Familial recurrence has been found in approximately
60% of VWS patients, and lip pits occur in conjunction with orofacial clefts in
approximately 50% of the cases (161). Other orofacial abnormalities include intraoral
synechiae between the mucosal surfaces of the upper and lower alveolar ridges and
commissural pits (161). PPS patients exhibit all of the characteristics of VWS in addition
to syndactyly of digits and pterygium of the lower limbs. Severity of symptoms is highly
variable in VWS and PPS patients, and not much is known about the contributors to this

variability. Similar to management of other orofacial clefts, the orofacial aberrations
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found in VWS and PPS are managed by surgery, and VWS patients have a higher

incidence of severe wound complications compared to CLP patients without VWS (162).

Despite IRF6’s association with syndromic and nonsyndromic forms of CLP, IRF6’s
function in CLP presentation remains largely unknown. Targeted alleles of murine Irf6
have been generated, but none display the classic CLP phenotype (59, 61, 73, 163, 164).
IRF6 belongs to the interferon regulatory factor (IRF) family of transcription factors,
which have critical roles in innate and adaptive immune responses, e.g. regulating
growth and regulation of many cell types, including B and T cells (165-167). Nine
members comprise the IRF family (IRF1-IRF9); they all possess an N-terminal helix-loop-
helix motif that is presumed to be the DNA binding domain, and IRFs 3-9 also possess a
C-terminal region that includes a SMAD-like binding domain, or IRF association domain
(IAD) (167-169). In a number of IRF family members (unknown in IRF6), the C-terminus
is required for interactions with other IRFs, additional transcription factors, and non-
nuclear proteins. In addition, several IRFs possess a serine rich region (SRR) in the C-
terminus, which is influential in nuclear transport, dimerization, and interactions with
other proteins. IRF6 has been proposed to act as a transcriptional activator based on
analogies with other IRFs (28, 71, 72, 170, 171). However, IRF6 is unique among the IRF
family in that its major role is outside the immune system. Recent studies in

keratinocytes found IRF6 primarily localized in the cytoplasm, suggesting that IRF6
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either has other roles besides acting as a transcription factor or is sequestered outside

the nucleus until needed (61, 95, 163, 164).

The Cox lab (Seattle Children’s Research Institute) has found that IRF6 binds, in a
phosphorylation-enhanced manner, to the NME complex (non-metastatic), which has
been shown to influence regulation of epithelial cell-cell adhesion and polarity. The
NME complex has not been implicated in the formation of CLP, thus the research
proposed here aims to investigate a novel mechanism in which IRF6 contributes to CLP.
Via interactions with the NME complex, IRF6 has potential roles in the establishment
and maintenance of epithelial polarity (Figure 3.1) (79). The NME complex is composed
of NME2 and NME1, which are nucleoside diphosphate kinases. NME1 is reported to
interact with the widely expressed T-cell ymphoma invasion and metastasis 1 (TIAM1)
(172). TIAM1 has been found to regulate the PARD3-PARDG6 (PAR) epithelial polarity
complex, which is also found in primordial adhesions. The PAR complex is also
dependent on signals from adherens junctions; mature adherens junctions are critical in
delineating apical and basolateral domains. Adherens junctions contain nectins and
cadherins adhesion molecules, whose surface expression is dynamically regulated to
influence adhesion strength and ultimately epithelial polarity. In addition, NME2 has
been reported to interact with plakoglobin, which interacts with E-cadherin and alpha
catenin, providing another mechanism in which IRF6 and NME2 can participate in

epithelial cell-cell adhesion and polarity (80).
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Our studies here were designed to further elucidate the role of IRF6 on CLP by
investigating molecular contributions of IRF6 on epithelial adhesion and polarity. We
hypothesize that IRF6, via interaction with the NME complex, contributes to the
establishment and maintenance of epithelial polarity in developing facial primordia.
Ultimately, these studies are expected to provide novel insight into the molecular and

cellular consequences of IRF6 mutations that underlie orofacial clefting disorders.

MATERIALS AND METHODS

Selection of VWS patient mutations and conserved serines

Twelve specific IRF6 missense mutations in the IAD were compared to wild type IRF6 in
ability to interact with NME2. These mutations were found in patients with VWS and
CLP. Each mutation was introduced into yeast pDEST32 IRF6 expression constructs to
test for interaction with NME2. Wild type IRF6-NME?2 interaction was used as a positive

control.

Based on sequence alighnment between IRF6 and the well-studied IRF5 and IRF3, three C-
terminal serine residues were found to be completely conserved in position within the
SRR (Figure 3.2). These were serines 413, 418, and 424. Using site-directed
mutagenesis, phosphoinhibitory (Ser to Ala) and phoshomimic (Ser to Asp) substitutions

were generate.
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RESULTS

IRF6 also binds to NME1

NME1 and NME2 are small, closely related proteins that exhibit over 90% amino acid
identity within and between species, yet have been reported to interact with different
protein partners(76, 77, 154). When NME1 and NME2 protein sequences were
compared, NME1 and NME2 share over 90% identity (Figure 3.3). To identify key
residues in NME2 that confer this specificity of interaction with IRF6, residues that differ
between the NME1 and NME2 sequences were targeted for mutation. Hybrid
constructs, in which portions of NME1 and NME2 are interchanged, were tested in case
more than one residue is responsible for this specificity in binding. For example, the N-
terminal half of NME1 was fused with the C-terminal half of NME2 and vice versa.
NME1/NME2 mutant constructs were tested for interaction with IRF6 using Y2H and co-
immunoprecipitation (Co-IP). NME1, NME2, as well as NME1/NME2 hybrids interacted

with IRF6 with comparable strength (Figure 3.4).

VWS patient mutations disrupt IRF6:NME binding

Twelve specific IRF6 missense mutations in the IAD were compared to wild type IRF6 in
ability to interact with NME2. Using the Y2H assay, co-transformants were assessed for
HIS3 and lacZ activity, and several missense mutations disrupted the IRF6:NME
interaction as demonstrated on SD-Leu-Trp-His+3AT plates and the X-Gal assay. Similar

results were obtained when cells were co-transformed with NME1 instead of NME2
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(Figure 3.5 and Table 3.3). Co-immunoprecipitation studies further validated the
IRF6:NME interaction and demonstrated that certain patient mutations disrupted this
interaction. In addition, the two NME variants identified by our collaborators in
individuals with CLP (J. Murray group), R18Q in NME1 and G71V in NME2, were also
tested for ability to interact with IRF6. These NME mutations also disrupted the
IRF6:NME interaction, further supporting the importance of the IRF6:NME complex in

CLP.

Importance of C-terminal phosphorylation in regulation of IRF6 function

Sequence alignment between IRF6 and the well-studied IRF5 and IRF3 revealed three C-
terminal serine residues to be completely conserved in position within the serine rich
region (SRR) of exon 9. Here, the role of these conserved serines (S413, S418, and S424)
along with two other serines not conserved in position (5407, S416) in IRF6 function was
investigated. Contribution of phosphorylation toward IRF6 function was tested for
ability to disrupt IRF6:NME2 binding and assessed for impact on IRF6 nuclear
localization. When each of these serines (5407, S413, S416, S418, and S424) was singly
mutated to either alanine or aspartic acid, none of them demonstrated an effect on
IRF6:NME2 binding in the Y2H or in Co-IP studies (data not shown). Double serine
phosphoinhibitory and phosphomimic mutants also did not show an appreciable effect
on IRF6:NME2 binding. However, when all three of the conserved serines (S413-418-

424AAA) were mutated to alanines, the IRF6:NME?2 interaction was weakened as shown
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on the SD-Leu-Trp-His+3AT plates and X-Gal assay (Figure 3.6A). When co-
immunoprecipitation studies were conducted with S413-418-424AAA mutants, the
IRF6:NME?2 interaction was weakened. Similar results were observed when NME2 was

replaced with NME1 (data not shown).

Disrupting serine phosphorylation alters nuclear translocation of IRF6

Because ablation of three conserved serines (S413, S418, and S424) disrupted
IRF6:NME2 binding, we examined whether disruption of the IRF6:NME?2 altered IRF6
localization. LS8 cells were transfected with wild type, S413-418-424AAA, or S413-418-
4424DDD constructs. Cells were stained with an anti-IRF6 and an anti-NME2 antibody.
IRF6 was detected primarily in the nucleus with lower levels in the cytoplasm in cells
overexpressing wild type IRF6 (Figure 3.7). In these same cells, NME2 was primarily
detected in the cytoskeleton and cytoplasm with low levels in the nucleus. In
comparison, cells transfected with S413-418-424AA exhibited lower IRF6 levels in the
nucleus and higher levels in the cytoplasm. Furthermore, these cells exhibited lower
levels of NME2 in the cytoskeleton and cytoplasm (Figure 3.7). This suggests that in
addition to regulating IRF6 nuclear translocation, IRF6 serine phosphorylation regulates

NME2 expression.
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Racl and RhoA are altered when IRF6:NME2 are disrupted

Select IRF6 mutations that disrupted the IRF6:NME2 complex were assayed for Racl and
RhoA expression. These mutations exhibited a weaker interaction with NME2 compared
to the wild-type IRF6 in co-immunoprecipitation studies. Compared to cells ectopically
expressing wild-type IRF6, cells expressing a mutated IRF6 exhibited higher levels of

active Racl and RhoA, particularly RhoA (Figure 3.8).

siRNA knockdown of IRF6 results in decrease of NME1/NME?2 in 293T epithelial cells
To test the effects of IRF6 ablation in epithelial cells, HEK293T cells were transfected
with siRNA specific for IRF6 or a negative scrambled siRNA. RT-qPCR was performed
with IRF6 and GAPDH to verify successful knockdown of IRF6 (Figure 3.9). Greater than
75% IRF6 knockdown was considered successful. NME1 expression was significantly
lower with knockdown of IRF6, whereas NME2 expression was lower, but not significant.

Cells were plated in triplicate, and gPCR was repeated twice for each plate.

DISCUSSION

Mutations in IRF6 are associated with syndromic and nonsyndromic cleft lip
with/without clefting of the palate, yet many aspects of its function remains elusive.
Here, we present data demonstrating that the IRF6:NME complex may have a role in the

establishment and maintenance of epithelial polarity.
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Via the interferon association domain (IAD), IRF6 was found to bind to NME2, and here,
using the same protein sequences, we show that IRF6 binds to NME1. Many
documented VWS IRF6 patient mutations have been identified in the IAD, and out of the
twelve mutations tested here, nine of them disrupted the IRF6:NME complex.
Moreover, NME1/NME2 mutations found in CLP patients also disrupted the IRF6:NME
interaction, further suggesting specificity of the IRF6:NME interaction and participation
in the cause of CLP. Although the twelve mutations were not predicted to alter
secondary structure, the position of the mutated residues may change tertiary
structure. The crystal structure of IRF6 has not been resolved, although the crystal
structure of IRF3 yields some clues (173). The IAD is conserved among IRFs 3 through 9,
and it has been implicated in protein-protein interactions (167, 169). Structurally, the
IAD is similar to the MH2 domain of Smad proteins; both participate in protein-protein
interactions, have transactivation functions, and are mediated by phosphorylation (174).
The IAD in IRF3 is flanked by autoinhibitory sequences, which interact to protect a
hydrophobic core. When the autoinhibition is relieved, the DNA binding domain (DBD)
is repositioned, allowing it to bind DNA regulatory downstream transcriptional targets
(111). None of the mutations that disrupted IRF6:NME binding are part of the
hydrophobic core, but they are conserved in identity and position among at least three
other IRFs, suggesting that they are important for IRF function. Because all of the
mutations did not result in loss of IRF6:NME binding, other protein-protein interactors

not yet identified may be involved.
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Serine phosphorylation is critical towards function of other IRFs, including IRF3 and IRF5.
When IRF3 is phosphorylated in the C-terminus serine rich region (SRR), the
configuration of the IAD is changed, unmasking the hydrophobic core (111).
Subsequently, IRF3 is able to interact with other IRFs and other proteins. Here, when
three conserved serines (S413, S418, and S424) were mutated to alanines (abolishing
the phosphorylation sites), IRF6:NME binding was lost. Thus, IRF6 protein-protein
interactions may also be mediated by serine phosphorylation. Additionally,
phosphorylation activates transcriptional activity of IRF5 (112). When phosphorylation
target residues were replaced with the phosphomimic aspartic acid, increased nuclear
localization of IRF5 was observed. Similarly, nuclear localization was altered when
HEK293T cells were transfected with S413-418-424AAA constructs, indicating that serine
phosphorylation may also regulate IRF6 nuclear translocation and subsequent
regulation of transcriptional targets. When IRF6 was silenced in HEK293T cells, the
resultant decrease in NME1/NME2 suggests that IRF6 may regulate transcription of

NME1/NME?2 in addition to acting as a binding partner.

Although NME is known to act as nucleoside diphosphate and histidine-dependent
kinases, it is not believed to be responsible for IRF6 phosphorylation. A kinase dead
NME2 did not have any effects on IRF6 serine phosphorylation (74). Receptor
interacting serine-threonine kinase 4 (RIPK4) has been proposed to phosphorylate IRF6.
RIPK4 is a member of the receptor-interacting serine threonine kinase (RIP) family,

which has important roles in immune function (175). Notably, IRF5 is believed to be
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phosphorylated by RIPK2, another member of the RIP kinase family, and both RIPK2 and
RIPK4 participate in the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) and c-Jun N-terminal kinase (JNK) pathways (112, 175). RIPK4 mutations have
been found in individuals with PPS and Bartsocas Pappas syndrome (BPS), which exhibit
epidermal adhesions (176-178). Ripk4-null mice feature a similar phenotype to Irf6-null
mice; both feature a hyperproliferative epidermis and loss of epidermal differentiation,

suggesting that RIPK4 and IRF6 participate in the same pathway (179, 180).

Co-immunoprecipitation studies have also demonstrated that RIPK4 and IRF6 interact
(181). Truncation of IRF6 proximal to the serine rich region results in loss of binding
between RIPK4 and IRF6. Furthermore, a kinase-dead RIPK4 does not interact with IRF6
and does not promote IRF6 nuclear translocation (114). In the nucleus, IRF6 has known
transcriptional targets, including Grainyhead-like 3 (GRHL3) and OVO-like 1 (OVOL1),
which have roles in keratinocyte differentiation (62, 182). GRHL3 has roles in
keratinocyte differentiation and establishment of the oral periderm; in the absence of
IRF6, GRHL3 expression is downregulated. OVOL1 also promotes keratinocyte
differentiation, and IRF6 knockdown results in OVOL1 downregulation. Knockdown of
RIPK4 also resulted in downregulation of GRHL3 and OVOL1, suggesting that the

phosphorylation state of IRF6 influences keratinocyte differentiation.

Via an interaction with NME, IRF6 has the potential to impact other processes crucial

towards proper epithelial function, e.g. adhesion and polarity. In the adherens
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junctions, via interactions with NME and other cytoplasmic proteins, IRF6 has the
potential to influence E-cadherin recruitment and removal from the cell membrane.
Disruption of E-cadherin cell-cell adhesion complexes leads to increased cell
proliferation, disrupted cell shape, and altered cytoskeletal architecture (88, 183). E-
cadherin endocytosis is essential in disassembly of adherens junctions and occurs
through clathrin-dependent and independent pathways (184, 185). Clathrin-dependent
endocytosis, in which E-cadherins are removed from the cell membrane and packaged
into vesicles, is mediated by adaptor proteins, e.g. adaptor protein complex 2 (AP-2)
(186, 187). Additionally, AP-2 translocation to the cell membrane is mediated by ADP-
ribosylation factor 6 (ARF6), which also recruits NME1 during adherens junctions
disassembly (188, 189). Increased, uncontrolled E-cadherin endocytosis would likely
lead to disruptions in epithelial polarity and hyperproliferation of the epithelia as seen
in Irf6 mutants. This hyperproliferation can also lead to the ectopic adhesions observed
in individuals with VWS and PPS. Furthermore, when IRF6 is knocked down in chick
epithelia, E-cadherin expression decreases and assumes a more irregular appearance
compared to controls, which may be a reflection of unregulated E-cadherin endocytosis
(74). Thus, IRF6, which promotes keratinocyte differentiation, may bind to the NME

complex in order to regulate E-cadherin endocytosis.

Additionally, NME has several known roles in the establishment of epithelial polarity,
particularly via the Rho GTPases Racl and RhoA. Racl is activated by the PAR polarity

complex in epithelial cells during the establishment of apical-basal polarity (107). NME1
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inhibits TIAM1, and TIAM1 activates Rac1, which normally regulates the PAR polarity
complex. Binding of NME2/NME1 to the GEFs, LBC, and TIAM1, suppresses their activity
and results in activation of RhoA and Racl, respectively (104, 190). Thus, Rac1/RhoA is
expected to increase when the NME complex is unable to interact with LBC/TIAM1. In
our studies here, HEK293T cells ectopically expressing a mutation in which the IRF6:NME
interaction is disrupted, exhibited higher levels of Racl and RhoA compared to cells
ectopically expressing a wild-type IRF6 (Figure 3.8). Thus, the IRF6:NME complex may
be needed for LBC/TIAM1 inhibition of Rac1/RhoA. Irf6 deficient keratinocytes also
express higher RhoA levels as a result of downregulation of RhoA GTPAse Activating
Protein 29 (ARHGAP29) (191). This suggests that the IRF6:NME complex can affect the
expression of Rho GTPases, which can cause alterations in epithelial polarity. Although
basal levels of activated Rac1 are required for adherens junctions assembly, sustained
Racl activation results in adherens junctions disassembly and loss of polarity (192, 193).
Similarly, sustained RhoA activity results in disassembly of tight junctions, but not
adherens junctions. Irf6 null mice and chicks in which IRF6 expression is ablated exhibit
reduced E-cadherin and altered epithelial shape; these may be consequences of Racl or
RhoA alterations (60). Additionally, wound closure is dependent on RhoA modulated
actin cytoskeletal dynamics (194). An ARHGAP29 variant is associated with poor
scarring, suggesting that the elevated active RhoA levels contribute to the poor wound

healing observed in VWS patients (195).
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Furthermore, studies have identified roles of NME in other pathways. NME1/2 has been
implicated in the Raf/MEK/ERK pathway (94, 196). The Raf/MEK/ERK pathway is
regulated by Ras GTPase signaling, which is inhibited by RSG19, a Ga Interacting Protein
(115, 161). Active Ras stimulates the formation of the Raf/MEK/ERK complex, which is
anchored by the kinase suppressor of Ras (KSR). Assembly of the complex promotes
phosphorylation of Raf/MEK/ERK, leading to nuclear translocation of ERK and activation
of ERK target genes. RGS19, which ultimately inhibits Ras signaling, upregulates
NME1/2. Presence of NME1/2 in the cytoplasm promotes the formation of the
RGS19/NME/KSR complex. Formation of this complex inhibits formation of the
Raf/MEK/ERK complex and thus, transcriptional activation of ERK targets does not
occur. Rgs19 has been implicated in palatal fusion; Rgs19 is detected in palatal
epithelial prior to palatal fusion, specifically in the MEE (83). Once palatal fusion has
occurred, Rgs19 ceases to be detected in the epithelium. Knockdown of Rgs19 resulted
in delay of palatal fusion as well as alteration of cell proliferation and apoptosis in
palatal shelves (83). RGS19 is expected to upregulate NME1/2; thus, loss of RGS19 is
expected to result in NME1/2 downregulation. This downregulation may inhibit
formation of the IRF6:NME complex, subsequently contributing to the epithelial

abnormalities observed in patients with IRF6 mutations.

Here, we presented data suggesting that the IRF6:NME complex contributes to the
presentation of CLP. We have found that CLP patient mutations disrupt normal IRF6

protein-protein interactions and cause alterations in polarity effector molecules,



including Racl and RhoA. Furthermore, IRF6 nuclear translocation and the RF6:NME
interaction appears to be mediated by serine phosphorylation. Because of NME’s
diverse functions, the IRF6:NME complex has the potential to impact many processes

required for proper epithelial function.
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Figure 3.1: Schematic of contributors to epithelial polarity in adherens junctions.
Although the cell adhesion molecules Nectin and E-cadherin do not interact directly,
they are connected via interactions with other proteins. This schematic depicts one
potential relationship between Nectin and E-Cadherin and suggests a possible

interaction between IRF6 and adherens junction proteins, i.e. contribution to epithelial

polarity.
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Figure 3.2: Serines absolutely conserved in position among IRF3, IRF5, and IRF6.
Serines absolutely conserved in position correspond to S413, S418, and S424 in IRF6

(indicated by blue arrows).
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Figure 3.3: Comparison of NME1 and NME2 in human (h), rat (r), mouse (m), and chick
(c). High sequence homology exhibited between all sequences; amino acids that are not

conserved between NME1 and NME2 are indicated with red arrows.
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Figure 3.4: IRF6 also binds to NME1. Abbreviations: N= N-terminal half of either NME1
or NME2, C= C-terminal half of either NME1 or NME2. In the yeast two hybrid system,
NME1, NME2, as well as NME1/NME2 hybrids interacted with IRF6 as demonstrated by

growth on the SD-Leu-Trp+3AT selection plate and blue color in the X-Gal assay.
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Figure 3.5 and Table 3.1: Evaluating effect of IRF6 missense mutations on the ability of

IRF6 to bind NME1/NME2 using yeast two-hybrid. Wild-type human and mouse IRF6

were cloned into pDEST32 vectors; wild-type NME2 was cloned into pPC86. (A) Selected

results from yeast two-hybrid assay, demonstrating loss of IRF6:NME interaction when

certain patient mutations were tested. Positive interaction demonstrated by growth on

the SD-Leu-Trp+3AT selection plate and blue color in the X-Gal assay (B) Representative

co-immunoprecipitation results validating results from yeast two-hybrid.

Table 3.1: Summary of IRF6 missense mutations that disrupted IRF6:NME binding.

IRF6 patient mutations that disrupted IRF6:NME binding are highlighted in red.
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Figure 3.6: Testing effects of conserved serines on IRF6:NME binding. (A) Selected
results from the testing of phosphoinhibitory (S to A). Double serine (5413-418AA,
S413-424AA, and S418-424AA) mutants did not disrupt IRF6:NME binding. When all
three of the conserved serines were mutated (5413-418-424AAA), the IRF6:NME
interaction was lost as shown by lack of growth on the SD-Leu-Trp-His+3AT media and a
negative result on the X-gal assay. (B) Immunoprecipitation results showing lower
amounts of NME2 being precipitated in cells ectopically expressing S413-418-424AAA

compared to cells ectopically expressing a wild type IRF6 (compare lane 2 with lane 1).
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LS8 cells overexpressing WT LS8 cells overexpressing
IRF6 S413-418-424AAA

Figure 3.7: Serine phosphorylation alters nuclear translocation. Lower amounts of IRF6
(green) observed in the nucleus of LS8 cells ectopically expressing S414-418-424AAA (B)

compared to cells ectopically expressing wild type (WT) IRF6



73

1° Ab: Racl
(pulldown)

1° Ab: Racl
(total)

1° Ab:RhoA
(pulldown)

1° Ab:RhoA
(total)

Figure 3.8: Racl and RhoA increase when the IRF6:NME2 interaction is disrupted in
HEK293T cells. HEK293T expressing a mutated IRF6 exhibited higher levels of active
Racl and RhoA compared to cells expressing a wild type IRF6 (compare lane 3 with lane

2).
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Figure 3.9: Knockdown of IRF6 HEK293T cells results in decrease in NME1 and NME2
mRNA expression. (A) Cells transfected with siRNA specific to IRF6 (s794447) exhibited
greater than 75% knockdown of IRF6 compared to cells transfected with a scrambled
sequence (Compare right column with left column). gPCR results were normalized to
GAPDH as an internal control. (B) gPCR analysis shows significant downregulation of
NME1 in HEK293T cells where IRF6 was silenced. (C) qPCR analysis shows downward
trend, although not statistically significant reduction of NME2 in HEK293T cells where

IRF6 was silenced. Student’s t-test performed with *: p<0.05
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Chapter 4: IRF6 loss-of-function results in defects in enamel formation
and root patterning

INTRODUCTION

Dental abnormalities are frequently found in patients featuring epithelial disorders.
Tooth tissues have several origins; the cells and structures that form the enamel arise
from oral ectoderm, and the cells and structures that form dentin, pulp, and
periodontium arise from neural-crest derived ectomesenchyme. Reported dental
abnormalities associated with ectodermal dysplasias include enamel hypoplasia, conical
crowns, taurodontic molars, and hypodontia (115). Furthermore, compared to the
general population, CLP patients exhibit higher rates of tooth agenesis, aberrations in
tooth morphology, and enamel defects (116). Specifically, hypodontia and
taurodontism are associated with VWS and isolated forms of CLP (117-119). Maxillary
second premolars, mandibular second premolars, and maxillary lateral incisors are the
most frequently absent; depending on the study, their absence is noted in 10 to 81% of
VWS patients (161). Thus, similar mechanisms likely control aspects of tooth

development and proper palatal fusion.

IRF6 in situ hybridization revealed IRF6 expression in dental and oral epithelium in
embryonic ages (59, 115). At E12.5, Irf6 was detected in the oral epithelium, and in
E14.5, Irf6 was expressed in the enamel organ with higher intensity in the tissues that
would become the cervical loop. In later stages, Irf6 was detected in the outer enamel

epithelium, the stellate reticulum, the stratum intermedium, and the preameloblasts. In
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Irf6 null mutant mice, incisor tooth buds exhibited abnormal epithelial protrusions into
the oral cavity, whereas, in wild-type control mice, the epithelium invaginated into the
condensing mesenchyme. Molars exhibited comparable invagination in the Irf6 null and
wild-type mice. Thus, in the tooth, Irf6 expression is restricted to epithelial derived

tissues.

Irf6 mutant strains die before completion of tooth development (73); thus, to
investigate the role of Irf6 on tooth development, an Irf6 conditional knockout model
was generated. Because of its restricted expression in epithelial tissues, the paired-like
homeodomain2 (Pitx2) promoter was selected to investigate the effects of Irf6 on
ameloblast polarity and enamel development (197). Pitx2, specific to the oral epithelium
is expressed in the dental lamina, enamel knot, undifferentiated cervical loops, and pre-
ameloblasts (160). During the progression from oral epithelium to differentiated
ameloblasts, the epithelial derived tissues undergo morphological changes, likely
influenced by epithelial polarity and adhesion. Irf6 is expressed in the oral epithelium;
thus, our murine model is expected to help elucidate the role of Irf6 in epithelial-derived

tooth structures directly, as well as effects on associated tissues.

RESULTS
Loss of Irf6 causes defects in tooth patterning and initiation
Irf6-cKO mice survived past birth and were indistinguishable from control littermates in

regards to physical and behavioral appearance. Gross examination of skulls at six
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months postnatal did not yield any appreciable craniofacial differences between Irf6-
cKO mice and controls (Figure 4.1). On closer examination, Irf6-cKO mice exhibited
defects in tooth patterning and initiation, resulting in an array of crown abnormalities at
post-eruptive ages (P28 and P84) (Figure 4.2). Overall, molars were smaller in the Irf6-
cKO samples (microdontia) compared to controls. In 25% of samples examined (5 out of
20), abnormal cusp patterns were noted, including significantly smaller crown shapes,
and loss of cusp patterning with single peg-shaped roots. In 10% of samples (2 out of
20), 3" molars were missing (Table 4.1). Alterations in Irf6-cKO molar cusp shape were
observed in P7 and P14 samples, ages prior to tooth eruption. In these ages, cusps

appeared shallower in Irf6-cKO samples compared to the controls (Figure 4.3).

Loss of Irf6 causes alterations in root formation

Irf6-cKO mice presented root patterning defects, including severely taurodontic
mandibular second molars in 100% of Irf6-cKO samples (N=20) examined (Table 4.1).
None of the other genotypes exhibited taurodontic mandibular second molars. Teeth
were characterized as taurodonts using the following criteria: enlarged pulp chamber,
apical displacement of the pulpal floor, reduction of separation between or fusion of
mesial and distal roots, and reduced constriction at the cementoenamel junction. When
teeth were removed from the alveolar bone, Irf6-cKO mandibular first molars (that did

not exhibit peg shaped roots) had comparable root morphology to controls (Figure 4.4,
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C’ versus A’ and B’). In contrast, mandibular second molars completely lost separation

of mesial and distal roots and exhibited an elongated root trunk (Figure 4.4, C”).

Enamel maturation defect observed in Irf6-cKO samples

Irf6-cKO mice displayed rapid enamel attrition with wear reaching dentin seven days
post-eruption. (Figure 4.5). By P84, the occlusal surfaces of the Irf6-cKO molars were
almost worn completely flat (Figure 4.5, C”). Micro-CT analysis of P28 and P84 samples
revealed that /rf6-cKO enamel was hypomineralized compared to controls in incisors
and molars (Figure 4.6). Thresholds were set for mature enamel, and enamel mineral
density was measured for mandibular molars. One way ANOVA with post hoc tests
were performed with p<0.05). Enamel mineral density was statistically significantly
lower in Irf6-cKO samples compared to Pitx2*/*; Irf6"/* samples (p<0.05), whereas the
Pitx2¢¢/*; Irf6™/* and Pitx2**; Irf6"f were not statistically different from the Pitx2*/*;

Irf6"* samples.

Cross sections of the incisors were examined below four landmarks in postnatal day 28
(P28) samples: alveolar crest, mental foramen, mesial root of the mandibular first molar,
and mesial root of the mandibular second molar. Incisor enamel at the alveolar crest
and the mental foramen landmarks was comparable between Irf6-cKO and control
samples, whereas micro-CT and histological analysis revealed that incisor enamel at the

mandibular molar landmarks was less mineralized in Irf6-cKO samples. Additionally, the
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transition zone between mature and immature enamel (Figure 4.7, red arrows) was

located more cervically in Irf-cKO samples compared to controls.

Scanning electron microscopy (SEM) analysis revealed comparable prismatic structure
between Irf6-cKO and control samples at mature enamel sites (Figure 4.8). However, at
higher magnification, shearing of enamel rods was observed in Irf6-cKO samples (Figure
4.8, D, red arrow). This was not observed in any of the control samples. Structure of
immature enamel was comparable between Irf6-cKO and control samples (Figure 4.8, E

and F).

Disturbances in ameloblast polarity observed in Irf6-cKO samples

Histological sections obtained at the mesial root of the mandibular first molar revealed
presence of immature enamel matrix in Irf6-cKO samples, which was absent in
comparable control samples (Figure 4.9, B’). In P28 Irf6-cKO samples, incisor
ameloblasts showed clear disturbances in morphology and polarity, appearing
shortened and irregular (Figure 4.9, B” versus A”). In P28 sagittal sections of the incisor,

significantly shorter and disorganized ameloblasts were also observed (Figure 4.10).
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Altered NME2 protein expression detected in Irf6-cKO samples

Sections from P14 incisors were immunolabeled using primary anti-IRF6 and NME2
antibodies. IRF6 and NME were detected in developing ameloblasts, specifically
adjacent to the developing enamel matrix, suggesting that IRF6 and NME are involved in
amelogenesis (Figure 4.11). IRF6 was detected in the nuclei and cytoplasm of
ameloblasts, with stronger localization at the distal end of the Tomes’ processes. NME2
appeared to be distributed evenly throughout the cytoplasm of ameloblasts. NME2
expression exhibited altered distribution in ameloblasts of P14 Irf6-cKO incisors and
molars compared to controls (Figure 4.12). In P14 control samples, NME2 was
distributed throughout the cytoplasm of the ameloblasts, although there appears to be
slightly increased localization at the proximal and distal ends of the ameloblasts (Figure
4.12). In contrast, the Irf6-cKO P14 ameloblasts exhibit lower amounts of NME2 in the

cytoplasm, and NME2 appears to aggregate at the distal end of the ameloblasts.

DISCUSSION

Ablation of Irf6 in oral epithelium demonstrates tooth defects commonly found in CLP
and amelogenesis imperfecta patients, suggesting importance of Irf6 in epithelial-
derived tooth tissues (116-119, 198). Enamel defects, hypodontia, and taurodontism
occur at a higher prevalence in CLP patients compared to the general population.
Additionally, increased wear observed in Irf6-cKO molars resembles amelogenesis

imperfecta patients with hypoplasia and hypomaturation enamel phenotypes. Our Irf6-
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cKO serves as a viable model in which to study enamel defects, which was previously not

possible because of early lethality of Irf6-null mice.

Our Irf6-cKO model was driven by the Pitx2-Cre promoter. Pitx2 encodes three
isoforms: Pitx2a, Pitx2b, and Pitx2c, which exhibit redundancy in function. In developing
teeth, Pitx2 expression is restricted to the oral epithelium. Its expression remains high
throughout the bud and cap stage, and it is found in the enamel knot, undifferentiated
cervical loops, and pre-ameloblasts. In the bell stage, Pitx2 is detected at lower levels in
transitional and secretory ameloblasts. This expression pattern overlaps with Irf6
expression in the tooth; thus, Pitx2 was an appropriate Cre promoter to study the effect
of Irf6 on tooth development. The Pitx2° allele has been characterized; the Pitx2¢
allele behaves as a Pitx2 null allele, in which Pitx2a, Pitx2b, and Pitx2c are inactive.
Pitx2¢¢/cre mice are embryonic lethal, thus our Irf6-cKO mice are homozygous for the
Irf6-floxed allele and heterozygous for the Pitx2¢¢ allele. In Pitx2-null mice, molar
development is arrested at the bud stage; however, mice that were heterozygous for
the Pitx2 null allele exhibited normal molar development. Possible effects on enamel
and root development were not reported. The effect of Pitx2 on multiple organs is dose
dependent; to determine possible contributions of the Pitx2-Cre allele, we analyzed the
phenotype of Pitx2¢/*; Irf6"/* mice as controls. Compared to Pitx2**; Irf6"* mice, the
Pitx2<¢/*; Irf6™* mice did not exhibit significant disruptions to crown or root
morphology, although there was a trend for lower, not statistically significant, enamel

mineral density of the Pitx2<¢’*; Irf6"/* enamel. Consequently, the Pitx2 allele may
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have contributed to the lower enamel mineral density, although presence of the Irf6"

allele .

Loss of Irf6 resulted in a delay in enamel maturation, which was apparent in P14, P28,
and P84 samples. Histological analysis revealed areas of immature enamel matrix in
Irf6-cKO, whereas in comparable control sections, the enamel was fully mineralized.
When comparing enamel mineral density measurements across P14, P28, and P84 ages,
Irf6-cKO enamel appeared to lag behind the controls in achieving its final mineral
density. This delay in enamel maturation was also visible in Irf6-cKO incisors.
Additionally, the final mineral density was statistically significantly lower compared to
controls, resulting in hypomineralized enamel, which exhibited increased enamel
attrition. Micro-CT analysis showed that radiographically, mature Irf6-cKO enamel was
distinguishable from dentin, suggesting an enamel hypomaturation phenotype versus a
hypocalcification phenotype. Enamel formation progresses in several stages: pre-
secretory, secretory, and maturation. In the pre-secretory and secretory stages,
ameloblast differentiation occurs and deposits an organic enamel matrix layer. In the
maturation stage, the organic components of the enamel matrix layer are removed, and
mineral deposition occurs. Hypomaturation enamel is often the result of defects in the
maturation stage of enamel development. Clinically, hypomaturation enamel exhibits

increased attrition, which is consistent with the phenotype observed in Irf6-cKO mice.
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In order to further define the effect of Irf6 ablation on enamel structure, SEM was
employed. SEM revealed that Irf6-cKO mice were able to form enamel prisms
accompanied by a seemingly organized rod and interrod structure, suggesting that the
initial stages of enamel formation, while delayed, occurred without any major
disruptions. This is corroborated by the comparable immature enamel structure
observed in Irf6-cKO and controls. However, shearing of enamel rods was observed in
Irf6-cKO mature enamel samples, which would likely not occur if the crystallites were as
tightly packed compared to controls. In studies of enamel from patients with
hypomaturation enamel, some samples featured prismatic structure accompanied by
widened interprismatic gaps. Additionally, organization of the enamel crystals was
disrupted, the crystallites were smaller compared to controls, and higher amounts of
organic matter were detected. The shearing of enamel rods in Irf6-cKO samples may be
caused by inefficient removal of organic matrix, thus leading to looser packed enamel
rods and weakened enamel structure. This suggest that IRF6 may regulate either

removal of the organic matrix or mineral deposition.

In addition to causing enamel defects, Irf6 ablation in oral epithelium has marked effects
on crown and root development. Previous studies demonstrated Irf6 expression in
dental and oral epithelium in embryonic stages, and /rf6 mutant incisor epithelium
invaginated improperly in the bud stage (59). For the first time, we present
consequences of Irf6 loss on later stages of tooth development. Subtle morphological

differences were detected at P7, and by the time teeth were fully erupted (P28 and
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later), marked crown patterning differences were detected. During the bell stage, the
inner dental epithelium undergoes folding events, which ultimately determines cuspal
position. In Drosophila, epithelial folding has been found to be initiated by repositioning
of the adherens junctions, i.e. changing polarity, in a Rap1 and a-catenin manner. Rapl,
which is also a member of the Rho GTPase family, is believed to regulate Racl and RhoA
(199, 200). Constitutively active Rap1 is believed to lead to restricted epithelial folding
(201). In a similar manner, higher levels of RhoA may lead to alterations in epithelial
folding, which can manifest as shallower cusps or loss of cusps as seen in our Irf6-cKO
samples. Furthermore, one of the causes of taurodontism, which was frequently
observed in our Irf6-cKO mice is a failure of Hertwig’s epithelial root sheath to
invaginate at the proper horizontal level (202). The HERS is derived from the inner and
outer enamel epithelium and as the HERS migrates inward and apically, it establishes a
barrier between the mesenchyme-derived developing periodontium and pulp (125,
127). Folding of the HERS defines the location of the furcation and generates secondary
apical foramina (45). Thus, the observed crown and root morphological disturbances

may be caused by epithelial polarity directed alterations in epithelial folding.

As investigated in Chapter 3, the IRF6:NME complex has potential roles in the
developing facial epithelia. Next, we investigated whether NME also has a role in the
tooth. The role of NME has not been investigated in the tooth, and our data suggests
that NME is also expressed in teeth, although whether an IRF6:NME interaction exists in

the tooth is unknown. In P14 incisor sections, NME2 immunolocalization was altered in
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Irf6-cKO samples versus controls.. In P14 control samples, NME2 was distributed
throughout the cytoplasm of the ameloblasts (Figure 4.12). In contrast, the Irf6-cKO P14
ameloblasts exhibit lower amounts of NME2 in the cytoplasm, and NME2 appears to
aggregate at the distal end of the ameloblasts. In P14 control sections, the ameloblasts
are in the transition and maturation stages. The Tomes’ processes are no longer as
visible, and they are beginning to retreat from the enamel matrix. After the enamel
matrix assumes its final thickness, the proximal and distal junctions alter their
permeability in preparation for removal of organic components and mineral deposition.
NME has roles in regulation of adhesion complexes in epithelia, so NME localization at
proximal and distal ends may represent a mechanism in which ameloblasts alter the
strength of the junctional complexes. In contrast, the Irf6-cKO P14 ameloblasts appear
to be still in the secretory stage; the ameloblasts appear taller, and the Tomes’
processes do not appear to have retreated form the developing enamel matrix. At this
stage, proteins are actively being secreted, so the distal junctional complex needs to be
permeable enough to allow for release of the enamel matrix proteins. NME promotes
E-cadherin endocytosis, which ultimately weakens cell-cell contacts. The increased NME
may reflect abnormal regulation of permeability at the junctional complexes.
Furthermore, the increased localization of NME2 at the distal end of the ameloblasts
resembles IRF6 localization in P14 ameloblasts (Figure 4.11). In wild type sections, IRF6
was immunolocalized to the distal end of the ameloblasts, whereas NME2 was evenly

distributed throughout the cytoplasm. Loss of IRF6 resulted in altered NME2
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localization, suggesting that IRF6 may function to keep NME away from the junctional

complexes.

Additionally, as discussed in Chapter 3, reduced NME levels are expected to result in
elevated active Racl and RhoA levels, which result in disturbances in epithelial adhesion
and polarity. In the tooth, Racl and RhoA have been detected in the enamel organ, and
Racl and RhoA expression is higher in differentiated ameloblasts in comparison to non-
polarized cells of the inner and outer enamel epithelium (203). Furthermore, RhoGDI
(inhibitor of Rho GTPases) is downregulated during ameloblast secretory stages, in
which ameloblasts are polarized (204). This suggests that RhoA and Rac1 have roles in
the ameloblast polarity. In epithelial cells, RhoA can cause changes in cell shape and
polarity via alterations of the actin cytoskeleton (94). F actin is concentrated at proximal
and distal ends in ameloblasts, coinciding with the location of the junctional complexes
(203). Racl moderates E-cadherin cell-cell complexes, and E-cadherin is expressed in
inner and outer enamel epithelial cells (205). Following establishment of cusp
morphology, differentiated ameloblasts express lower E-cadherin levels (205). Thus, the
timing of E-cadherin expression is believed to influence tooth morphogenesis (206).
Racl is also specifically localized to the distal end of polarizing ameloblasts, further
suggesting a role of Racl in ameloblast polarity. Our immunohistochemistry showed
NME2 concentration at the proximal and distal ends, suggesting that the IRF6:NME
interaction may contribute to the observed crown and root morphological disturbances

via alterations in Racl and RhoA.
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Racl in polarizing ameloblasts

Raclis

Thus, the IRF6:NME interaction may contribute to the observed crown and root
morphological disturbances via alterations in Racl and RhoA. Further studies are
needed to elucidate the role of IRF6 and NME during tooth development and to

determine possible downstream effects on adhesion and polarity effector molecules.

Tooth-targeted Irf6 deletion in mice demonstrated enamel and root patterning defects
consistent with CLP patients with /RF6 mutations. Disturbances in crown morphology,
NME expression, and ameloblast polarity suggest that IRF6 may have roles in regulating
epithelial polarity in tooth tissues. These results identified a critical and non-redundant
role for IRF6 in crown and root formation, suggesting diversity of /RF6 function in
epithelial-derived tissues. Further studies investigating the expression of other proteins
associated with enamel disorders, e.g. ameloblastin, enamelin, and matrix
metalloproteinase, are needed to help determine the cause of the observed enamel

abnormalities.
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FIGURES AND TABLES
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Figure 4.1: Irf6-cKO mice survived past birth without any apparent disruptions in
mortality. 3D reconstructed skulls from micro-CT scans of six month old control (A) and
Irf6-cKO samples (B). No obvious skeletal differences were detected between controls

and Irf6-cKO samples.
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Pitx2**; Irf6"/* (Control) Irf6-cKO
A l | P84

Figure 4.2: Loss of Irf6 causes defects in crown and root development. (A, B) 3D

B

reconstructions from micro-CT scans showing occurrence of microdontia and loss of
normal cusp patterning (blue arrow) as well as hypodontia in P84 Irf6-cKO sample (B)
compared to control sample (A). (C, D) Occurrence of microdontia and single peg-
shaped root (green arrow) in mandibular first molar and taurodontism in P28 Irf6-cKO
sample (D) compared to control sample (C). Note rapid attrition in Irf6-cKO samples (B,
D). Other controls (Pitx2<¢*; Irf6™*, Pitx2**; Irf6"f genotypes) did not exhibit these

alterations in crown and root morphology.
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Controls Irf6-cKO

Pitx2+/+; Irf6f/*  Pitx2Cre/+; Irf6f/+  Pitx2+/+; Irf6f/f | Pitx2Cre/+; Irfefi/f
N=22 N=15 N=19 N=20
Peg shaped 0% 0% 0% 25%
molars
Hypodontia 0% 0% 0% 10%
Taurodontism 0% 0% 0% 100%

Table 4.1: Occurrence of crown and root abnormalities observed in control and Irf6-

cKO samples.
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Pitx2*/* : Irf6/"*

Pitx2Cre/+ ; [rf6iI/*

Pitx2Cre/ ; Irf6/fl
(cKO)

Figure 4.3: Altered crown morphology seen prior to tooth eruption (P7 and P14
samples). Note shallower cusps in Irf6-cKO samples (E, F) compared to controls (A, B, C,

D).
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Pitx2** ; Irf6™!

Pitx2¢re/*; [rf6f/+

Irf6-cKO

B”
l}.’ B
ey

Figure 4.4: Comparison of P28 Irf6 -cKO pulp chambers and roots with littermate
controls. Taurodontism of mandibular second molars seen in microCT images (C) and
evident when teeth are removed from the alveolar bone (C” vs A” and B”). Mandibular

first molars are provided as a comparison (A’, B’, C’).
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Pitx2** ; Irf6™/*

Pitx2Cre/* ; Irf6/V+

Pitx2Cre/* ;
Irf6™/f! (cKO)

Figure 4.5: Increased enamel attrition observed in Irf6-cKO teeth. Following tooth
eruption, in P28 and P84 samples, increased enamel wear was observed in Irf6-cKO (C,
C’, C”) compared to controls (A, A’, A”, B, B’, B”). Note sheared cusps in Irf6-cKO

samples (C) and rapid wear from P28 to P84 (C’ versus C”).
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Figure 4.6: Hypomineralized enamel observed in Irf6-cKO samples. (A, B, C, D).
Threshold for mineralized enamel set for different ages, and lower amounts of
mineralized enamel observed in Irf6-cKO. P28 samples are shown as examples of
enamel thresholding. (E, F, G) Among P14, P28, and P84 samples, Irf6-cKO enamel had a
statistically significant lower enamel mineral density compared to Pitx2**; Irf6"*
samples (indicated by asterisks). Statistical significance set at p<0.05. For all groups,

3<n<6.
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Control

Mature Enamel Immature Enamel Mature Enamel Immature Enamel

Figure 4.7: Micro-CT analysis of P28 Irf6-cKO incisors compared to controls. (A, B)
Representative cross sections of the incisors are shown at four landmarks: alveolar crest
(Ai, Bi), mental foramen (Aii, Bii), mesial root of mandibular first molar (Aiii, Biii), and
mesial root of mandibular second root (Aiv, Biv). Transition between mature and
immature enamel located more apically in control versus Irf6-cKO (red arrows). Enamel
density differences in Irf6-cKO samples were visible at molar landmarks with the enamel
layer appearing thinner and less bright compared to controls. Controls were either
Pitx2*"*; Irf6™* , Pitx2<¢/*; Irf6™/*, or Pitx2*/*; Irf6"/f genotypes, and Irf6-cKO refers to

Pitx2<r¢/*; Irf6"f genotype.
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Figure 4.8: SEM analysis of P28 Irf6-cKO incisor enamel compared to controls. SEM
images of control mature enamel (A, C) and immature enamel (E) were compared with
images of Irf6-cKO mature enamel (B, D) and immature enamel (F). Irf6-cKO mature
enamel (B) exhibited comparable prismatic structure compared to controls (A). At a
different orientation, shearing of enamel rods observed in Irf6-cKO samples (D, red
arrow), which was not observed in controls. Immature enamel did not exhibit any

appreciable differences between Irf6-cKO and control samples.
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Figure 4.9: Hematoxylin and eosin staining performed on decalcified P28 Irf6-cKO and
control samples. Enamel space is visibly thinner in Irf6-cKO samples compared to

controls (B versus A), and immature enamel matrix present in Irf6-cKO incisors and
absent in comparable control sections (B’, asterisk). Ameloblasts of Irf6-cKO samples
appear irregular and less polarized compared to control samples. Note disturbances in
ameloblast morphology and organization in Irf6-cKO ameloblasts compared to control

ameloblasts (B” versus A”).
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Figure 4.10: Hematoxylin and eosin staining performed on decalcified P28 Irf6-cKO and
control samples. Sagittal sections of P28 incisors were obtained to examine

ameloblasts in different stages. Irf6-cKO incisor showed transition between immature
enamel and mature enamel (B’, arrow). In these regions, Irf6-cKO ameloblasts appeared
shortened and flattened compared to controls. In regions located more apically and
adjacent to unmineralized enamel matrix (B”), Irf6-cKO secretory stage ameloblasts
were still shorter than control ameloblasts that were closer to maturation stage (B”

versus A”).
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Wild-type Wild-type

Figure 4.11: Immunolabeling of IRF6 and NME in P14 wild type developing teeth. (A)
IRF6 is found in nuclei, cytoplasm, and at the distal end (adjacent to the developing

enamel matrix) of ameloblasts. (B) NME2 is found in cytoplasm of ameloblasts.

Control Irf6-cKO

Figure 4.12: Loss of Irf6 alters NME2 expression. P14 Irf6-cKO samples exhibited
overall lower amounts of NME2 in ameloblasts, and NME2 appeared to be more

concentrated adjacent to the developing enamel matrix in Irf6-cKO samples.



100

Chapter 5: Towards understanding the role of IRF6 in tooth development
INTRODUCTION

Irf6 is expressed in early oral epithelium and has roles in epithelial tooth invagination,
and as demonstrated in the previous chapter, loss of Irf6 results in disruptions to
epithelial-derived tooth tissues and cells, including enamel and ameloblasts. Our Irfé6
conditional knockout (/Irf6-cKO) generated with a Pitx2-Cre promoter resulted in
disturbances to ameloblast polarity and NME expression. These findings were
consistent with our hypothesis that the IRF6:NME complex has a role in epithelial
polarity. Because disruptions in p120 catenin and Racl lead to loss of ameloblast
polarity and severe enamel defects, a similar, more muted effect may be present when
Irf6 is conditionally ablated in oral epithelium (149, 150). However, the phenotype
exhibited by the p120 catenin and Racl mutants differed from our Irf6-cKO enamel in
several aspects. For example, the Irf6-cKO enamel exhibited hypomineralization, but
SEM of mature enamel revealed formation of an organized prismatic structure, which
was not present in the p120 catenin and Racl mutants (149, 150). Additionally, loss of
Irf6 results in alterations in crown and root morphology, which were also not reported
in p120 catenin and Racl mutants. Thus, additional studies on enamel development in
Irf6-cKO mice are required in order to understand Irf6 function during tooth

development.

During amelogenesis, or enamel development, ameloblasts, which form enamel and are

derived from the oral epithelium, undergo several morphological and functional stages:
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presecretory, secretory, transition, and maturation. In the presecretory stage, following
odontoblast differentiation and predentin deposition, ameloblasts differentiate and
begin enamel deposition. As ameloblasts progress toward the secretory stage, they
elongate into tall, columnar cells, develop Tomes’ processes, and secrete enamel matrix
proteins, including amelogenin (AMEL), ameloblastin (AMBN), enamelin (ENAM), and
matrix metalloproteinase (MMP20). During this stage, the ameloblasts move in a sliding
pattern relative to one another, altering the strength of adherens junctions between
ameloblasts. At the end of the secretory stage, the Tomes’ process is lost as the enamel
reaches its full thickness. In the transition stage, the ameloblasts lose their columnar
shape and begin the transition between ruffle and smooth-ended cells. In the
maturation stage, the ameloblasts secrete enamel proteinases to remove enamel matrix
proteins as well as transport ions to enhance mineral accretion. As the protein matrix is
removed, the enamel crystals grow wider and larger as mineral is deposited. If the
matrix proteins are not removed, mineral deposition is inhibited and can lead to enamel

defects.

Amelogenin (AMEL), enamelin (ENAM), kallikrein-4 (KLK4), and matrix
metalloproteinase (MMP20) are often implicated in amelogenesis imperfecta.
Amelogenesis imperfecta (Al) refers to a collection of inherited enamel disorders, which
are classified by stage of enamel formation affected. AMEL mutations cause a spectrum
of enamel defects, which range from hypoplastic to hypocalcified forms. Al has four

main categories: hypoplastic, hypocalcification, hypomaturation, and hypomaturation-
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hypoplastic with taurodontism. Hypoplastic enamel refers to enamel that is thinner
with normal mineralization, and it typically results from defects in the secretory stage.
Clinically, hypoplastic enamel is radiographically distinguishable from dentin, appears
translucent, and often features pitting and grooves. ENAM mutations have been found
in hypoplastic Al cases, whereas MMP20 and KLK4 mutations tend to be associated with
hypocalcified and hypomature enamel. Accordingly, hypocalcified enamel results from
defects in enamel maturation. Hypocalcified enamel is of normal thickness, appears
more radiolucent compared to dentin, has a chalky appearance, and wears rapidly.
Hypomature enamel also results from defects in enamel maturation, and it is
radiographically indistinguishable from dentin. Clinically, hypomature enamel has a
mottled appearance and wears faster than normal enamel. Hypomaturation-
hypoplastic enamel with taurodontism also includes taurodontic teeth, which feature
enlarged, apically displaced pulp chambers, loss of cervical constriction, and apical
displacement/loss of furcation. Other dental abnormalities associated with
amelogenesis imperfecta include microdontia, root resorption, short roots, tooth
agenesis, and aberrations in crown morphology. Thus, enamel matrix proteins may

contribute to the tooth phenotype observed in Irf6-cKO mice.

In this chapter, we aimed to identify stages of tooth development affected by loss of
Irf6. Bell stages of crown development were selected in order to examine the
developing enamel matrix and secretory stage ameloblasts (postnatal days 4 and 7 in

mice), and postnatal days 13 and 14 were selected for study of root development and
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maturation stage ameloblasts. Gene and protein expression of enamel matrix proteins

were evaluated in Irf6-cKO samples versus controls.

RESULTS

Loss of Irf6 causes alterations in crown morphology and enamel defects

As discussed in Chapter 4, Irf6-cKO mice exhibited striking crown morphological
disturbances. Mandibular first molars featured crown shapes of varying sizes and loss of
cusp patterning (Figure 5.1). These ranged from a reduced crown shape retaining
normal cusp patterning (Figure 5.1, black arrow) to complete loss of cusp patterning
(Figure 5.1, red arrow). In all samples examined, disturbances in crown morphology of
mandibular first molars were observed unilaterally, i.e. disturbances on one side were
not mirrored on the contralateral side. Mandibular second molars exhibited subtle
changes in cusp, ridge, and groove patterns; for example, deeper grooves were

occasionally observed (Figure 5.1, blue arrow).

Irf6-cKO mice exhibited hypomineralized enamel, which was accompanied by increased
enamel attrition. As shown in Chapter 4, Irf6-cKO enamel exhibited reduced enamel
mineral density, although mature enamel was radiographically distinguishable from
dentin (Figure 5.2, D and D’). Enamel defects were detected in the continuously
erupting mandibular incisor. In ages P24 to P84, cross sections were obtained from

regions apical to the mesial root of the mandibular first molar. The murine incisor is
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continuously erupting, thus these sections represent different stages of enamel
mineralization, and delays in enamel maturation were observed. Enamel was thinner
and more radiolucent when compared to controls, particularly around maturation
stages, i.e. P28 (enamel outlined in Figure 5.2, C’ versus C). In comparison, the
mandibular first molar, in which enamel development was complete, differences

between control and Irf6-cKO enamel were more subtle (D’ versus D).

Comparison of Irf6-cKO ameloblasts with controls

In mice, the mandibular first molar is in the bell stage during P4 and P7 ages. Thus,
these ages were selected for examination of the ameloblasts during enamel matrix
deposition. In P4, the ameloblasts have already differentiated and are in the secretory
stage. They appear as tall, columnar cells with the nuclei oriented away from the
developing enamel matrix. In control and Irf6-cKO samples, the secretory ameloblasts
exhibited easily observable polarity, and no apparent differences were detected

between Irf6-cKO and controls (Figure 5.3).

In P7, the ameloblasts are actively secreting enamel matrix, and the enamel layer is
visibly thicker compared to P4. Compared to ameloblasts that are located near the
future cementoenamel junction (CEJ) of the tooth (Figure 5.4, B’, white arrow),
ameloblasts that differentiated earlier and are located more occlusally exhibited mild

disturbances in organization and polarity (Figure 5.4, B’, black arrow). P7 Irf6-cKO
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incisors also exhibited a delay in enamel formation as observed by the thin dentin layer

(asterisks) and absence of the enamel layer (Figure 5.4, B”, asterisks)

In P14, enamel matrix deposition is complete in mandibular first molars, and in
demineralized sections, the enamel is represented by an empty space. Ameloblasts are
still present, and they have reached the maturation stage. In the control sample, the
ameloblasts have shortened but remain polarized (Figure 5.5, A’). In contrast, the Irf6-
cKO ameloblasts appear less organized, and increased spacing was observed in between
ameloblasts (Figure 5.5, B’). In corresponding P14 incisor sections, enamel formation
was delayed in Irf6-cKO samples (Figure 5.5). Consistent with earlier microCT
observations, the enamel layer was thinner, and the ameloblasts appear to be in the
secretory stage, whereas in the control sample, the ameloblasts had already shortened

and were approaching maturation stages (Figure 5.5, B” versus A”).

Loss of Irf6 causes root alterations

In addition to crown and enamel defects, root alterations were noted. Histological
sections of P14 HERS revealed that the Irf6-cKO HERS appeared shorter compared to
controls (Figure 5.6 B’ versus A’). As discussed in Chapter 4, taurodontic mandibular
second molars were noted. Coronal microCT sections from cervical and midroot regions
of the mandibular molar roots were obtained at P28 and P84. At the cervical region
(occlusal of the bifurcation between mesial and distal roots), root morphology was

comparable between all genotypes. In the midroot sections (apical to the bifurcation),
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which showed sections through the mesial and distal roots, Irf6-cKO mandibular second
molars lacked separation between mesial and distal roots. Instead, they exhibited C-
shaped roots (Figure 5.7, D’ and Figure 5.9, D’, red arrow). Irf6-cKO mandibular first
molars, which exhibited separation between mesial and distal roots, also exhibited a
statistically significant reduction in separation between mesial and distal roots (Figure
5.8). A mild decrease in separation between mesial and distal roots, although not
statistically significant, was observed in Pitx2<*; Irf6"/f samples. When Irf6-ckO
mandibular first molars exhibited a single root, a single canal was observed (Figure 5.9,

D, blue arrow), showing complete loss of separate mesial and distal roots and canals.

Knockdown of IRF6 in ameloblast-like cells

To test the effects of Irf6 knockdown in an in vitro model, siRNAs specific for IRF6 were
used on LS8 cells, an ameloblast-like cell line (Figure 5.9). IRF6 expression was first
verified in LS8 cells using qpCR. Although low, IRF6 levels were detectable. Using
siRNAs for IRF6 (Life Technologies; Carlsbad, California), IRF6 was silenced in LS8 cells.
Reverse transcriptase (RT) and qPCR were performed to evaluate percent of IRF6
knockdown. Cells that exhibited >60% knockdown (compared to the scrambled
negative control and cells that received only lipofectamine) of IRF6 were considered
adequately silenced. Expression of enamel matrix proteins (amelogenin, ameloblastin,
enamelin, kallikrein-4, and matrix metalloproteinase-20) was evaluated using gPCR. No

difference was detected in amelogenin, (Amel) ameloblastin (Ambn), enamelin (Enam),
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kallikrein-4 (Klk4), and matrix metalloproteinase-20 (Mmp20). Expression of these
enamel matrix proteins was low, suggesting that the LS8 cells used in this study
represented a largely undifferentiated state. This suggests that in undifferentiated cells,
because of its low expression and its lack of effect on enamel matrix proteins, IRF6 likely

has a minimal role.

IRF6 and the expression of genes involved in enamel and dentin formation

To determine the effects of IRF6 on expression of genes involved in enamel and dentin
formation, Irf6 molars were harvested at P4 and P13. The population of P4 ameloblasts
were believed to be largely in the secretory stage, whereas ameloblasts in the P13 stage
were believed to primarily represent maturation stages. To represent ameloblasts in all
stages, enamel organs of P13 incisors were harvested. RT-PCR and qPCR were
performed with RNA harvested from P4 and P13 samples. To verify that Irfé6 expression
was sufficiently reduced in Irf6-cKO samples, Irf6 mRNA expression was checked using
Gapdh as a reference gene. Irf6 was statistically significantly reduced in P4 and P13
samples (Figure 5.10A; Figure 5.11A; Figure 5.12A, p<0.05 for molars and p<0.10 for
enamel organs). Gene expression of enamel matrix proteins (Amel, Enam, Ambn,
Mmp20, Klk4) was evaluated using gPCR. P4 molars exhibited an enamel matrix protein
expression profile characteristic of secretory stage ameloblasts: high levels of Amel and
Enam as well as higher levels of Mmp20 compared to Klk4. Of these enamel matrix
proteins, loss of Irf6 did not result in a demonstrable effect (Figure 5.9A). In P4 samples,

genes involved in dentin development were also evaluated (tissue non-specific alkaline



108

phosphatase, dentin matrix protein 1, and osterix). Tissue non-specific alkaline
phosphatase (Thap) and dentin matrix protein 1 (Dmp1) did not exhibit an effect in
response to Irf6 loss. Osterix (Osx) exhibited a statistically significant decrease in
response to loss of Irf6. Subsequently, Wnt3a, Wnt10b, and transforming growth
factor-beta (Tgf-8) were evaluated, and Wnt10b also exhibited a statistically significant

decrease (Figure 5.10B). (p<0.05)

In comparison to P4 molars, P13 molars exhibited an enamel matrix gene expression
profile consistent with ameloblasts in maturation stages: Amel, Enam, and Ambn gene
expression levels were considerably lower compared to P4 levels, and Klk4 expression
was approximately five fold higher compared to Mmp20 (Figure 5.10A). Similar to P4
molars, none of the enamel matrix proteins exhibited an appreciable gene expression
effect in response to Irf6 loss. Although Wnt10b and Osx levels were comparable
between P4 and P13 molars, Irf6 loss did not result in downregulation of Wnt10b or Osx

in P13 molars (Figure 5.11B).

P13 enamel organs exhibited a gene expression profile characteristic of a mixed
population of ameloblasts (Figure 5.12A). High levels of Amel (characteristic of
secretory stage ameloblasts) and high levels of KIk4 (characteristic of maturation stage
ameloblasts) were detected. Irf6 loss did not exhibit a statistically significant effect on

the expression of enamel matrix proteins, although Klk4 appears to exhibit a slight
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decrease in Irf6-cKO samples. No difference was detected in Wnt10b and Osx

expression between Irf6-cKO and control enamel organs (Figure 5.12B).

Loss of IRF6 causes alterations in enamel matrix proteins

Amelogenin (AMEL) was detected in secretory stage ameloblasts adjacent to the
developing enamel matrix of incisors and molars in Irf6-cKO and control samples. AMEL
expression was comparable between Irf6-cKO and control samples at P4 (Figure 5.13).
In Irf6-cKO P14 incisors, AMEL was detected at higher levels in ameloblasts compared to
controls. In Irf6-cKO P28 incisors, AMEL was detected in the ameloblasts as well as in
the immature enamel matrix, which in corresponding control sections where the

enamel was fully mineralized, AMEL was not detected.

KLK4 was detected in maturation stage ameloblasts adjacent to the immature enamel
matrix in P14 ameloblasts. In comparable Irf6-cKO sections, KLK4 was expressed at

much lower levels compared to controls (Figure 5.14)

DISCUSSION

As described in the previous chapter and this chapter, loss of Irf6 results in disturbances
in crown and root morphology, enamel hypomineralization, and ameloblast polarity.

Here, we attempt to further define the role of Irf6 in tooth development.
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Irf6 mandibular molars exhibited a range of crown variations, including complete loss of
normal cusp patterning. During tooth development, cusp patterning begins with the
emergence of the secondary enamel knots (207-209). Similar to the primary enamel
knot, secondary enamel knots are epithelium derived and function as signaling centers.
Components of the fibroblast growth factor (Fgf), bone morphogenetic protein (Bmp),
Ectodysplasin A (Eda), Sonic hedgehog (Shh), and Wnt pathways are expressed in
enamel knots. Whereas the primary enamel knot develops at the top of the tooth bud
in the late bud stage and is found in all teeth, secondary enamel knots are formed in the
bell stage and are only found in teeth with multiple cusps (premolars and molars).
Notably, Irf6 P4 molars exhibited decreased Wnt10b mRNA expression. Wnt10b is
expressed in dental epithelium and enamel knots, and disrupting Wnt/beta-catenin
signaling during the bell stage leads to flattened, smaller and irregular cusps (210-212).
Additionally, in the enamel knot, Wnt signaling also activates Eda, which also has roles
in regulation of tooth shape, size, and number. The Tabby mouse, a murine homolog for
patients with anhidrotic ectodermal dysplasia and features an Eda mutation, exhibits
smaller teeth and reduced molar cusps (213, 214). Thus, interference with signaling in
the enamel knot may result in downstream effects on multiple pathways, which may

lead to the aberrant cusp morphology observed in Irf6-cKO mice.

The Irf6 influence on Wnt transcription may also be manifested in the abnormal root
morphology observed in Irf6-cKO samples. Disruptions in Wnt/B-catenin signaling can

lead to tooth root defects, including shorter or absence of tooth roots (210).
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Additionally, Wnt10b has a similar expression pattern to Wnt10a in oral epithelium and
enamel knots, and Wnt10a-null mice exhibit blunted cusps as well as taurodontic
mandibular molars (212, 215) . Root defects are often accompanied by defects in
Hertwig’s Epithelial Root Sheath (HERS), which is formed from the fusion of the inner
and outer enamel epithelium (45). In the bell stage, Wnt10b has been detected in the
outer enamel epithelium, suggesting it may contribute to the formation of HERS (216).
During root development, cells comprising the HERS divide as HERS simultaneously
migrates apically. Furcation development is believed to be dependent on HERS folding,
and taurodontism is believed to be caused by a failure of or aberrant folding of the HERS
(45). Comparison of Irf6-cKO and control HERS suggested that although the Irf6-cKO
HERS appears intact, it may not have elongated properly (Figure 5.6). Consequently,

furcation development is disrupted, and separation of the mesial and distal roots is lost.

Similar to crown development, root development is also dependent on epithelial-
mesenchymal interactions. The HERS is derived from the enamel epithelium, and
following its development, is believed to induce odontoblast differentiation in the root.
Studies of dentin markers such as Osterix (Osx) indicate that odontoblast differentiation
is spatially and temporally regulated (217). Conditional knockouts for Osx using either
the Collagen la or Osteocalcin promoter revealed root dentin phenotypes, but not
crown dentin phenotypes (217). Osx conditional knockouts exhibited reduced
separation between mesial and distal roots, which was also exhibited in our Irf6-cKO

mice. Additionally, P4 Irf6-cKO molars exhibited reduced Osx expression, suggesting
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that Osx is a contributing factor to the altered root morphology observed in Irf6-cKO
mice. Osx has not been detected in the HERS, nor has it been detected in enamel
epithelium, although WNT has been detected in the HERS (218). Osx regulates Wnt
signaling; thus, there is a possibility that /rf6 effects on Osx expression occurs via

epithelial-mesenchymal crosstalk (219).

In examining stages of enamel development, If6-cKO mice exhibited a delay in enamel
maturation, and the ultimate enamel mineral density was lower compared to controls.
In the earlier stages of ameloblast development, i.e. presecretory and early secretory,
Irf6-cKO ameloblasts were comparable to controls. However, as the ameloblasts neared
the maturation stage, they appeared more disorganized and shorter compared to
controls. This suggests that Irf6 has a role in later stages of enamel development.
Furthermore, in an undifferentiated ameloblast-like cell line (LS8 cells), Irf6 was
detected at very low levels and did not cause any changes in mRNA expression of
enamel matrix proteins. In P4 and P13 molars, Irf6 ablation did not cause any
statistically significant changes in the enamel matrix proteins, although at the protein
level, changes in AMEL and KLK4 were detected. For example, Irf6-cKO P14 and P28
samples exhibited elevated AMEL levels in ameloblasts compared to controls.
Furthermore, in P14 samples, this was accompanied by a decrease in KLK4 expression.
Mutations in AMEL and KLK4 have been found in individuals with amelogenesis
imperfecta, suggesting that the enamel defects may be caused by abnormal expression

of enamel matrix proteins (220). Individuals with AMEL mutations exhibit a range of
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enamel phenotypes, which range from hypoplastic to hypomature or severely
hypocalcified forms. KLK4 mutations are frequently associated with defects in enamel
maturation, which is consistent with the enamel phenotype reported in Irf6-cKO mice.
KLK4 cleaves AMEL at several different sites during the late secretory and maturation
stages of enamel development (129, 221, 222). Klk4-null secretory stage enamel is
indistinguishable from wild-type enamel, whereas in later stages, residual enamel
proteins were detected in Klk4-null samples. After the enamel has reached its final
thickness (by the end of the secretory stage), removal of enamel proteins is critical
toward mineral deposition. Residual proteins inhibit proper enamel crystallite growth
and mineralization; improper cleavage of enamel proteins leads to smaller enamel
crystallites and increased spacing between crystallites (132). Consequently, the final
enamel structure is compromised, which may lead to the hypomineralized phenotype

observed in the Irf6-cKO mice.

We have shown that loss of Irf6 causes defects in crown, root, and enamel formation.
This suggests that Irf6 may have several roles in the tooth development and maturation.
Via interactions with components of the Wnt/B-catenin pathway, Irf6 may participate in
cusp patterning or HERS folding. Furthermore, Irf6 appears to have roles in enamel
maturation; by influencing the expression of enamel matrix proteins such as AMEL and
KLK4, Irf6 can affect final enamel structure. These findings contribute toward the
understanding of the role of Irf6 in tooth development as well as tooth abnormalities

associated with epithelial disorders.
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FIGURES
Pitx2*/*; Irf6/f Pitx2re/*; Irf6/f (cKO)
Pitx2¢re/*; |rf6f/fl (cKO) Pitx2¢re/*: |rf6f/fl (cKO)

\/\/

Figure 5.1: Variations in crown morphology observed in P84 Irf6-cKO samples.
Compared to the controls (A), Irf6-cKO (B, C, D) mice exhibited a variety of crown
shapes, including reduced crown size with normal cusp patterning (B, black arrow),
complete loss of cusp patterning (B, red arrow). Mandibular second molars also

exhibited altered crown patterning, including deeper grooves (blue arrow)
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Control

Irf6-cKO

Figure 5.2: Enamel maturation delay observed in Irf6-cKO samples. In P14 and P21
samples, Irf6-cKO mice exhibited thinner enamel (enamel outlined in white) compared
to controls (B’, C’ versus B, C). In P28 samples, Irf6-cKO samples exhibited thinner
enamel, and enamel was clearly more radiolucent compared to controls (C’ versus C).
By P84, when the enamel is fully mineralized, the differences in enamel radiolucency

were more subtle (D’ versus D).
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Pitx2*/* ; Irf6™'V+ Pitx2¢re/+ ; [rf6f/fl (cKO)

Figure 5.3: Irf6-cKO P4 samples exhibit polarized ameloblasts comparable to controls.
Od=odontoblasts, D=dentin, Ezenamel, Ab=ameloblasts. Secretory ameloblasts in
mandibular first molars are polarized in Irf6-cKO and control (Pitx2** ; Irf6"/*) samples

(A, B').
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Control (Pitx2*/* ; Irf6/fl)) Pitx2¢re/* ; Irf6™/f! (cKO)

Figure 5.4: P7 Irf6-cKO samples exhibit disturbances in polarity and enamel formation.
Od=odontoblasts, D=dentin, Ezenamel, Ab=ameloblasts. In Irf6-cKO P7 mandibular first
molars, ameloblasts that differentiated earlier and located more occlusally exhibited
slight disturbances in organization and polarity (black arrow) compared to ameloblasts
near the future cementoenamel junction of the tooth (whiter arrow). Irf6-cKO P7
incisors also exhibited a delay in enamel formation as observed by the thin dentin layer

(asterisks) and absence of the enamel layer (B” compared to A”).
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Figure 5.5: P14 Irf6-cKO samples exhibit disturbances in ameloblast organization and
enamel formation. Ameloblasts are in the maturation stages. In the control sample
(A’), ameloblasts have shortened, but remain polarized (black arrow). Irf6-ckO
ameloblasts appeared less organized and increased spacing was observed between
ameloblasts (Figure 5.5, B’). In incisor sections, enamel layer was thinner (B” versus A”).

Ameloblasts in control samples appear to have shortened are are approaching
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maturation stages (A”), whereas in Irf6-cKO samples, the ameloblasts appear to still be

in secretory stages (B”).
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. / 1/
Control (Pltx2++;lrf +)) Pitxzcreﬁ; Irfi " (cKO)

Figure 5.6: HERS appears shortened in Irf6-cKO P14 samples compared to controls.
HERS is outlined in red, and the HERS appears shorter in the Irf6-cKO samples versus

controls (B” versus A’).
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Pitx2*/*; Irf6™+ Pitx2¢re/+; |rf6f'/* Pitx2*/*; Irf6™/f Pitx2¢re/+; Irf6/fl (cKO)

Cervical

Midroot

C

Figure 5.7: C shaped roots observed in Irf6-cKkO P28 mandibular second molars.
Micro-CT coronal slices obtained at cervical and midroot regions. Note C-shaped
mandibular second molar (D’ red arrow). None of the other genotypes exhibited C-

shaped mandibular second molar roots.
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Mandibular First Molars

1.5 -

Distance between roots (mm)

Figure 5.8: Reduced separation between mesial and distal roots observed in Irf6-cKO
samples. Distance between center of mesial and center of distal root measured in

mandibular first molars. Statistically significant difference observed. P<0.05.
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Pitx2*/*; Irf6/+ Pitx2Cre/*; |rf6f/+ Pitx2**; Irf6™fl Pitx2¢re/*; Irf6//f (cKO)

Cervical

Midroot

Figure 5.9: Root morphological alterations observed in Irf6-cKO P84 mandibular
molars. Micro-CT coronal slices obtained at cervical and midroot regions. Note single-
rooted mandibular first molar (D, blue arrow) and C-shaped mandibular second molar
(D’ red arrow). None of the other genotypes exhibited C-shaped mandibular second

molar roots.
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AMEL

AMBN

MMP20

Figure 5.11: Loss of IRF6 in P4 molars does not cause changes in mRNA expression of

enamel matrix proteins.Relative expression of Amel, Enam, Ambn, Klk4, and Mmp20 did

not exhibit a statistical difference compared to controls. Gapdh used as a reference. *:

statistical significance at p<0.05
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Figure 5.12: Loss of IRF6 in P4 molars causes changes in mRNA expression of osterix
and Wnt10B. Osx and Wnt10b appear to be downregulated in /Irf6-cKO P4 mandibular

molars. Relative expression of Tnap, Dmp1, Wnt3a, and Tgf6 did not exhibit a statistical
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difference compared to controls. Gapdh used as a reference. *: statistical significance at

p<0.05
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Figure 5.13: Loss of IRF6 in P13 molars does not cause changes in mRNA expression of
enamel matrix proteins. Relative expression of Amel, Enam, Ambn, Klk4, and Mmp20
did not exhibit a statistical difference compared to controls. Gapdh used as a reference.
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Figure 5.14: Loss of IRF6 in P13 molars does not cause changes in mRNA expression of

Osterix and Wnt10B Gapdh used as a reference. *: statistical significance at p<0.05
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expression of enamel matrix proteins. Relative expression of Amel, Enam, Ambn, Klk4,

and Mmp20 did not exhibit a statistical difference compared to controls. Gapdh used as

a reference. #: statistical significance at p<0.10
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Figure 5.16: Loss of IRF6 in P13 enamel organs does not cause changes in mRNA
expression of osterix and Wnt10B. Gapdh used as a reference. #: statistical significance

at p<0.10
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Control

AN

Figure 5.17: Loss of Irf6 alters AMEL expression. Abbreviations: Ab=ameloblasts,
E=enamel, Es=enamel space (A, B) P4 Irf6-cKO mandibular first molars exhibit
amelogenin immunostaining in secretory ameloblasts and developing enamel matrix.
(C, D, E, F) P14 and P28 Irf6-cKO incisors exhibit higher AMEL levels in secretory
ameloblasts compared to controls (D versus C). AMEL was also detected in immature

enamel matrix in P28 Irf6-cKO samples (F, asterisk), which was not present in controls

(E).
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Control

Figure 5.18: Loss of Irf6 alters KLK4 expression. Abbreviations: D=dentin,
Ab=ameloblasts, Ezenamel P14 Irf6-cKO incisors exhibit lower KLK4 levels in

ameloblasts compared to controls (B versus A).
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Chapter 6: Discussion

IRF6 has cytoplasmic and nuclear roles

In the original IRF6 yeast two hybrid screen, several binding partners were identified,
and NME2 attracted the most interest because of its known roles in epithelium. Via the

same protein sequences that bind NME2, we found that IRF6 also binds to NME1.

The NME complex has been deemed a crucial factor in the establishment of epithelial
polarity. Via interactions with other cytoplasmic proteins such as TIAM1 and LBC, both
guanine exchange factors, the NME complex had the ability to influence the expression
of GTPases Racl and RhoA (Figure 6.1). In our studies, HEK293T cells ectopically
expressing a mutation in which the IRF6:NME interaction is disrupted, exhibited higher
levels of Racl and RhoA compared to cells ectopically expressing a wild-type IRF6. Irf6
deficient keratinocytes also express higher RhoA levels (191). This suggests that the
IRF6:NME complex affects the expression of Rho GTPases, which can cause alterations in
epithelial polarity (Figure 6.2). Loss of polarity leads to alterations in E-cadherin
distribution and reorganization of the actin cytoskeleton, which likely promotes
proliferation (Figure 6.2). Irf6 null mice and chicks in which IRF6 expression is ablated
exhibit reduced E-cadherin, altered epithelial shape, and a hyperproliferative epidermis
(73, 74, 164). Therefore, these effects may be consequences of Racl or RhoA mediated
rearrangement of the actin cytoskeleton and alteration of E-cadherin dynamics (e.g.

promoting E-cadherin removal from the membrane).
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Furthermore, NME is implicated in other pathways involving GTPases. For example,
NME directly inhibits Ras GTPase signaling (82, 223). Active Ras stimulates the
formation of the Raf/MEK/ERK complex, which is anchored by the kinase suppressor of
Ras (KSR) (82). NME forms a complex with KSR and RGS19, a Ga Interacting Protein,
which prevents the Raf/MEK/ERK complex from forming (82). Whether or not the
IRF6:NME interaction is needed for this inhibition is unknown (Figure 6.3). When
nuclear translocation of the Raf/MEK/ERK complex is inhibited, Raf/MEK/ERK is unable
to activate its transcriptional targets. Whether the IRF6:NME complex has a role in Ras
signaling or formation of the RGS19/KSR/NME complex is currently unknown. However,
similar to IRF6 loss, loss of Rgs19 causes delayed palatal fusion (84) (Figure 6.4).
Because RGS19 is expected to upregulate NME1/2; loss of RGS19 is expected to result in
downregulation of NME1/2 transcription, which would likely lower cytoplasmic
NME1/NME2 (82). This downregulation may inhibit formation of the IRF6:NME

complex, subsequently contributing to disruptions in epithelial fusion .

Additionally, formation of the IRF6:NME complex may be regulated by IRF6’s
phosphorylation status. Similar to other IRFs, serine phosphorylation likely mediates
IRF6 protein-protein interactions. When three conserved serines (5413, S418, and S424)
were mutated to alanines (abolishing the phosphorylation sites), IRF6:NME binding was

lost. Despite NME’s known function as a nuclear diphosphate kinase, abolishing the
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kinase activity of NME does not alter its interaction with IRF6 (74). Thus, NME does not
appear to be responsible for IRF6 phosphorylation. Recent studies have identified
Receptor-interacting protein kinase 4 (RIPK4) as a candidate (Figure 6.5); ablation of
S413 and S424 serine sites prevents RIPK4 activation of IRF6 (114). Nuclear localization
of IRF6 was lowered when HEK293T cells were transfected with S413-418-424AAA
constructs, indicating that serine phosphorylation may also regulate IRF6 nuclear
translocation and subsequent regulation of transcriptional targets. Further supporting
the importance of serine phosphorylation, a kinase-dead RIPK4 does not interact with

IRF6 and does not promote nuclear translocation (114).

In the nucleus, IRF6 has known transcriptional targets, including GRHL3 and OVO-like 1
(OVOL1) (62, 182). GRHL3 has roles in keratinocyte differentiation and establishment of
the oral periderm; in the absence of IRF6, GRHL3 expression is downregulated. OVOL1
also promotes keratinocyte differentiation, and IRF6 knockdown results in OVOL1
downregulation. When IRF6 was silenced in HEK293T cells, the resultant decrease in
NME1/NME2 suggests that IRF6 may regulate transcription of NME1/NME2 in addition
to acting as a binding partner. Given NME’s role in establishing epithelial polarity,
transcriptional activation of NME is likely to promote epithelial cell differentiation
(Figure 6.2). When IRF6 function is lost, transcription of these differentiation factors is
downregulated, proliferation increases, and epithelial cells are less differentiated

(Figure 6.2). This is corroborated by reports of lower levels of IRF6 expression in less
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differentiated squamous cell carcinomas (SCC) compared to more differentiated forms

of SCC.

IRF6 has diverse functions, which include nuclear and cytoplasmic roles. Here, we
presented data suggesting that the IRF6:NME complex contributes to epithelial polarity.
We have found that disruption of the IRF6:NME complex disrupted normal IRF6 protein-
protein interactions and elevated active levels of Racl and RhoA. Furthermore, IRF6
nuclear translocation and the IRF6:NME interaction appeared to be mediated by serine
phosphorylation. Because of NME’s diverse functions, the IRF6:NME complex has the

potential to impact many processes crucial for proper epithelial function.

IRF6 function and its contribution epithelial function and CLP

Our studies demonstrated that IRF6 mutations found in individuals with CLP and VWS
had the ability to disrupt the IRF6:NME complex. Additionally, variants in NME1/NME2
found in individuals with CLP disrupted the IRF6:NME complex. This suggests specificity
of the IRF6:NME interaction and contribution toward the formation of CLP. The NME
complex has multiple functions in the epithelia, including mediating active GTPase
(Racl, RhoA, and Ras) levels and E-cadherin endocytosis. These processes contribute

toward fusion of facial primordia and palatogenesis.
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Mutations that disrupted the IRF6:NME complex also resulted in elevated levels of Racl
and RhoA. Notably, Irf6 deficient keratinocytes exhibit lower levels of Arhgap29 and
Arhgap29 has been identified as a downstream target of Irf6 (83, 97). ARHGAP29
promotes inactivation of GTPases, particularly RhoA (97). ARHGAP is also predicted to
be associated with nonsyndromic forms of CLP (224-226). These variants were
predicted to have a negative effect on ARHGAP29 function, suggesting that at least in
some cases of CLP, elevated levels of active RhoA are present. RhoA also has roles in
keratinocyte differentiation; RhoA stimulation of its downstream target Rho-associated,
coiled-coil containing protein kinase Il (ROCK Il) promotes differentiation (99). When
ROCK Il activity is inhibited, cell proliferation is upregulated (99). ROCK inhibitors
disrupt palatal fusion, and TGFB3, which is expressed in the MEE, is also believed to
regulate RhoA/ROCK activity, further suggesting the importance of RhoA in
palatogenesis (67, 100). Thus, we suggest that the IRF6:NME complex participates in
the regulation of RhoA, and disruption of IRF6:NME leads to aberrant levels of active

RhoA, which interfere with proper epithelial function.

IRF6 clearly has roles in development and maintenance of epithelia. When IRF6 function
is disrupted, dysregulation of epithelial cell-cell adhesion is observed. For example, IRF6
mutations cause VWS and PPS, which feature epidermal adhesions as well as orofacial
clefts. Irf6-null mice exhibit a dramatic epithelial phenotype, including a

hyperproliferative epidermis coupled with an absence of granular and cornified layers
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(73). Epidermal adhesions were also noted between the tail and hindlimbs as well as in
the oral cavity, and it was theorized that the absence of the granular and cornified
layers caused the ectopic adhesions. One of the main components of cell-cell adhesive
complexes is E-cadherin; alterations in E-cadherin cell-cell adhesion complexes have
consequences on cell proliferation, cell shape, and cytoskeletal architecture (88, 183).
One of the mediators of E-cadherin endocytosis is adaptor protein complex 2 (AP-2)
(186, 187). AP-2 translocation to the cell membrane is mediated by ADP-ribosylation
factor 6 (ARF6), which also recruits NME1 during adherens junctions disassembly (188,
189). In chick epithelia, Irf6 knockdown causes redistribution of E-cadherin; E-cadherin
appeared patchy and irregular at the plasma membrane, suggesting that the IRF6:NME
complex may mediate E-cadherin endocytosis. Loss of IRF6 may promote NME1
recruitment to the cell membrane and subsequent upregulation of E-cadherin
endocytosis. Consequently, the dissolution of these E-cadherin cell-cell adhesions result
in loss of polarity and increased epithelial proliferation. This may account for the

hyperproliferation of the epithelia as seen in Irf6 mutants.

Additionally, mutations in /RF6 transcription targets result in epithelial characteristics
that resemble VWS epithelial abnormalities. For example, GRHL3 mutations are
associated with some cases of VWS, and similar to Irf6 mutants, Grhi3-null mice lack oral
periderm (61, 227). The periderm has crucial roles in fusion of facial processes and

palatogenesis. Periderm development and removal is carefully timed; the periderm
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prevents premature fusion, and its removal must be coordinated with the joining of two
facial processes (50). Irf6 expression in the periderm is specific; prior to periderm
development, the morphology of Irf6 epithelia is comparable to controls (61). We
presented data suggesting that similar to other IRFs, IRF6 translocation is regulated by
serine phosphorylation. Loss of serine phosphorylation prevents nuclear translocation
and thus, transcriptional targets such as GRHL3 would not be activated. GRHL3 is also a
promoter of cell differentiation in epithelial cells, so downregulation of GRHL3 would
likely lead to increased cell proliferation. Thus, timing of serine phosphorylation may
influence cell differentiation in the epithelia. If the serine phosphorylation is ablated,
epithelial cell differentiation would be downregulated. IRF6 is also believed to regulate
RIPK4 expression, and RIPK4 is believed to phosphorylate IRF6, so loss of either is likely
to result in a similar phenotype (114, 228). Notably, RIPK4 mutations have been found
in individuals with PPS (176-178). Furthermore, Ripk4-null mice feature a similar
phenotype to Irf6-null mice; both feature a hyperproliferative epidermis and loss of
epidermal differentiation (179, 180). Therefore, IRF6’s role as a transcription factor and
its effects on downstream targets likely regulates critical events in palatogenesis and

epithelial maintenance.

Furthermore, wound healing is impaired in these individuals; compared to other

patients, VWS patients have a higher occurrence of complications following surgical
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procedures. The severity of these complications also tends to be higher in VWS

patients, suggesting that IRF6 has roles beyond facial development.

Epithelial polarity and tooth development

In Chapter 3, we described the results of studies showing that the IRF6:NME interaction
has potentially diverse roles, including a role in establishing epithelial polarity. Thus, as
tall, columnar cells in which polarity is tied to function, ameloblasts were of
considerable interest. Irf6-cKO ameloblasts exhibited disruptions in morphology,

polarity, and organization, indicating that /rf6 has roles in ameloblast function.

In Chapter 3, we found that disruption of the IRF6:NME complex elevated active levels
of Racl and RhoA; based on known functions of Racl and RhoA, these disturbances are
likely to disrupt epithelial polarity. Prior to the studies described here, the role of NME
has not been investigated in the tooth, and we show that NME is expressed in
ameloblasts, although whether an IRF6:NME interaction exists in the tooth is unknown.
Immunohistochemistry showed redistribution of NME in Irf6-cKO samples, suggesting
that IRF6 regulates NME expression. In P14 control samples, NME2 was distributed
throughout the cytoplasm of the ameloblasts. In contrast, the Irf6-cKO P14 ameloblasts
exhibit lower amounts of NME2 in the cytoplasm, and NME2 appears to aggregate at
the distal end of the ameloblasts. NME has roles in regulation of adhesion complexes in

epithelia, so NME localization at proximal and distal ends may represent a mechanism in
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which ameloblasts alter the strength of the junctional complexes. The increased NME
may reflect abnormal regulation of permeability at the distal junctional complexes.
Thus, the IRF6:NME interaction may contribute to the observed ameloblast disturbances
via downstream elevated Racl and RhoA expression. Previous studies have implicated
Racl and RhoA in tooth development (150, 152, 229). A conditional knockout Rac1
mouse (driven by the Keratin 14 promoter) exhibited hypoplastic enamel and
subsurface hypomineralization, and mice expressing a dominant negative RhoA
exhibited hypolastic enamel with subsurface defects (150, 152). Racl and RhoA are
expressed by ameloblasts during the differentiation and secretory stages of
amelogenesis (203). Increased levels of Racl and RhoA activity are also correlated with
increased amelogenin expression, and amelogenin knockouts express higher levels of
RhoGDI, an inhibitor of Racl and RhoA (203, 204, 230). Therefore, in addition to
disrupting ameloblast polarity, overexpression of Racl/RhoA may account for the

elevated levels of AMEL observed in Irf6-cKO samples (Figure 6.6).

Disruptions in epithelial polarity also may be manifested in aberrations in epithelium
invagination. Previous studies demonstrated Irf6 expression in dental and oral
epithelium in embryonic stages, and Irf6 mutant incisor epithelium invaginated
improperly in the bud stage (59). Improper invagination may lead to arrest of tooth
development, resulting in hypodontia as observed in VWS patients and Irf6-cKO mice. In

later stages, for instance, the bell stage, the inner dental epithelium undergoes folding
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events, which ultimately determines cuspal position (45). Alterations in epithelial
folding can manifest as shallower cusps or loss of cusps as seen in Irf6-cKO samples.
Disruptions in epithelial folding are not restricted to the crown. The inner and outer
enamel epithelium fuse to form the Hertwig’s epithelial root sheath (HERS), which
largely directs root formation (45, 126). One of the causes of taurodontism, which was
observed in all Irf6-cKO mice is a failure of HERS to invaginate at the proper horizontal
level (202). Consequently, the observed crown and root morphological disturbances

may be caused by epithelial polarity directed disruptions in epithelial folding.

IRF6 is critical towards advancing enamel to maturation stages

Loss of Irf6 resulted in a delay in enamel maturation, which was apparent in P14, P28,
and P84 incisors and molars. Histological analysis revealed areas of immature enamel
matrix in Irf6-cKO, whereas in comparable control sections, the enamel was fully
mineralized. When comparing enamel mineral density measurements across P14, P28,
and P84 ages, Irf6-cKO enamel lagged behind the controls in achieving its final mineral
density. Additionally, the final enamel mineral density was lower compared to controls.
SEM revealed that Irf6-cKO mice were able to form enamel prisms accompanied by a
seemingly organized rod and interrod structure, suggesting that the initial stages of

enamel formation occurred without any major disruptions.
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In the earlier stages of ameloblast development, i.e. presecretory and early secretory,
Irf6-cKO ameloblasts were comparable to controls. However, as the ameloblasts neared
the maturation stage, they appeared more disorganized and shorter compared to
controls. This suggests that Irf6 has a role in later stages of enamel development. /Irf6-
cKO P14 and P28 samples exhibited elevated AMEL levels in ameloblasts compared to
controls. Furthermore, in P14 samples, this was accompanied by a decrease in KLK4
expression. These changes in AMEL and KLK4 are consistent with an enamel maturation
stage defect. KLK4 mutations are frequently associated with defects in enamel
maturation, which is consistent with the enamel phenotype reported in our Irf6-cKO
mice (Figure 6.6). KLK4 cleaves AMEL at several different sites during the late secretory
and maturation stages of enamel development (221, 222). Klk4-null secretory stage
enamel is indistinguishable from wild-type enamel, whereas in later stages, residual
enamel proteins were detected in Klk4-null samples (221). The elevated AMEL observed
in the P14 samples may also indicate inadequate removal of enamel matrix proteins.
Residual proteins inhibit proper enamel crystallite growth and mineralization; improper
cleavage of enamel proteins leads to smaller enamel crystallites and increased spacing
between crystallites, which may account for the shearing of the enamel rods and the

accelerated enamel attrition (Figure 6.6).
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IRF6 and Signaling Pathways Involved in Tooth Development

Tooth development is dependent on epithelial-mesenchymal reciprocal signaling, and
our data suggests that /IRF6 participates in WNT signaling pathways. Notably, Irf6 P4
molars exhibited decreased Wnt10b mRNA expression. Wnt10b is expressed in dental
epithelium and enamel knots, and disrupting Wnt/beta-catenin signaling during the bell
stage leads to flattened, smaller and irregular cusps (210). Interference with signaling in
the enamel knot may result in downstream effects on multiple pathways, which may

lead to the aberrant cusp morphology observed in Irf6-cKO mice.

Additionally, disruptions in Wnt/B-catenin signaling can lead to tooth root defects,
including shorter or absence of tooth roots, and Wnt10a-null mice exhibit taurodontic
mandibular molars as well as blunted cusps (215, 231). Similar to crown development,
root development is also dependent on epithelial-mesenchymal interactions. The WNT
pathway is implicated in root development. A conditional knockout for B-catenin
(driven by the Osteocalcin promoter) does not form roots, and Syndecan-1, a Wnt/B-
catenin signaling enhancer, is found in the HERS (231, 232). HERS is derived from the
enamel epithelium, and is known to induce odontoblast differentiation by epithelial-
mesenchymal interactions in the root. Osterix (OSX), which is expressed in root
odontoblasts, was downregulated in Irf6-cKO P4 molars. Osx regulates Wnt signaling;
thus, there is a possibility an Irf6 effect on Osx expression could occur via epithelial-

mesenchymal crosstalk (219).
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The manner in which IRF6 participates in WNT signaling is unknown, although RIPK4 and
RhoA have been implicated. RIPK4 has been shown to activate canonical WNT signaling
via phosphorylation of Dishevelled 2 (DVL2). In turn, DVL2 promotes the nuclear
transport of B-catenin (by inhibiting proteosomal degradation of B-catenin), which
activates Wnt transcriptional targets (233). IRF6 has been found to transcriptionally
regulate RIPK4; via RIPK4, IRF6 may influence WNT pathways (Figure 6.7). Furthermore,
mice expressing dominant negative RhoA exhibited upregulation of Wnt3a and B-
catenin, suggesting that RhoA can influence the canonical WNT pathway as well (230).
Via alterations in RhoA expression, IRF6 may also impact WNT signaling (Figure 6.7). In
the absence of IRF6, active RhoA increases, leading to downregulation of WNT and WNT

targets (Figure 6.8).

Conclusion

Three specific aims were targeted toward elucidating Irf6 function in epithelial polarity
and developing teeth. Using in vitro and in vivo methods, we have investigated the
impact of the IRF6:NME complex on polarity effector molecules and the consequences
of Irf6 ablation on ameloblast polarity. In finding IRF6 VWS mutations that disrupted
the IRF6:NME complex and altered Racl and RhoA activation, we provided insight into
the pathways in which IRF6 contributes to CLP. A conditional murine model in which

Irf6 was ablated in developing tooth buds was developed, and our model demonstrated
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enamel, crown, and root defects (Table 6.1). Based on our observations, Irf6 may have
several roles in the tooth. Via interactions with components of the Wnt/8-catenin
pathway, Irf6 may participate in cusp patterning or HERS folding. Furthermore,
alterations in Rac1 and RhoA activation (as demonstrated by our in vitro studies when
the IRF6:NME complex is disrupted) are likely to contribute to cusp patterning. Irf6 also
appears to have roles in enamel maturation; by influencing the expression of enamel
matrix proteins such as AMEL and KLK4, Irfé6 can affect final enamel structure. Overall,
our findings contributed toward the understanding of the role of Irf6 in CLP, as well as

tooth abnormalities associated with epithelial disorders.
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FIGURES AND TABLES

IRF6:NME in the adherens junctions
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Figure 6.1: Schematic of contributors to epithelial polarity in adherens junctions.
Although the cell adhesion molecules Nectin and E-cadherin do not interact directly,
they are connected via interactions with other proteins. Via an interaction with NME,
IRF6 has the potential to impact expression of Racl/RhoA, E-cadherin dynamics, and

reorganization of the actin cytoskeleton.
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Figure 6.2: Schematic for hypothesized effects when IRF6 is lost. In the absence of
IRF6, the IRF6:NME complex does not form, and LBC/TIAM1 inhibition is lost. Active

Racl and RhoA levels increase, leading to loss of polarity and increased proliferation.
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Possible Roles for IRF6
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Figure 6.3: Schematic for hypothesized role for the IRF6:NME complex. RGS19 is
known to regulate NME transcription, and NME inhibts Ras activation (which normally
promotes transcription of ERK targets). NME also binds to KSR, and this interaction
inhibits the activation of ERK transcriptional targets. Whether or not IRF6 interacts with

RGS19 is unknown.
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Would IRF6 loss have the same result as RGS19 loss?
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Figure 6.4: Studies have shown that RGS19 leads to delayed palatal fusion. Loss of
RGS19 leads to activation of Ras signaling, which leads to formation of the Raf/MEK/ERK
complex and transcription of ERK targets. RGS19 mutants exhibit an increase in
proliferation and delayed palatal fusion, which has been reported in Irf6 mutants.

However, the relationship between IRF6 and RGS19 is unknown.
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Phosphorylation of IRF6
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Figure 6.5: Schematic for hypothesized role for the IRF6:NME complex. RIPK4 is
believed to phosphorylate IRF6, promoting nuclear translocation. In addition to acting
as a protein-protein interactor for NME1/NME2, IRF6 may also regulate NME
transcription. Based on our results, the IRF6:NME interaction is needed for LBC/TIAM1
inhibition. The resultant changes in RhoA/Racl lead to alterations in E-cadherin
distribution and the actin cytoskeleton, which alter epithelial polarity. IRF6 has roles in
keratinocyte differentiation; thus, wild-type IRF6 is predicted to promote

differentiation.
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Figure 6.6: Alterations in epithelial polarity and disturbances in enamel matrix

proteins may account for defects in crown/root morphology, ameloblast polarity, and

enamel.
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IRF6 and the WNT pathway
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Figure 6.7: Possible roles for IRF6 in the WNT pathway. IRF6 may participate in the
WNT pathway via transcriptional regulation of RIPK4 or inhibition of RhoA (through the
IRF6:NME interaction). RIPK4 phosphorylates DVL2, which promotes B-catenin
dissociation from the Axin/CK1/GSK3B/APC complex and subsequent B-catenin
activation of WNT transcriptional targets. RhoA has been reported to inhibit WNT

signaling.
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Effects on WNT pathway as a result of IRF6 absence
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Figure 6.8: Effects on WNT pathway as a result of IRF6 loss. In the absence of IRF6,

RIPK4 transcription is downregulated, and the IRF6:NME complex is not formed.
Consequently, DVL2 is not phosphorylated, the Axin/CK1/GSK3B/APC complex degrades
B-catenin, and transcription of WNT targets is downregulated. Furthermore, RhoA

increases, and WNT signaling is inhibited.
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Tooth abnormalities observed in Irf6-cKO mice

Defect

Possible Contributing Factors

Connections to IRF6

of cusp patterning

Aberrant crown morphology, including loss

Whnt10a

Wnt10a null molars exhibit blunted cusps similar
to Irf6-cKO molars, Wnt10 and Wnt10b have a
similar expression pattern in teeth

Wnt10b

Decrease in Wnt10b mRNA in Irf6-cKO P4 molars

Eda pathway

Wht signaling activates Eda, Eda mutations result
in reduced molar cusps

Altered root morphology, including
taurodontism

IRF6 mutations

VWS patients with IRF6 mutations exhibit
taurodontism

Osterix

Decrease in Osx mRNA in Irf6-cKO P4 molars

Wnt10a

Wnt10a null molars exhibit taurodontic
mandibular molars similar to Irf6-cKO mandibular
molars

Wnt pathways, e.g. Wnt/beta-catenin

Disruptions in Wnt/beta-catenin signaling leads to

signaling short roots
HERS factors HERS in Irf6-cKO mice appears shorter compared
to controls
Wht signaling may have roles in HERS folding and
elongation
Hypomineralized enamel, increased enamel Amelogenin AMEL expressed at higher levels in P14 and P28
attrition Irf6-cKO incisors
Kallikrein 4 KLK4 expressed at lower levels in P14 and P28 Irf6-
cKO incisors
Hypodontia IRF6 mutations VWS patients with IRF6 mutations exhibit

taurodontism

Wnt10a Patients with Wnt10a mutations exhibit tooth
agenesis
Altered ameloblast polarity NME IRF6 forms a complex with NME, Irf6-cKO
ameloblasts exhibit altered NME distribution
Racl HEK293T cells overexpressing IRF6 mutations

Table 6.1: Summary of tooth defects observed in Irf6-cKO mice.
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