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ABSTRACT 

Objective: Genetic loci for ATP2A2 kinase, NUAK1, and phosphatase PPP1CC are 

associated with skeletal muscle strength phenotypes. ATP2A2 is a calcium ion transport 

ATPase in sarcoplasmic reticulum that is predominantly expressed in cardiac and slow-

twitch fibers. NUAK1, an AMP-activated protein kinase, and PPP1CC, a subunit of 

protein phosphatase 1, are involved in glycogen metabolism during skeletal muscle 

contraction. The aim of this study is to investigate whether these genes are associated 

with masseter muscle composition and function in the development of skeletal 

malocclusion.  

Methods: A total of 56 orthognathic surgery patients were classified as having skeletal 

Class I, Class II, or III sagittal malocclusions with normal, open, or deep bites vertically, 

with or without facial asymmetry. Masseter muscle samples were collected during the 

mandibular osteotomies, frozen, and sent to the Kornberg School of Dentistry.  Tissue 

from eleven patients was used for gene expression analysis on Affymetrix HT2.0 

microarray chips and a principle components analysis.  Then, these plus an additional 45 

masseter samples were used for quantitative RT-PCR. Expression data for the three genes 

of interest were evaluated in the microarray and corroborated and expanded upon with 

RT-PCR data.   

ANOVA and unpaired t-tests were performed to determine correlations between 

ATP2A2, NUAK1, and PPP1CC expression levels and vertical and sagittal malocclusion 

classifications.  Additional ANOVA and unpaired t-tests were performed to determine 

correlations between ATP2A2 expression level and signs and symptoms of 
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temporomandibular disorder (TMD) with and without pain and facial asymmetry, and 

relative to the expression levels of a second gene associated with muscle strength 

phenotypes (ACTN3).  Finally, Kendall Tau analyses were performed to compare 

ATP2A2 expression levels in subjects grouped by malocclusion classification to masseter 

muscle composition, including mean fiber area (MFA) and mean percent occupancy 

(MPO) of each fiber type. 

Results: Principle component analysis revealed two patients with genetic expression 

levels that deviated from the group. These were the only patients diagnosed with facial 

asymmetry. Microarray data showed that in these patients ATP2A2 and PPP1CC were 

significantly decreased.  NUAK1 was decreased to a lesser extent.  Also, among other 

genes in the same functional categories, ATP2A1 expression was -30.45 fold 

(P<6.11X10-6) and PPP3CC expression was -2.96 fold (P<2.03X10-5) in the patients with 

facial asymmetry. RT-PCR results showed NUAK1 and PPP1CC were differentially 

expressed at lower, but not statistically significant levels in subjects with craniofacial 

asymmetry. However, RT-PCR did verify that ATP2A2 expression is down regulated in 

subjects with mild to severe forms of asymmetry as compared to subjects with facial 

symmetry (p=0.022). 

 ANOVA and unpaired t-test analyses illustrated that there was no significant 

differences in ATP2A2 expression in patients with different vertical, saggital, or 

combined vertical/sagittal malocclusion diagnoses. There was a significant association 

between the lateral differences in ATP2A2 expression, between right- and left-sided 

masseter biopsies within the same individual, in subjects with Class III malocclusions 
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with different vertical diagnoses.  Here, lateral differences were greatest in open bite, 

intermediate in deep bite, and lowest in normal Class III subjects. 

Kendall tau analyses were performed to compare ATP2A2 expression levels and 

masseter composition (MFA/MPO of type I, hybrid, and type II fibers) in all subjects, 

subjects with Class II malocclusions, and subjects with Class III malocclusions.  

Regardless of sagittal malocclusion, all subjects showed a negative correlation with type 

IIA MPO that was highly significant (r=-0.46; p=0.004). Also, ATP2A2 associations in 

Class II subjects were positive with type I MFA (r=0.36; p=0.04) and negative with type 

IIA MPO (r=-0.59; p=0.001).    Correlations for Class III subjects were typically negative 

and not significant.  

Also, Kendall tau correlations were performed to compare ATP2A2 expression 

with the composition of each fiber type in patients grouped by both sagittal and vertical 

malocclusion classification. These found decreased type IIA fiber MPO correlated 

significantly (p = 0.024) with increased relative ATP2A2 expression in subjects with 

Class II, normal bite malocclusions (n = 6, R2  = 0.8127). 

Finally, ATP2A2 expression was not associated with most phenotypic traits 

exhibited by the surgery subjects such as presence of signs/symptoms of TMD with and 

without pain and facial asymmetry.  However there was an association between 

decreased lateral differences in ATP2A2 expression in subjects with asymmetry with the 

TC ACTN3 genotype as compared to subjects with the TC ACTN3 genotype and facial 

symmetry.  

Conclusions:  ATP2A2 promotes calcium transport in slow twitch and cardiac muscle 

contraction-relaxation cycling. Decreased expression of this gene in patients with 
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asymmetries suggests that down regulation of the calcium handling capacities of muscle 

fibers may influence the development of abnormal craniofacial phenotypes. Both NUAK1 

and PPP1CC are thought to play metabolic regulatory or responsive roles to muscle 

contraction. Decreased expression of these genes may accompany alterations of fiber-

type form and metabolic properties to adversely affect jaw development.  

Additionally, ATP2A2 correlations indicate that this calcium channel protein may 

be important for type I fiber function, but not type IIA in masseter muscle from Class II 

subjects, suggesting a functional influence on malocclusions. ATP2A2 does not appear to 

function differentially in fiber types that influence development of Class III 

malocclusion. Further studies with more subjects are needed to increase experimental 

power. 
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CHAPTER 1 

INTRODUCTION 

Debilitating vertical and horizontal craniofacial deformities affect 20% of 

Americans and often require combinations of orthodontics and surgery in treatment 

(Woldorf and Fields, 1999).  Previous rationale suggests that whereas mandibular 

prognathism is highly influenced by genetics with autosomal dominant inheritance and 

incomplete penetrance, the etiology of most malocclusions are not driven solely by the 

genetics of bone development (El-Geriani et al., 2003). For example, masticatory muscle 

strength, which depends on both the size and proportion of muscle fiber types, impacts 

the development of open versus deep bite malocclusions. Muscle strength also has 

genetically influenced origins.  General heritability estimates for both muscle strength 

and bone length traits are estimated to be > 80% (Beunen et al., 2003; Perola et al., 2007).
 

 

Also, substantial facial asymmetry is present in many subjects with dentofacial 

malocclusions further complicating the isolation of genetic and epigenetic developmental 

factors.  Therefore, the influences of genes related to both bone and muscle development 

must be explored to study the etiology of dentofacial malocclusions. 

Potential genes of interest were identified in two genome wide association 

studies:  

1. The Genetic Investigation of ANThropometric Traits (GIANT) 

consortium that reported 180 genetic variants affecting human height.  
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2. The Human Gene Map for Performance and Health-Related Phenotypes 

(PHRP) that summarized genes or loci affecting fiber types and muscle 

strength during adolescence and young adulthood.  

Additional genes have been introduced through current literature.  In a NIDCR 

funded project (R21 Grant), we have begun to identify which genes are influential for 

musculoskeletal traits including strength, lean body mass, and training responsiveness 

and investigate their differential expression between malocclusion classifications. 

Furthermore, we have begun to investigate the relationships between masseter gene 

expression and fiber type composition. So far, we have identified 28 significant genetic 

associations to dentofacial malocclusions.   
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CHAPTER 2 

REVIEW OF THE LITERATURE 

2.1 The Development of Skeletal-Dental Occlusion Classification 

Ancient human skulls provide evidence that malocclusions have existed since around 

50,000 B.C.E., during the time of the Neanderthals (Wahl, 2005).  However, it would be 

many thousand years before these conditions were being actively treated and even longer 

before a systematic method of malocclusion classification was created.  Beginning with 

the initial work of John Hunter, an English anatomist and surgeon of the eighteenth 

century, it became evident that facial and dental morphological features have diverse 

presentations.  He not only recognized the multiplicity of facial form, but also realized 

that any methodical attempt to correct dental or skeletal deviations from the normal must 

be based on a standard defining normal dental and skeletal relationships. Hunter’s 

insights were vastly before their time.  However, enhancements on his initial observations 

have resulted in modern methods of orthodontic diagnosis of increasing scope and 

complexity.   

Primitive orthodontic treatment sought to obtain alignment of the dentition with little 

regard for the occlusal relationships. Edward H. Angle, now considered the “father of 

modern orthodontics”, developed the first formal classification of malocclusion.  This 

classification system was based on the relative positions of the upper and lower 

permanent first molars.  He defined a normal or Class I occlusion by the positioning of 

the mesiobuccal cusp of the upper first molar with the buccal groove of the lower first 

molar in a dentition with a smooth line of occlusion.  With this definition, he described 
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three classes of malocclusion based on deviations from this norm.  A Class I 

malocclusion was defined to have the aforementioned ideal molar relationship, but the 

line of occlusion was disjointed by mal-positioned and rotated teeth. Class II and Class 

III malocclusions were defined as having distal or mesial positioning of the lower first 

molar in relation to the upper first molar respectively, with or without concurrent 

rotations and mal-alignment (Proffit et al., 2013).  This organization system, popularized 

in the 1890’s, was the first formal step in the standardization of malocclusion 

classification and is still used as part of more comprehensive diagnoses made today. 

In the late nineteenth and early twentieth century, Calvin Case identified the 

deficiencies of the Angle Classification system (Ackerman and Proffit, 1969).  Case 

observed that Angle’s classification failed to relate the dentition to the soft tissue of the 

face (profile) or appreciate the three-dimensionality of malocclusions. Furthermore, it 

was now becoming accepted that the proportions and positions of the jaws could affect 

both the facial form and the dentition, as suggested by Hunter (Ackerman and Proffit, 

1969).  For example, a disproportionate development of the maxilla or mandible can 

result in a Class II or Class III skeletal relationship that, in turn, can correspond with any 

combination of dental relationships. Additionally, transverse and vertical skeletal 

relationships can also be disparate leading to the formation of dental cross bites and open 

or deep bite malocclusions respectively.  

In 1969, in an attempt to rectify the shortcomings of the Angle Classification System, 

Ackerman and Proffit proposed their own classification scheme based on five individual 

characteristics and their interrelationships.  A variation on this system is used currently at 
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the Maurice H. Kornberg School of Dentistry, Department of Orthodontics to define a 

given malocclusion in all three dimensions of space.  In nonsyndromic patients with very 

extreme presentations of normal occlusion, comprehensive treatment often involves a 

combination of orthodontics and orthognathic surgery.  

 2.1.1 Etiology of Facial Asymmetry 

An additional complication to the diagnosis and treatment of patients with dentofacial 

malocclusions is the presence of asymmetry.  By definition, patients with facial 

asymmetry do not display normal parallelism of size, shape, and location of facial 

landmarks on both sides of the median sagittal plane.  These asymmetries can involve 

skeletal, dental, or soft tissue components of the face, or a combination of these 

components (van Steenbergen and Nanda 1993).  Dental influences on the formation of 

asymmetric occlusions include, but are not limited to, ankylosed, ectopic, or early loss of 

primary teeth (Kronmiller, 1998).  However, it is the skeletal components of dentofacial 

asymmetries that are more relevant to this discussion. Many skeletal asymmetries are the 

result of craniofacial syndromes, but extreme variations of normal occlusion can result in 

equally detrimental conditions. 

The prevalence of asymmetries in modern societies is extremely high.  Almost all 

faces have a degree of asymmetry.  For example, maxillary and mandibular midlines 

coincide in only one fourth of the population (Reballeto, 1998).  However, when an 

asymmetry is on the extreme end of normal development, it can negatively affect the 

growth of the surrounding facial components.  According to Kronmiller (1998), often 

these asymmetries, which begin to form early in fetal life and are maintained throughout 
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growth, result from differences in the number or differentiation of precursor cells within a 

primordial facial structure and become more obvious with development. 

Asymmetries of the mandible are the most common jaw dysmorphologies and six 

percent of these are skeletal in nature (Sheats, 1998). Skeletal mandibular asymmetries 

can be the result of asymmetric positioning of the mandible or asymmetric shape and 

morphology of the mandible itself. These asymmetries can be the result of non-uniform 

fetal development of sides of the mandible, or of trauma and other environmental 

disturbances on the developing bone. Additionally, they can impact muscle growth and 

function.  Mandibular asymmetries are particularly important because they can result in 

differential functioning of the joints.  It is not surprising then that these asymmetries are 

often associated with internal derangements of the temporomandibular joint (Fushima, 

1999). 

Asymmetric maxillae are less common, but can also be the result of embryonic non-

parallelism of developing structures or post-natal influences. For example, skeletal 

asymmetries in the maxilla can be the result of rotations of the jaw relative to the cranial 

base (Burstone, 1998). Furthermore, non-uniform development of the cranial base, which 

in turn causes asymmetric positioning of the glenoid fossae, can result in an asymmetrical 

mandibular position.  This would result in occlusal discrepancies despite a lack of 

asymmetry in either the maxilla or mandible (Burstone, 1998). 

Often the treatment of asymmetric malocclusions includes a combination of 

orthodontics and orthognathic surgery (van Steenbergen and Nanda 1993).   
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2.2 Prevalence and Evolution of Malocclusion in Modern Times 

The high prevalence of malocclusion in modern society necessitates the enhancement 

of our knowledge on the etiology of dentofacial malocclusions.  In fact, only about one 

third of the U.S. population exhibits a normal occlusion, while the rest exhibit a 

malocclusion.  Also, there are estimated to be 1.5 million Americans with malocclusions 

severe enough to require complex orthodontic treatment with additional orthognathic 

surgical intervention (Sciote, 2012).  Treatment of malocclusions can result in 

psychosocial and oral function benefits and may also protect against trauma, periodontal 

disease, and caries development (Proffit et al., 2013).  However, only five percent of 

malocclusions can be attributed to a known cause (Proffit et al., 2013). In fact, most 

malocclusions appear to have multifaceted etiological influences. There is complex 

interplay of factors simultaneously affecting the development of jaw deformations, 

thereby making the isolation of each influence more difficult.  Moss (1997) recognized 

two principle types of factors with regulatory roles on dentofacial growth: intrinsic 

(genomic) and extrinsic (epigenetic). By understanding the etiology of dentofacial 

malocclusion, we will be better able to diagnose and treat patients and sustain treatment 

results.  

2.3 Environmental Contributions to Malocclusion 

There are multiple etiological influences on the formation of dentofacial 

malocclusions, but they are not all well understood.  In Moss’ Functional Matrix 

Hypothesis (1997), he emphasized the potential impact of the environment. According to 

Moss, epigenetic or extraskeletal factors are the “primary cause of all adaptive, secondary 
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responses of skeletal tissues and organs”. Moss (1997) also observed that though the 

genetic composition of an individual will predominate through embryonic growth periods 

to produce the basic form of facial components, the environment plays an important role 

in postnatal development.  For example, there is equilibrium of forces that govern the 

position of the teeth.   These forces originate from the surrounding structural tissues that 

include the tongue, lips, cheeks, and masticatory musculature.  Any disturbance in 

balance of the system leads to tooth or even skeletal movement, which can be 

detrimental. A common example of environmental influences resulting in detrimental 

dental and skeletal changes is seen in patients with prolonged habits.  Thumb sucking 

results in a characteristic malocclusion that involves spacing and flaring of the maxillary 

incisors, linguoversion of the lower incisors, anterior open bite, and narrowing of the 

maxillary arch (Proffit et al., 2013). In contrast, the orthodontist can alter the oral 

equilibrium to result in predictable dental and skeletal changes using orthodontic and 

orthopedic treatments.  

Perhaps, the best evidence supporting the effect of the environment on the 

development of malocclusions stems from the evolution of the first malocclusions. 

Widespread malocclusions developed in the human population relatively recently.  The 

appearance of malocclusions was coincident with the transition of mankind to a modern 

processed diet, which greatly reduced the functional demands on the dentition and 

masticatory musculature (Sciote et al., 2012).  With dietary change, the evolution from 

normal occlusion to dentitions with crowding, cross bites, and buccal segment 

malocclusions can occur in as little as one human generation (Corruccini, 1984). This 

was also noted by Dr. Westin Price, who observed changes in the craniofacial form and 
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dentition of inhabitants of Australia, New Zealand, and South America from prehistoric 

to modern times (Price, 1939).  Changes in diet resulted from the cooking and processing 

of food.  Feeding a diet of changing consistency to growing rats resulted in physical 

alterations in muscle insertion areas accompanied by local bone resorption, remodeling, 

and a shift in muscle fiber type composition without concurrent fiber diameter changes 

(Kiliaridis et al., 1988).  The rats also exhibited condylar changes including increased 

condylar cartilage and decreased overall condylar length resulting in decreased 

mandibular height (Bouvier and Zimny, 1987).  In primates, soft diets induced crowding 

and maxillary prognathism with increased overjet (Corrucini and Beecher, 1982).  These 

morphological changes mirror those seen in human populations with increasing 

industrialization. 

 However, environmental influences on dentofacial development are not solely 

responsible for the development of all malocclusions.  Predispositions lay deep within the 

genetic code leaving much left to be discovered. 

2.4 Genetic Contributions to Malocclusion 

It is apparent to most lay people that certain facial features run in families.  A 

classic example is the prognathic mandible associated with the Hapsburg monarchy (late 

sixteenth and early seventeenth century), referred to as the Hapsburg jaw (Grabb et al., 

1968).  In a recent study of 2000 Brazilian subjects, heritability of Class III 

malocclusions due to mandibular prognathism, like the Hapsburg jaw phenotype, was 

determined to be 0.316 with an autosomal dominant inheritance pattern meaning that 

31.6% of the phenotypic variance is attributable to genetic factors (Cruz et al, 2008).  
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They concluded that the distribution of mandibular prognathism might be explained by 

the presence of a major gene influence with autosomal dominant inheritance, but with 

incomplete penetrance. Incomplete penetrance suggests that those individuals who inherit 

a dominant allele may not express the trait despite their genotypes.  Furthermore, they 

suggest that other genes and environmental factors might account for the incomplete 

penetrance and variable expressivity.   

Other inheritance studies further support the complex origins of dentofacial 

malocclusions.  Several studies compare the phenotypes of twins with differing levels of 

genotypic similarity.  For example, monozygotic (identical) twins result from the early 

division of a single egg fertilized by a single sperm, whereas dizygotic (fraternal) twins 

are the result of fertilization of two distinct eggs by two distinct spermatozoa.  Therefore, 

although monozygotic twins have identical genetic makeup, dizygotic twins are only as 

alike as any siblings, except in terms of inter-uterine environment.  Using twin studies, 

Corruccini et al. (1986) determined that dental characteristics have little to no heritability.  

This is in contrast to the findings of Harris and Johnson (1991), who established high 

heritability estimates for skeletal characteristics based on longitudinal cephalometric 

radiographs and dental cast measurements from the Bolton-Brush growth study group.  

Watnick (1972) used twin studies to determine that distinct areas within the same bone 

could have diverse responses to influencing forces.  He concluded that in the mandible, 

the lingual symphysis, lateral surface of the ramus, and frontal curvature of the mandible 

are predominately under genetic control, whereas the antegonial notch is more affected 

by environmental factors.   
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These and similar heritability studies suggest that the inheritance patterns of 

dentofacial malocclusions are more intricate than can be described by classical 

Mendelian genetics.  These traits have complex inheritance, which implies a non-

Mendelian interaction of genes and gene products from multiple loci.  When complex 

(polygenetic) inheritance is additionally affected by the environment, the inheritance 

pattern is more specifically described as multifactorial.  It is not surprising that traits as 

varying as facial features are more likely to be affected by many genes and environmental 

factors working in an additive manner.  If these influences reach a threshold of impact, it 

results in a given phenotypic trait (Mossey, 1999). The involved gene products affecting 

dentofacial form can function in any molecular pathway related to physical maturation. 

Of special interest are the specific genetic influences that regulate fetal growth.  

There are five main stages of embryonic development, the third of which involves the 

migration of neural crest cells destined to form the facial mesenchyme (Proffit et al., 

2013).  Abnormal development during this period has been linked to the formation of 

dentofacial malocclusions (Proffit et al., 2013).  During this time, the neural crest cells 

undergo numerous interactions with various tissue types and molecules while undergoing 

their own differentiation.  Neural crest cell migration and differentiation is under the 

close control of regulatory genes.  These highly conserved control genes are known as 

homeobox genes. They convey positional determination to neural crest cells and therefore 

affect the patterning of dentofacial development (Mossey, 1999).  Specifically, 

homeobox genes encode transcription factors that affect morphogenesis and patterning.  

The Nodal pathway regulates the formation of lateral structures with symmetry and 

uniformity between right and left sides of the body. The NODAL gene encodes a 
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transcription factor, which initiates the first in a series of molecular events that establish 

chirality in endoderm and mesoderm germ layers during embryonic development (Nicot, 

2014). The Nodal pathway is activated by the binding of activin to activin-like receptor, 

which results in the phosphorylation of Smad2 allowing the p-Smad2/Smad4 complex to 

pass thru the nuclear membrane.  Once in the nucleus the protein complex regulates the 

activity of transcription factors (FoxH1, p53, Mixer), which induce transcription of Nodal 

pathway genes (NODAL, LEFTY, etc.).  Nicot et al. (2014) found differential expression 

of Nodal pathway genes in non-syndromic orthognathic surgery patients identified as 

having posterior midfacial asymmetry. Approximately 45% of the Nodal pathway genes 

showed significant up regulation or down regulation in asymmetric patients versus 

symmetric patients.  Notably, PITX2, a transcription factor known to affect the size of 

type II skeletal muscle fibers, was decreased in these same facial asymmetry patients. 

In summary, it is now accepted that orthodontic problems are not the result of 

either genetics or environmental factors alone, but of the interplay of many influences. 

The same is true of growth. These multifarious influences give rise to equally as 

innumerable types of dentofacial malocclusions.  Therefore, although orthodontists often 

define each patient as having one skeletal-dental diagnosis, it is clear that, as described by 

Brader as early as 1965: 

Similar dental classifications…can exist within a wide range of 
skeletal types and that, conversely, one may find almost any of the 
malocclusion classes within the composite framework of a single 
skeletal type. 

 

Furthermore, these diagnostic limitations can often mask relevant correlations explored 

experimentally.  If the diagnosis is not specific enough to highlight the differences 
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between experimental groups, then proper division of subjects into study groups can be 

inaccurate representations of similarities and differences between those subjects. Other 

important benefits of understanding the etiology of dentofacial malocclusions include 

both improving the timing and planning of treatment and also learning how molecular 

changes caused by these factors will affect the outcome and stability of treatment.  

In reality, genotypic effects on both bone and muscle development are influenced 

and modified by the environment to create an individual phenotypic presentation 

(Mossey, 1999).  Heritability estimates for muscle strength and bone length are greater 

than 80% for adolescents (Beunen et al., 2003;Perola et al., 2007). For this reason it is 

also important to investigate the properties of muscle that could act as key influences on 

the development of jaw deformations. 

 2.5 Skeletal Muscle 

In Moss’ Functional Matrix Hypothesis, epigenetic factors were divided into two 

classification types, termed the periosteal and capsular functional matrices.  The 

periosteal matrix is composed of skeletal muscles, which are in close contact with the 

bone and therefore have a substantial influence on growth.  According to Moss, strain 

generated from muscle activity is transmitted to osteocytes.   The strain is translated 

through the individual cells via mechanotransduction and then to other cells, which are 

linked by a vast osseous connected cellular network.  The cellular changes caused by 

signal reception and transduction induce resorption, apposition, and maintenance of areas 

of the bone.  Therefore, it is muscle activity that has primacy to stimulate regulatory 

processes within the skeleton, which are not controlled by the genome alone. 
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Skeletal muscle is responsible for locomotion and postural control and is of 

special significance to the etiology of malocclusions.  Each skeletal muscle in the body is 

made up of individual myocytes or muscle cells.  These myocytes are composed of 

myofibrils, which are the organizational units of protein filaments.  In turn, the sarcomere 

is the functional unit of the myofibril.  It is the repetition of sarcomeres throughout the 

muscle fibers that imparts the striations characteristic of skeletal and cardiac muscle 

tissues. 

The sarcomere functions in the relaxation and contraction of muscle via the 

sliding action of two filamentous proteins.  The thick filaments are composed of myosin 

proteins, whereas the thin filaments are made up of actin proteins.  Myosins have a 

globular head region that can bind to actin, but only when the binding region of the actin 

is exposed.  Tropomyosin molecules block these regions.  Actin binding site exposure is 

coupled with the movement of calcium ions.   The transmission of nerve impulses 

through the myocytes stimulates the release of calcium from voltage-gated L-type 

calcium channels, which in turn activates ryanodine channels on the sarcoplasmic 

reticulum to release more calcium into the cell.  This calcium binds troponin C 

molecules, which are interspersed within tropomyosin proteins.  This causes a 

conformational change in tropomyosin molecules and exposes the binding area on the 

actin protein for the myosin heads.  It is then, after the hydrolysis of adenosine 

triphosphate molecules (ATP) at the site of the myosin head, that the myosin can bind the 

actin, power the sliding of filaments that results in muscle contraction, and bind a new 

ATP molecule to release and begin the cycle anew. 
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Skeletal muscles are primarily classified into slow type I or fast type II fibers.  

Slow type I fibers are more reddish, contain higher levels of mitochondria and their 

metabolism is primarily oxidative.  Therefore, muscles composed of these fibers are more 

endurance related and postural in nature.  Fast type II fibers function in rapid contraction 

and are more anaerobic.  They can be sub-classified into glycolytic types (Types IIx/IIb) 

and type IIa fibers, which are more similar to type I fibers in terms of metabolism 

(Drexler, 2012). All type II fiber predominated muscles are more susceptible to fatigue. 

Muscle fibers can also be classified by their expression of different isoforms of myosin 

heavy chain proteins. 

2.5.1 Human Masticatory Muscle 

Human masticatory muscles are specifically designed skeletal muscles that serve 

a range of functions.  Not only must they be able to produce the force necessary to 

macerate food, but also the stamina to maintain jaw postural position to allow sufficient 

airway volume for breathing.  Therefore, it is not surprising that the human masticatory 

muscles express a large variation of myosin heavy chain isoforms in the sarcomeres of 

their myofibrils (Raoul, 2011).  These distinct myosin proteins impart different 

contractile characteristics to each muscle fiber. According to Sciote (1994), human jaw 

elevators express the following fiber types:  neonatal (developmental), atrial (α-cardiac), 

type I (slow contracting, fatigue-resistant), type IIA (fast contracting, easily fatigued), 

and type IIX (fastest, most easily fatigued) isoforms.  Also, myofibrils from masticatory 

muscles can contain a hybrid of any combination of myosin isoforms making them 

particularly complex.  The most common isoform in masseter muscle samples is type I 

whereas the neonatal/atrial types occupy the lowest tissue percentage (Rowlerson, 2005).   
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Skeletal muscles of all areas of the body can undergo fiber type transitions under 

different environmental influences.  For example, in endurance training athletes, there is 

a predominance of type I fibers (more fatigue resistant) versus resistance training athletes 

whose muscles display a predominance of type II fibers resulting in increased overall 

muscle strength and mass (Rowlerson, 2005). Likewise, alterations in masseter muscle 

demands and function can result in the transition of fiber types from type I fibers çè 

type I/II hybrid fibers çè type II fibers (Rowlerson, 2005). 

2.5.2 Muscle Fiber Type Contribution to Malocclusion 

The specific properties of the masticatory muscles can affect the development of 

dentofacial malocclusions. For example, changes in dietary related demands on 

musculature, as previously described, can result in malocclusion formation within one 

generation. However, due to the difficulties associated with, and the ethical dilemmas 

posed by, human studies, most of the research that supports this point was performed on 

animals. For example, growing rats undergoing unilateral masseter muscle exercises 

exhibited significant morphological modifications of the skull and dento-alveolar 

complex, and developed malocclusions on the experimental facial side (Horowitz and 

Shapiro, 1955).  Similarly, the unilateral surgical repositioning of the masseter muscle of 

nine growing dogs resulted in angular changes and loss of the antegonial notch in the 

mandible on the modified side (Nanda et al., 1967). McPherron et al. (1997) used 

knockout mice to show that eliminating myostatin (a transforming growth factor beta 

superfamily member, GDF-8) also decreased the down regulation of muscle fiber growth.  

Myostatin deficient mice not only had hypertrophic muscle formation, but also 

craniofacial form changes including the formation of “rocker shaped” mandibles 
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(Vecchione et al., 2007).  These rocker mandibles have been observed in humans and are 

likewise associated with hypertrophic masseter muscles (Houghton, 1977).  Conversely, 

the lack of muscle stimulation, as is found in Duchenne muscular dystrophy, leads to a 

counterclockwise rotation of the mandible resulting in an open bite malocclusion and 

associated long lower facial third (Eckardt and Harzer, 1996).   

Rowlerson et al. (2005) used masseter muscle biopsies from patients with 

different dentofacial malocclusions undergoing mandibular osteotomies to look for 

differential expression of fiber types.   Using immunohistochemical staining, mean fiber 

areas (MFA) and numbers were determined for four fiber types: I, I/II hybrid, II, and 

neonatal/atrial.  The mean percent occupancy (percentage of the muscle area occupied by 

a given fiber type; MPO) was calculated. Definitive evidence indicated that masseter 

muscle with a higher proportion and size of fast contracting, type II fibers, was associated 

with vertical deep bite malocclusions whereas increased slow contracting, type I fibers, 

were associated with vertical open bite malocclusions.   This study remarkably illustrated 

the importance of muscle composition on the vertical dimension of malocclusion. In an 

extension of this study, Sciote et al. (2012) verified the original results and extended their 

findings.  They additionally concluded that fiber types of any given isoform were larger 

in males than females, suggesting sexual dimorphism of muscle fiber characteristics.  

Also, they noted that in patients exhibiting lateral asymmetries, type II fiber expression 

was increased in the half of the mandible with decreased ramus length.  In contrast, 

patients without facial asymmetry presented with symmetric fiber type composition as 

well.  This suggests that muscle phenotype associates with bone remodeling and growth.  

Lastly, they found differences in the fiber types of master muscle from patients who 
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presented with symptoms of temporomandibular joint disorder (TMD).  Type II fiber 

occupancy was increased in subjects with TMD and hybrid fiber occupancy was higher in 

patients without signs and symptoms of TMD.	  

Muscular composition may not only affect the development of malocclusions, but 

also the adaptation to surgery post-correction.  Although 15-20% of patients undergoing 

orthognathic surgery will experience a clinically significant and observable amount of 

relapse, the causes of post-surgical relapse are not well understood (Sciote et al., 2013) 

Harzer et al. (2007) found that masticatory muscles adapt to post-surgical jaw positions 

by undergoing fiber type changes and altering the expression of regulatory growth 

factors.  Specifically, they saw that there was an increase in the relative presence of type 

IIA fibers (changing from type I fibers) post-orthognathic surgery.  They correlated this 

change with the number of teeth in occlusion post-surgically.  Understanding these fiber 

type changes may contribute to more stable treatment in the future. 

2.6 Differential Gene Expression in Dentofacial Malocclusion 

It is clear that muscle properties can ultimately result in the development of 

dentofacial malocclusion, but muscle composition is not purely an environmental trait.  It 

is likely that differential expression of specific genes relating to muscle strength 

phenotypes results in molecular changes that in turn affect muscle influences on 

jawbones. 

A striking example of this is seen in the expression of ACTN genes, which encode 

α-actinins.  This family of cytoskeletal proteins functions as actin anchors in skeletal 

muscle contraction.  The α-actinin proteins show differential expression in the distinct 

skeletal muscle fiber types.  For instance, ACTN2 shows greater expression in slow 
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contracting type I fibers whereas ACTN3 is found exclusively in fast contracting type II 

fibers.  Genetic alternations can result in an individual’s homozygous inheritance of a 

nonsense 577X stop codon mutation of ACTN3 causing a complete lack of α-actinin 3 

protein.  This TT homozygous genotype is present in 18% of Europeans (Thomis, 2012).  

Without the expression of α-actinin 3, skeletal muscles exhibit diminished fast contractile 

ability, enhanced endurance, and reduced bone mass or bone mineral density (Zebrick et 

al., 2014).  Female Olympic sprinters show increased ACTN3 577CC allele expression, 

which imparts α-actinin myofibril production capabilities, compared with endurance 

athletes and control populations (Yang et al, 2003).  Further studies have verified an 

increase in 577CC genotype presence in sprint or power-related sports athletes, and 

enhanced T allele expression in endurance athletes (Alfred et al., 2011).  This suggests 

ACTN3 may be a key gene in muscle strength properties, making it a potential gene of 

interest for influence over dentofacial deformity development. 

In ACTN3 577TT genotype patients, the same lack of expression occurs in the 

masticatory muscles, including the masseter.  Zebrick et al. (2014) observed that the 

masseter muscles of these patients have significantly smaller diameter type II fibers and 

that ACTN3 deficiency correlates to the presence of a skeletal Class II malocclusion.  

Also, the 577TT genotype is underrepresented in deep bite malocclusions.  This suggests 

that ACTN3 gene products do influence muscle composition phenotypes, which in turn 

influence bone growth both sagittally and vertically. 

Other genes that do not demonstrate influence over fiber type formation have 

been implicated in the formation of dentofacial malocclusions. Therefore, it is likely that 

molecular events unrelated directly to fiber type composition and transitioning can result 
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in biological changes that induce dentofacial malocclusion formation. One such recent 

study, conducted by Tassopoulou-Fishell et al. (2012), resulted in the discovery of the 

first genetic variation associated with Class III malocclusion in a Caucasian population.  

They found that an association existed between a marker in MYO1H (rs10850110) at 

12q24 and the mandibular prognathism phenotype, where the most common allele of 

MYO1H was overrepresented in mandibular prognathism subjects.  This was also the first 

evidence that the MYO1H gene was expressed in masseter muscle at all.  The frequency 

of the rs10850110 allele varies from 0.008 in sub-Saharan Africans to 0.089 in Japanese, 

0.148 in Han Chinese, and was highest, at 0.275, in Europeans.  MYOH1 gene encodes 

the MYO1H protein, which is a member of the unconventional myosin protein family.   

Unconventional myosins are not involved in skeletal muscle contraction-

relaxation cycles like their better-known conventional myosin relatives.  In contrast, they 

are single headed motor proteins implicated in glucose transport and nuclear transcription 

(Desh et al., 2014). MYO1H has a functional paralog, MYO1C, which has also been 

associated with craniofacial conditions.  However, there are no associations between 

MYO1H or MYO1C gene expression and masseter muscle fiber type composition.  The 

MYO1C protein is implicated to play a role in the regulation of nuclear transcription of 

genes. Specifically, MYO1C activates a chromatin remodeling epigenetic enzyme called 

KAT6B. KAT6B is associated with mandibular prognathism and Class II myosin heavy 

chain expression and there have been significant associations between MYO1C and 

KAT6B expression.  KAT6B has been implicated in the activation of RUNX2, an 

osteogenesis regulating transcription factor.  Increased RUNX2 expression has been 

found in masseter muscle biopsies with increased type II fibers (Desh et al., 2014).  This 
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study describes a possible molecular pathway involving gene expression resulting in 

regulatory changes in gene product formation, which in turn affects both bone and muscle 

properties. 

More investigations of this type are needed to develop associations between 

variations in genetic expression and distinct characteristics of dentofacial deformities.  

The current success being seen in expression studies on genes related to strength 

phenotypes, suggests that we should continue similar research as new genes of interest 

are discovered. 

2.7 Selection of Genes of Interest 

Heritability estimates for muscle strength are between 31 and 78%, suggesting a 

significant genetic component (Windelinckx, 2011).  This influence is aside from, or 

modifies, the effects of environmental factors such as athletic training.  However, very 

few individual genes have been identified as affecting muscle strength phenotypes.  In 

2011, Windelinckx et al. used a two-stage gene-centered fine-mapping approach to 

identify candidate genes that might influence muscle strength on a previously identified 

quantitative trait locus on chromosome 12q22-23. During the first stage, 122 single 

nucleotide polymorphisms were examined for association with knee torque production, a 

measurement of maximal muscle strength. A family-based association was found 

between muscle strength characteristics and three genes: ATP2A2, NUAK1, and 

PPP1CC.  No additional gene associations were identified in the second stage of the 

experiment.  Windelinckx et al. (2011) suggested that these genes should be subjected to 

further analysis to determine their specific influence on the development of muscle 
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strength phenotypes.  It is important to note that the equivalent measurement to knee 

torque production for the muscle of mastication is maximal bite force. Furthermore, as it 

is clear from the previously described literature that genetics of muscle strength can 

produce muscle phenotypes that in turn affect the development of dentofacial 

malocclusions, the expression of these three genes in the masseter muscles of 

malocclusion subjects was chosen as the focus of this thesis.   

2.7.1 ATP2A2 

 The ATP2A2 gene encodes an intracellular calcium ion pump located in the 

sarcoplasmic or endoplasmic reticula of skeletal muscles (SERCA Ca2+ ATPase 2; 

SERCA2).  SERCA2 is one isoform within the larger SERCA family, which additionally 

includes the gene products of ATP2A1 (SERCA1 protein) and ATP2A3 (SERCA3 

protein).   SERCA1 and SERCA 2 proteins are differentially expressed in skeletal 

muscles (Drexler et al., 2012).  SERCA 1 is more abundant in fast twitch fibers, while 

SERCA2 predominates in slow twitch muscle fibers.  

The ATP2A2 mRNA can be alternatively spliced to create ATP2A2a and 

ATP2A2b transcripts, which encode SERCA2a and SERCA2b cation pump isoforms, 

which also have differential tissue expression patterns.  SERCA2a is specifically 

expressed in heart and slow twitch (type II) skeletal muscle and brain whereas SERCA2b 

is highly expressed in smooth muscle and additional non-muscle tissues (Sakuntabhai et 

al., 1999). Both proteins are highly expressed in keratinocytes.   

Mutations in the ATP2A2 gene are known to cause Darier-White disease (DD) 

(Sakuntabhai, 1999).  DD, also known as keratosis follicularis, is an autosomal dominant 

disorder with complete penetrance and variable expressivity.  It results in a lack of 
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adhesion between adjacent epidermal cells and a failure of epidermal keratinization.  It is 

primarily a disorder of the skin, though it may be associated with mild mental retardation 

and epilepsy.  These patients also exhibit a prolonged contraction time and half-

relaxation time of the adductor pollicis muscle (Windelinckx et al., 2011).   Defects in the 

ATP2A2 gene have also been associated with heart failure, sperm motility defects, 

cataract formation, carcinogenesis, diabetes, and cardiac hypertension and hypertrophy 

(GeneCards, 2014). 

Most notably, SERCA2 functions in the transport of calcium ions from the muscle 

cell cytosol into the sarcoplasmic reticulum lumen and is powered in an energy 

dependent manner by the concurrent hydrolysis of ATP (adenosine triphosphate) 

molecules and depends on the presence of magnesium (GeneCards, 2014).  SERCA2 

works in concert with other pumps, like the sodium/calcium exchanger, to maintain low 

cytoplasmic calcium levels.  Calcium ion transport into the sarcoplasmic reticulum lumen 

is performed against the concentration gradient and occurs during muscle relaxation.  For 

every two calcium ions transported, a molecule of ATP must be hydrolyzed. Other 

ATPases in the same protein family as SERCA2 are plasma membrane bound Ca2+ 

ATPases (PMCA).   

SERCA2 has been implicated in the regulation of the skeletal muscle relaxation 

and contraction cycle.  Green et al. (2011) unexpectedly observed that the SERCA2a 

isoform is rapidly down regulated after 3-6 days of aerobic training in the vastus lateralis 

tissue of untrained males.  In these subjects there was a reduction in calcium uptake and 

calcium release from type IIA and type I fibers.  This reduction in calcium cycling 

capabilities suggested an adaptation to exercise that emphasized slow-contracting and 
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potentially more efficient muscle fiber function.  The association of this gene to skeletal 

muscle properties makes it a promising target in the search for contributing factors to 

dentofacial malocclusion development. 

2.7.2 NUAK1 

The second gene of interest is NUAK1, also known as NUAK Family SNF1-Like 

Kinase (Windelinckx et al., 2011). This gene encodes a NUAK1 protein, which is an 

AMP-activated protein kinase that is expressed in skeletal muscle. It is one of twelve 

AMPK-related kinases that have catalytic areas like the AMP-activated protein kinase 

(AMPK) molecule.  Therefore, NUAK1 is also known as ARK5.  Although, most of the 

functions of the ARK molecules are unknown, more is known about the function of 

AMPK.  This molecule is a whole body sensor and regulator of energy homeostasis (Sun, 

2013). The study of AMPK has been fueled by the drive to control obesity and the 

growth of diabetes in modern society.  AMPK is activated by increased levels of cellular 

AMP molecules relative to levels of ATP (Sun, 2013).  Similarly, NUAK1 protein serves 

a regulatory role in a number of cell processes including cell adhesion, regulation of cell 

ploidy and senescence, cell proliferation, and tumor progression (GeneCards, 2014). It is 

known to be expressed in a variety of human tissues including heart and skeletal muscle 

and potentially smooth muscle (GeneCards, 2014).   

Evidence indicates that NUAK1 plays important roles in skeletal muscle 

metabolism.  For example, NUAK1 deficient mice do not survive past embryonic 

development.  However, adult mice with muscle-specific NUAK1 knock out, had lower 

fasting blood glucose levels, greater glucose tolerance, higher insulin sensitivity and 

higher concentration of muscle glycogen then control mice (Inazuka et al, 2012). Their 
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results suggested that NUAK1 might serve a role in suppressing glucose uptake by the 

down regulation of insulin in oxidative muscle.  Similarly, Fisher et al. (2005) suggested 

that NUAK1 protein kinases could regulate glucose transport.  Furthermore, it was 

determined by Hoppe et al. (2010) that a homolog of this gene found in nematodes 

encodes proteins that may regulate organization of thick filaments during muscle 

contraction-relaxation.  

The NUAK1 gene is overexpressed in various human malignancies and is thought 

to serve a role in tumor growth and metastasis (Humbert et al, 2010).   Its expression is 

commonly associated with poor prognosis in cancer patients.  For example, Ye et al. 

(2014) determined that overexpression of NUAK1 correlated to the severity of gastric 

cancer invasion and overall patient prognosis and therefore may be a valuable biomarker 

for gastric cancer progression in the future.  Similar determinations have been made for 

glioma cell invasion and hepatocellular carcinomas (Cui et al., 2013/Lu et al., 2013).  It is 

evident that the multiple cellular influences that NUAK1 has make it an important target 

of future studies. 

2.7.3 PPP1CC 

The final gene of interest is PPP1CC, whose gene product is a member of the 

protein phosphatase family, a ubiquitously expressed gamma isozyme of a catalytic 

subunit of the larger complex named protein phosphatase 1 (PP1).  PP1 is a 

serine/threonine phosphatase that is directly involved in the dephosphorylation of 

innumerable molecules, which in turn activate or deactivate molecular signal transduction 

pathways essential to cell division, glycogen metabolism, muscle contractility, and 

protein synthesis (GeneCards, 2014).  This is accomplished by hydrolysis of phosphoric 
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acid monoesters at serine and threonine residues of other molecules resulting in the 

catabolism of phosphate groups.  Phosphate catabolism stimulates or inhibits that 

molecule.  The actions of PP1 are antagonistic to phosphorylation of molecules by 

kinases and phosphorylases.  There are three isoforms in the subfamily of PP1: alpha, 

beta/delta, and gamma.  These isoforms share 76-88% sequence identity (Skene-Arnold, 

2013). 

In glycogen metabolism PPP1CC dephosphorylates and thereby inactivates 

glycogen synthetase (Windelinckx et al., 2011). Therefore, both NUAK1 and PPP1CC 

gene products are involved in complementary pathways in glycogen metabolism 

(Windelinckx et al., 2011).   
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CHAPTER 3 

AIMS OF THE INVESTIGATION 

The aim of this investigation is to determine the existence of any associations 

between the expression levels of three of interest (ATP2A2, NUAK1, and PPP1CC) and 

masseter muscle morphology and dentofacial malocclusions.  

First, we sought to generate data on the RNA expression level of a large number 

of gene transcripts in a smaller group of subjects using a microarray analysis based on 

RNA isolated from masseter muscle.  This information would then be used to separate 

subjects according to differences in a Principle Component Analysis plotted from the 

microarray data.    

Current literature identified an association between genetic loci for ATP2A2, 

NUAK1, and PPP1CC and skeletal muscle strength phenotypes. Therefore, we sought to 

explore the expression level of these specific genes in greater depth using RT-PCR 

experiments.   

Specifically, we sought to compare the masseter muscle expression properties of 

ATP2A2, NUAK1, and PPP1CC in orthognathic surgery subjects to the expression levels 

determined by the original microarray analysis.   

Then, the expression of ATP2A2 was characterized according to vertical and 

sagittal dentofacial diagnoses of the subjects, and then additionally analyzed for 

correlations with fiber type expression values.  

Finally, ATP2A2 expression was associated with other phenotypic traits exhibited 
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by the surgery subjects.  These traits included the presence of signs/symptoms of 

temporomandibular disorder (TMD) with and without pain and facial asymmetry and 

relative to the expression levels of a second gene associated with muscle strength 

phenotypes (ACTN3). 
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CHAPTER 4 

MATERIALS & METHODS 

4.1 Muscle Samples 

Study subjects were patients with nonsyndromic dentofacial deformities at the 

Centre Hospitalier Universitaire de Lille, France in the Department of Oral and 

Maxillofacial Surgery.   All subjects were undergoing comprehensive orthodontic 

treatment with concurrent orthognathic surgery including mandibular osteotomies and 

gave informed consent to participate in the study.  Research protocol was approved to 

comply with the regulations for ethical research by committees at the University of Lille 

and the Institutional Review Board at the Maurice H. Kornberg School of Dentistry at 

Temple University (IRB Approval 13438).  The main author successfully completed the 

Collaborative Institutional Training Initiative courses on Biomedical Research and 

Practice Runs Training developed at the University of Miami. 

It is important to note that all mandibular osteotomy surgeries are performed to 

change the length and position of the mandible, but there are different techniques used to 

perform the surgery.  During an osteotomy completed using a French technique, masseter 

muscle tissue is not separated from the periosteum of the mandible.  In this way, 

mandibular relocation results in the need to remove any excess masseter tissue.  In 

contrast, full elevation of the masseter muscle from the mandibular periosteum is 

performed to provide access and vision in the American osteotomy technique and then 

reattachment is performed (Profitt et al., 2002).  Therefore, only surgeries completed 

using the French technique generate the masseter biopsy samples, as a result of normal 
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surgical procedure, that are required for our experiments.  The removed muscle 

consistently originates from the deep portion of the anterior superficial masseter muscle 

3-4 cm above the mandibular angle (Figure 1).   

 

Figure 1: Masseter muscle biopsy site, surgical procedure, and isolated sample 
Illustrates the anatomical area of masseter muscle biopsy (right) and the surgical 
procedure, removal, and mounting of the masseter sample for cryosectioning (left). 
 

This portion of the masseter muscle is purported to serve a special role in 

maintaining the posture of the mandible.  This site was ideal because muscle composition 

in the areas of the masseter that are key to posturing will have a much greater effect on 

development than those areas of the muscle most related to mastication.  Muscle fibers 

dedicated to mastication are in use for relatively little time per day, while muscle in areas 

responsible for postural control serve a more constant function.   For the purpose of this 

study, the muscle samples were conserved and snap frozen during the surgery and stored 

on dry ice prior to express delivery to Temple University.  There, the samples were stored 

at Dr. Sciote’s laboratory at -80°C. 
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 Diagnoses were determined pre-surgically by orthodontists at the University of 

Lille using the Delaine cephalometric analysis (Delaire, Schendel and Tulasne, 1981). 

Subjects were diagnosed as having Class I, II, or III malocclusions with normal, open or 

deep vertical dimensions. All subjects with suspected facial asymmetry were further 

evaluated on posterior-anterior cephalograms.  Confirmation of the diagnosis was based 

upon necessary jaw movements made during bilateral sagittal split osteotomy surgery.  

All radiographic records were forwarded to Dr. Sciote at Temple University for reference 

in the event of diagnostic discrepancy. Genotyping was performed by Dr. Alexandre 

Vieira on subject saliva samples at the University of Pittsburgh.  Subjects were identified 

as having normal CC, heterozygous TC, or null TT ACTN3 genotypes.   

Masseter biopsies from eleven of the study subjects were used to generate 

microarray data.  The dentofacial classification of these patients is listed in Table 1. 

Table 1.  Orthognathic Surgery Subjects Included in the 
Microarray Analysis of Masseter Muscle Gene Expression 

 Skeletal Classification  
Subject Gender Age Sagittal Vertical TMD 

1 F 15 Class II Open Yes 
2 F 17 Class II Open No 
3 F 41 Class II Open Yes 
4 F 41 Class II Open No 
5 F 24 Class II Deep No 
6 F 47 Class II Deep Yes 
7 M 17 Class II Deep Yes 
8 F 34 Class II Deep No 
9 F 16 Class III Open No 
10 F 53 Class III Open No 
11 F 18 Class III Deep No 

 

Samples from these subjects, as well as 45 additional subjects were included in the RT-

PCR experiments.   



32 

 

4.2 Jaw Pain and Function Analysis 

A questionnaire was performed by all subjects at the time of pre-surgical 

evaluation.  The questionnaire was developed by Gerstner, Clark, and Goulet (1994) and 

asked eight questions related to jaw pain and five questions related to joint function and 

thereby allowed subjects to self-rate their pre-surgical pain and function levels.   It was 

designed to distinguish temporomandibular disorder (TMD) from non-

temporomandibular disorder subjects and subjects with tension-type headaches. Gerstner 

et al. (1994) showed that the questionnaire could reliably distinguish between control and 

TMD groups with 90.3-97.7% sensitivity and 95.7-100% specificity at cutoff values 

between 5 and 9.  However, they also showed that the JPF-questionnaire is unable to 

distinguish TMD subjects from subjects with temporalis related tension-type headaches. 

For the current experiment we used a cutoff value of 6. A copy of this questionnaire is 

included (Appendix A).  Undt et al. (2006) were the first to translate the jaw pain and 

function (JPF) questionnaire from English to German and confirmed the validity of this 

translation.  The JPF-questionnaire was translated into French, for use in this experiment, 

by Dr. Sciote and his colleagues at the University of Lille, but this translation not 

published. Additionally, all subjects were tested for signs and symptoms of 

temporomandibular disorder at the time of the pre-surgical examination.  Of the eleven 

surgical subjects, four were diagnosed as having signs and symptoms of TMD.  These 

were patients 1, 3, 6 and 7. 
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4.3 Microarray Analysis 

A microarray analysis was performed, at the University of Pennsylvania Center 

for Musculoskeletal Disorders, on reverse transcribed total RNA isolated from masseter 

biopsies from the eleven subjects in Table 1.  Microarray data from the Human 

Transcriptome 2.0 (HTA 2.) gene chip (Affymetrix Inc., Santa Clara, CA) gives a 

comparative analysis of the differential expression, between the eleven subjects, of 

70,534 gene transcripts that contain 44,699 human genes. Muscle samples were 

homogenized using QIAzol® Lysis Reagent for isolation of RNA using a Qiagen 

miRNeasy® Mini Kit (Qiagen Inc., Valencia, CA) as per the manufacturer’s instructions. 

To verify the concentration and quality of the isolated RNA, Agilent Bioanalyzer®  

(Agilent, Santa Clara, CA) and Nanodrop (Thermo Fisher, Waltham, MA) 

spectrophotometry were used.    The protocol used is available in the Ambion WY 

Expression Manual and Affymetrix GeneChip Expression Analysis Technical Manual. 

4.4 Principal Component Analysis 

A Principle Component Analysis (PCA) was used to distinguish greatest gene 

expression differences between the eleven subjects included in the microarray analysis.  

Partek software was used at the University of Pennsylvania by Dr. John Tobias to 

perform the analysis.  The differences were illustrated by representing the linear 

combination of all gene transcripts on each axis.  This results in the clustering of subject 

points based on similarity of RNA expression levels of each of the transcripts.  Subject 

points that cluster together imply increased similarity of RNA expression for most 

transcripts. 
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4.5 RNA Isolation & RT-PCR 

RT-PCR was performed to validate microarray expression values for the three 

target genes.  Total RNA was isolated with TRIzol as described previously (Horton et al, 

2008).  First, muscle fibers were disrupted by TRIzol® reagent (Invitrogen, Carlsbad, 

CA).  The RNA extracts were then digested with DNase I, and RNA was re-isolated with 

RNAqueous® (Ambion, Austin, TX).  The presence and concentration of isolated RNA 

was verified and quantified by absorbance at A260.    

Reverse transcription polymerase chain reaction (RT-PCR) assays were 

performed in triplicate for each of the three target genes. The TaqMan® (Applied 

Biosystems, Foster City, CA) RT-PCR protocol utilized commercial gene specific primer 

probe sets for ATP2A2, NUAK1, and PPP1CC and an endogenous control gene 

hypoxanthine phosphribosyltransferase 1 (HPRT1) in a RNA-to-CT 1-Step® reagent in an 

Applied Biosystems Step One Plus® instrument.  

The HPRT1 gene functions in the synthesis of purine nucleotides. It is expressed 

in all human tissues.  Running comparison assays using a “housekeeping gene” like 

HPRT1 ensures that expression levels can be quantified for the three target genes by the 

comparative threshold cycle (ΔΔCT) method (Livak & Schmittgen, 2001).   This method 

compares the fold differences in RNA expression between the subjects and a standard 

calibrator sample as related to the internal control gene.   

A commercial preparation of purified human skeletal muscle RNA (Ambion) was 

used as the standard control or calibrator.  Standard plots for amplification comparisons 

were made using 1, 10 and 100ng of skeletal muscle RNA as prepared by serial dilution.  



35 

 

Then amplification plots for the internal control gene, HPRT1 (Figure 2) and the three 

genes of interest, ATP2A2, PPP1C1, and NUAK1 (Figures 3, 4, 5) were determined.  We 

were then able to compare the standard curve for HPRT1 (internal control) with those of 

the target genes to show that amplification efficiencies were within 10% of one another.  

From this, the reference calibrator standard was determined to be 15 ng of skeletal 

muscle RNA.  

 

  

Figure 2: RT-PCR Standards Amplification Plot of Internal Control Gene HPRT1 
Amplification thresholds are used to determine the fluorescence level above base, but 
below exponential amplification phase. Standard human skeletal muscle RNA in the 
amounts of 100ng (Blue), 10ng (Green), and 1ng (Light Green) were used. 
 

 

ç Amplification	  
	  	  	  	  	  Threshold	  
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Figure 3: RT-PCR Standards Amplification Plot of ATP2A2 
Amplification thresholds are used to determine the fluorescence level above base, but 
below exponential amplification phase. Standard human skeletal muscle RNA in the 
amounts of 100ng (Blue), 10ng (Green), and 1ng (Light Green) were used. 

 

 

Figure 4: RT-PCR Standards Amplification Plot for NUAK1  
Amplification thresholds are used to determine the fluorescence level above base, but 
below exponential amplification phase. Standard human skeletal muscle RNA in the 
amounts of 100ng (Blue), 10ng (Green), and 1ng (Light Green) were used. 

ç Amplification	  
	  	  	  	  	  Threshold	  

ç Amplification	  
	  	  	  	  	  Threshold	  
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Figure 5: RT-PCR Standards Amplification Plot for PPP1CC 
Amplification thresholds are used to determine the fluorescence level above base, but 
below exponential amplification phase. Standard human skeletal muscle RNA in the 
amounts of 100ng (Blue), 10ng (Green), and 1ng (Light Green) were used. 

 

The standard amplification plots of the target genes and RNA from a calibrator 

gene should show parallel slopes and the amplification efficiency of all genes should be 

greater than 90%. The standard curves for HPRT1 and the three target genes met these 

conditions.  The slope for HPRT1 was -3.50 and the slope for ATP2A2 was -3.58, for 

NUAK1 was -3.40, and for PPP1CC was -3.56.  The efficiency percent for HPRT1 was 

93.19% and the efficiency percent for ATP2A2, NUAK1 and PPP1CC were 90.24%, 

96.98%, and 91.04% respectively (Figure 6, Table 2).  Accordingly, the genes were 

amplified greater than 90%.  Therefore, the comparative CT (concentration threshold) 

could be utilized to quantify RNA expression of the genes of interest.  

 

ç Amplification	  
	  	  	  	  	  Threshold	  
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Figure 6: Standard Curves for ATP2A2, NUAK1, and PPP1CC and HPRT1 
Illustrates generally parallel slopes between the RT-PCR standard curves for the genes of 
interest in relation to a calibrator gene (HPRT1).  The Y-axis (CT) represents the 
fluorescence level at threshold amplification and is plotted against the X-axis (Quantity) 
which represents the amount of RNA expression in nanograms. 
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Table 2.  Amplification characteristics of internal control gene HPRT1 and ATP2A2, 
NUAK1, and PPP1CC by RT-PCR 

Gene Slope Y Intercept R2 Efficiency % 

        HPRT1 -3.50 33.96  0.998 93.19 

       NUAK1 -3.40 33.62  1 96.98 

        PPP1CC -3.56 31.17  0.999 91.04 

        ATP2A2 -3.58 27.56  0.999 90.24 

 

Relative quantities were determined by the comparative threshold cycle (CT) 

method (ΔΔCT) using the following calculation: 

Fold Change = 2-ΔΔCT  where: 

 

ΔCT (Masseter Muscle Sample) = CT (TNF, Masseter RNA) – CT (HPRT1, 

Masseter RNA) 

 

ΔCT (Calibrator Skeletal Muscle Sample) = CT (TNF, Skeletal Muscle RNA) – CT 

(HPRT1, Skeletal Muscle RNA) 

 

ΔΔCT = ΔCT (Masseter Muscle Sample) – ΔCT (Commercial Skeletal Muscle 

Sample) 

 

2-ΔΔCT = 2-[ΔCT (Masseter Muscle Sample)-ΔCT (Commercial Skeletal Muscle Sample)]  
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As the assays were performed in triplicate, the expression level data was averaged 

per each assay.  Results were then reported as fold differences between target genes and 

the standard commercial skeletal muscle RNA expression levels. Target genes were 

assayed in 56 subjects.  

4.6 Immunohistochemistry 

 To determine masseter muscle composition, biopsy samples were cryosectioned 

serially to 10 µm and mounted onto glass slides at Temple University.  An indirect 

immunoperoxidase technique was used for immunostaining of the sectioned muscle 

samples with antibodies specific for different myosin heavy chain (MyHC) isoforms.  

The antibodies were specific for MyHC isoforms type I (BA-F8), all type II (MY-32), 

type IIA only (SC-71), neonatal (a polyclonal antibody prepared by Dr. Rowlerson), and 

α-cardiac (MAS 366).  Limb muscle was used as an internal “reference” for fiber typing.  

Fiber analysis identified eight masseter muscle fiber types, which were condensed into 

the following four groups: type I, type II, type I/II hybrid, and type neonatal/atrial as 

described by Rowlerson et al. (2005).  The sections were photographed and the cross-

sectional areas of the fiber types were determined for each tissue section (mean fiber 

area, MFA).  Also, the MFA was multiplied by the total number of fibers for each fiber 

type class to determine the mean percent occupancy (MPO).  The MPO represented the 

percentage of total area of muscle tissue occupied by each fiber-type class. 
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4.7 Statistical Analysis 

For microarray results, an ANOVA analysis was performed at the University of 

Pennsylvania using Transcriptome Analysis Console (TAC) Software to identify fold 

differences in the RNA expression of each of the 70 thousand transcripts between the 

eleven subjects.  Corrected p-values were calculated (step-up p values) using the 

Benjamini-Hochberg procedure to decrease false discovery rates in the Partek Genomics 

Suite.  This was necessary given the vast amount of comparisons being analyzed.  The 

false discovery rate control should be used when a large number of hypotheses are being 

tested simultaneously to reduce the number of inaccurately rejected null hypotheses 

(Noble, 2009).  This method relies on uniform distribution of p-values under the null 

hypothesis. 

For RT-PCR results, ANOVA and unpaired t-tests were performed to determine 

significance between ATP2A2, NUAK1, and PPP1CC expression levels and sagittal and 

vertical malocclusion classifications.  Additional ANOVA and unpaired t-tests were 

performed to determine significance between ATP2A2 expression level and signs and 

symptoms of TMD with and without pain and facial asymmetry and relative to the 

expression levels of a second gene associated with muscle strength phenotypes (ACTN3).   

Kendall tau Rank correlation analyses were performed to relate ATP2A2 

expression levels and masseter composition (MFA/MPO of type I, hybrid, and type II 

fibers) in all subjects, subjects with Class II malocclusions, and subjects with Class III 

malocclusions.  All aforementioned statistical analyses were performed using averages of 

the right- and left-sided ATP2A2 expression values for the 40 subjects with both values 
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available and the expression level of the analyzed side in the remaining 16 patients.  

Some of these analyses were performed to determine correlations between lateral 

differences (the difference between right- and left-sided relative expression values) in 

ATP2A2 expression levels of subjects where both sided data was available.   

Additional Kendall tau analyses were performed to determine ATP2A2 expression 

changes between subjects grouped by both sagittal and vertical malocclusion 

classification in relation to masseter muscle composition (MFA/MPO of each fiber type).  

These correlations were performed using right-sided expression levels and the right/left 

homogenized masseter samples with the right-sided fiber type composition data.  

In general, R2-values of greater than 0.80 were considered to suggest correlation 

and p-values less than 0.05 were considered significant. 
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CHAPTER 5 
 

RESULTS 

5.1 Results Overview 

The eleven dentofacial malocclusion subjects used in the microarray and Principle 

Components Analysis portions of this study were diagnosed at the University of Lille, 

France to have saggital and vertical skeletal discrepancies (listed in Table 1).  Subjects 4 

and 10 were determined to be skeletal Class II open bite and Class III open bite 

respectively.  These subjects were also diagnosed with posterior midfacial asymmetry.  

5.2 Principal Component Analysis 

Our first major aim was to generate data on the global RNA expression level in a 

smaller group of subjects using a microarray analysis.  In this way, subjects could then be 

separated by greatest RNA expression differences in a Principle Component Analysis 

plotted from the microarray data.   The PCA plots the eleven surgical subjects based on 

gene expression levels of the over 70,000 single nucleotide polymorphisms analyzed by 

the microarray.  In this plot, each dot represents one subject and the subject number from 

Table 1 corresponds to the subject number on the PCA plot (Figure 7).  The 

malocclusion classification of each subject is depicted by the distinct color of the subject 

dot: red signifies a skeletal Class II deep bite subject, blue signifies a skeletal Class II 

open bite subject, and green signifies a skeletal Class III open bite subject.   
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Figure 7.  Principal Component Analysis. 
The PCA plots subjects according to genotype and 
clusters subjects with highest similarity of gene 
expression. 

 

There was distinct clustering of subjects on the PCA plot.  This suggests that the 

largest clustering of subjects (1,2,5,6,7,8,9, and 11) shared the most similar genetic 

expression levels, while the two outlier clusters deviated from the larger group.   Of the 

two additional subject groupings, the group in the upper left of the plot, composed of 

subjects 4 and 10, is of special interest. This group of surgical subjects differed in terms 

of gene expression levels from the larger subject group and they were also the only 

subjects clinically identified as having posterior midfacial asymmetry.  They share more 

similar gene expression levels to each other than to the larger group on the upper right 

area of the plot. Also, subject 3 was found to deviate from all other subjects in terms of 

gene expression. This patient was the only patient diagnosed with obstructive sleep apnea 

and is located on the bottom of the PCA.   

Posterior Midfacial  
Asymmetry 

Obstructive Sleep Apnea 

Symmetry 
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5.3 Genes of Interest in the Microarray Analysis  

  A previous association between genetic loci for ATP2A2, NUAK1, and PPP1CC 

and skeletal muscle strength phenotypes is noted in the current literature. Therefore, data 

for these specific genes of interest were analyzed for differential expression patterns 

between subjects with varying phenotypes. The microarray data demonstrated that 

ATP2A2 expression was decreased 72.13 fold (P<1x10-8) in the subjects with posterior 

midfacial asymmetry.  NUAK1 and PPP1CC expression was decreased 1.53 and 7.45 

fold in asymmetric subjects (P<0.01).  Among other genes in the same functional 

categories, ATP2A1 expression was decreased 30.45 fold (P<6.11x10-6) in subjects with 

posterior midfacial asymmetry and PPP3CC expression decreased 2.96 fold (Table 3). 

Table 3.  Differential Expression of Genes in Masseter Muscle of Subjects with 
Facial Asymmetry Compared to Symmetric Subjects by Microarray Analysis 

 

5.4 RT-PCR Overview 

The next aim of this investigation was to verify the masseter muscle expression 

properties of ATP2A2, NUAK1, and PPP1CC in orthognathic surgery subjects to those 

expression levels determined by microarray analysis. RT-PCR for the three genes of 

interest was performed on a number of masseter muscle biopsy samples to achieve this 

aim and the characteristics of those subjects included will be described here before 

subsequent results are discussed.   
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5.4.1 RT-PCR Study Subject Characteristics 

ATP2A2 expression levels from both the right and left side masseter muscle 

biopsies were determined for 40 subjects.  An additional one subject had just right-sided 

masseter muscle biopsy RNA isolated and 15 subjects had a pooled right and left 

masseter muscle homogenate analyzed.  This resulted in 96 ATP2A2 expression level 

measurements from the masseter muscle biopsies of 56 subjects. Of these subjects, the 

preponderant gender was female (74%) and the mean age was 23.8 years.   Of the total 

subjects, 16 were diagnosed as having a Class II/open malocclusion (28%), 13 were as 

Class II/deep (23%), 11 as Class II/normal (20%), 6 as Class III/open (11%), 5 as Class 

III/deep (9%), and 5 as Class III/normal (9%).  Asymmetry was identified in 66% of 

patients and signs and symptoms of temporomandibular disorder were present in 21%.  

All facial asymmetries, including those as a result of imbalanced posterior midfacial 

growth, were considered significant if they caused a deviation of four millimeters or more 

from a facial midline.  Lastly, ACTN3 genotypes for each subject were determined: 8 

patients presented with the normal CC genotype (15%), 33 the heterozygous TC 

genotype (62%), and 12 the ACTN3 deficient TT genotype (23%), while two subjects had 

undetermined genotypes.   

NUAK1 and PPP1CC expression levels from both the right and left side masseter 

muscle biopsies were determined for 11 subjects.  An additional two subjects had a 

pooled right and left masseter muscle homogenate analyzed.   

All subjects expressed ATP2A2 RNA in their masseter muscles with an average 

expression level of 5.30 fold difference relative to the skeletal muscle control samples in 

right–sided samples, 5.4 fold difference in left-sided samples, and 5.70 fold difference for 
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averaged right- and left-sided expression levels combined with pooled sample 

measurements.   

Preliminary unpaired t-test analyses did not show significant differential 

expression of the three genes of interest based on biopsy side (right versus left) regardless 

of facial symmetry (Figures 8-10).	  Therefore, although the majority of statistical 

analyses were performed using averages of the right- and left-sided ATP2A2 expression 

for the 40 subjects with both values available and the expression level of the analyzed 

side in the remaining 16 patients, some analyses were performed using right-sided data 

only.  These analyses will be specifically identified.  Additionally, some analyses were 

performed that determined correlations between lateral differences (the difference 

between right and left side relative expression values) in ATP2A2 expression levels of 

subjects where both sided data was available. 	  

	  

Figure 8.  Expression of ATP2A2 in Right/Left Masseter Muscles 
Illustrates the lack of correlation between relative ATP2A2 expression in masseter muscle 
biopsies taken from both the right and left sides of patients regardless of facial symmetry 
characteristics (p = 0.265, n = 14).  
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Figure 9.  Expression of ATP2A2 in Right/Left Masseter Muscles of Asymmetric 
Patients 
Illustrates the lack of correlation between relative ATP2A2 expression in masseter muscle 
biopsies taken from both the right and left sides of asymmetric patients (p = 0.321, n = 8). 
 
 
  

 

Figure 10.  Expression of ATP2A2 in Short/Long Masseter Sides 
Illustrates the lack of correlation between relative ATP2A2 expression in masseter muscle 
biopsies taken from both the long and short sides of asymmetric patients (p = 0.952, n = 
10).  
 

0.00	  
1.00	  
2.00	  
3.00	  
4.00	  
5.00	  
6.00	  
7.00	  
8.00	  

Long	  Side	   Short	  Side	  

Expression	  of	  ATP2A2	  of	  Masseter	  Muscle	  
from	  Long	  and	  Short	  Mandible	  Sides	  of	  

Asymmetric	  Patients	  

0.00	  
1.00	  
2.00	  
3.00	  
4.00	  
5.00	  
6.00	  
7.00	  
8.00	  

Right	  Side	   Left	  Side	  

Expression	  of	  ATP2A2	  in	  Right/Left	  
Masseter	  Muscles	  of	  Asymmetric	  Patients	  



49 

 

5.4.2 Expression Levels of ATP2A2 Compared to Asymmetry 

It was verified that ATP2A2 expression was down regulated in subjects with mild 

to severe forms of asymmetry as compared to subjects with facial symmetry (Figure 11, 

p=0.022).  However, this down regulation was not to the extent determined by the 

microarray.  

Unlike data found via microarray analysis, RT-PCR results showed NUAK1 and 

PPP1CC were differentially expressed at lower, but not statistically significant levels in 

subjects with craniofacial asymmetry (p=0.70, p=0.86 respectively, Figure 12). The 

NUAK1 and PPP1CC results seen in the microarray data are mimicked by trends visible 

in the RT-PCR results, but due to small subject number, no associations can be made 

between dentofacial malocclusion diagnosis, the presence/absence of asymmetry and the 

expression of NUAK1, or PPP1CC genes. 

 

 

Figure 11.  Relative ATP2A2 Expression in Subjects with/without Asymmetry 
Illustrates the down-regulation of the relative ATP2A2 expression (as compared to 
skeletal muscle standard related to HPRT1 control gene) in masseter muscle of subjects 
with asymmetry as compared to those with facial symmetry. 
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Figure 12. NUAK1/PPP1CC Expression in Subjects with/without Asymmetry 
Illustrates that no significant difference was seen in relative NUAK1 or PPP1CC 
expression (as compared to skeletal muscle standard related to HPRT1 control gene) in 
masseter muscle of subjects with asymmetry as compared to those with facial symmetry 
(Normal Symmetry n = 6, Asymmetry n = 5). 

 

5.4.3 Expression Levels of ATP2A2 Compared to Malocclusion 

Initial microarray and RT-PCR results focused the subsequent experiments on the 

expression properties of ATP2A2 as the main gene of interest.   Therefore, expression of 

ATP2A2 was further characterized according to vertical and sagittal dentofacial diagnoses 

of the subjects.  ANOVA and unpaired t-test analyses illustrated that there was no 

significant differences in ATP2A2 expression in patients with different vertical, sagittal, 

or combined vertical/sagittal diagnoses (Figure 13, Table 4). Similarly, no correlations 

were found between lateral differences in ATP2A2 expression in subjects with Class II 

malocclusions with different vertical diagnoses or Class II and Class III subjects with 

Symmetry	  
Asymmetry	  
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normal vertical facial dimensions.  There was a significant association between the lateral 

differences in ATP2A2 expression in subjects with Class III malocclusions with different 

vertical diagnoses (see asterisk in Table 4).  Here, lateral differences were greatest in 

open bite, intermediate in deep bite, and lowest in normal Class III subjects (p=0.026). 

 

 

 

 

 

Figure 13. Dentofacial Malocclusion Classifications 
Examples of subjects in malocclusion study groups. (AJO-DO 2011;141:51-59). Top 
row of subjects exhibit Class II malocclusions with normal, deep, and open bites from 
right to left.  Bottom row of subjects exhibit Class III malocclusions with normal, 
deep, and open bites from right to left.  The analyses described in Table 4 were 
performed to determine expression differences between the above malocclusion 
classifications. 
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Table 4. Correlation Analyses for ATP2A2 Expression Levels 
and Malocclusion 

 Statistical Analysis Subject 
Number 

p-value 

Vertical/Sagittal ANOVA 54 0.400 
 

Vertical Malocclusion ANOVA  0.380 
     Normal  16  
     Open  20  
     Deep  18  

 
Sagittal Malocclusion Unpaired t test  0.133 
     Class II 38  
     Class III 16  

 
Lateral Muscle Differences 
Vertical/Sagittal Malocclusions 

ANOVA 38 0.250 

 
ATP2A2 Lateral Muscle 
Differences and Class II 
Vertical Malocclusions 

ANOVA  0.520 

 
ATP2A2 Lateral Muscle 
Differences and Class III 
Vertical Malocclusions 

ANOVA  0.026* 

     Normal 4  
     Open  5  
     Deep 4  

 
ATP2A2 Lateral Differences in 
Class II and Class III Subjects 
with Normal Vertical 
Malocclusions 

Unpaired t test  0.152 

     Class II, Normal 7  
     Class III, Normal 4  
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5.4.4 Expression Levels of ATP2A2 Compared to Masseter Muscle Composition 

Our next aim was to correlate ATP2A2 expression level with fiber type 

composition.  

First, Kendall tau analyses were performed to compare ATP2A2 expression levels 

and masseter composition (MFA/MPO of type I, hybrid, and type II fibers) in all 

subjects, subjects with Class II malocclusions, and subjects with Class III malocclusions 

(Tables 5-7).  Masseter samples of sufficient immunohistochemical quality, from the 56 

subject samples for which ATP2A2 expression was determined, were measured for fiber 

type composition measurements.  Fiber type MFA and MPO data was correlated with 

ATP2A2 expression levels in 25 subjects for type I, 22 subjects for hybrid type, and six 

subjects for type IIX fibers. 

For type I fibers, ATP2A2 associations were positive with type I MFA (r=0.36; 

p=0.04, Table 5, Figure 14) only in subjects with Class II malocclusions. No significant 

correlations were found between ATP2A2 expression and hybrid type fiber MFA or MPO 

(Table 6).  A negative correlation was found between ATP2A2 expression and type IIA 

MPO regardless of sagittal malocclusion that was highly significant (r=-0.46; p=0.004, 

Table 7, Figure 15). Similarly, there was a negative correlation with ATP2A2 expression 

and type IIA MPO (r=-0.59; p=0.001, Table 7, Figure 16) in Class II subjects.  

Correlations for Class III subjects were typically negative and not significant. 
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Figure 14. ATP2A2 Expression and Type I Fiber Cross-sectional Area in Class II Subjects 
Correlates to significant result in Table 5 and illustrates a positive correlation between 
type I fiber MFA and ATP2A2 expression in subjects with Class II malocclusions (n = 18, 
p = 0.041). 
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Table 5. Correlation Analyses for ATP2A2 Expression Levels, Type I 
Fiber Composition, and Malocclusion Classification 

 Statistical Analysis Subject 
Number 

p-value 

ATP2A2 Expression  Kendall tau Rank   
    Type I MFA 0.253 23 0.096 
    Type I MPO 0.225 23 0.139 

 
ATP2A2 Expression, Class II Kendall tau Rank   
   Type I MFA 0.359 18 0.041 
   Type I MPO 0.255 18 0.150 

 
ATP2A2 Expression, Class III Kendall tau Rank   
    Type I MFA -0.400 5 0.462 
    Type I MPO -0.200 5 0.806 
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Table 6. Correlation Analyses for ATP2A2 Expression Levels, Hybrid 
Type Fiber Composition, and Malocclusion Classification 

 Statistical Analysis Subject 
Number 

p-value 

ATP2A2 Expression  Kendall tau Rank   
    Hybrid MFA 0.200 18 0.230 
    Hybrid MPO 0.221 18 0.183 

 
ATP2A2 Expression, Class II Kendall tau Rank   
   Hybrid MFA 0.295 14 0.138 
   Hybrid MPO 0.238 14 0.235 

 
ATP2A2 Expression, Class III Kendall tau Rank   
    Hybrid MFA 0.200 4 0.806 
    Hybrid MPO -0.200 4 0.806 

Table 7. Correlation Analyses for ATP2A2 Expression Levels, Type 
IIA Fiber Composition, and Malocclusion Classification 

 Statistical Analysis Subject 
Number 

p-value 

ATP2A2 Expression  Kendall tau Rank   
    Type IIA MFA -0.0286 21 0.880 
    Type IIA MPO -0.457 21 0.004 

 
ATP2A2 Expression, Class II Kendall tau Rank   
   Type IIA MFA -0.073 16 0.711 
   Type IIA MPO -0.588 16 0.001 

 
ATP2A2 Expression, Class III Kendall tau Rank   
    Type IIA MFA 0.333 5 0.734 
    Type IIA MPO 0.000 5 1.000 
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Figure 15. ATP2A2 Expression and Type IIA Fiber MPO in All Subjects 
Correlates to significant result in Table 7 and illustrates a negative correlation between 
type IIA fiber MPO and ATP2A2 expression in subjects with Class I/II/III malocclusions 
(n = 21, p = 0.004). 
 

 

Figure 16. ATP2A2 Expression and Type II A Fiber MPO in Class II Subjects 
Correlates to significant result in Table 7 and illustrates a negative correlation between 
type IIA fiber MPO and ATP2A2 expression in subjects with Class II malocclusions (n = 
16, p = 0.001). 
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Second, Kendall tau correlations were performed to compare ATP2A2 expression 

with the composition of each fiber type in patients grouped by both sagittal and vertical 

malocclusion classification (9 total including Class I, open/normal/deep; Class II, 

open/normal/deep; Class III, open/normal/deep). These correlations were calculated 

between ATP2A2 expression levels and fiber type compositions on Excel using the 

CORREL function and charted with R-squared values.  These calculations were 

performed using the measurements from the right-sided ATP2A2 expression levels and 

the R/L homogenized masseter samples versus the right-sided fiber type composition 

data. The right side was arbitrarily chosen as no significant differences between sides 

were detected for ATP2A2 expression as described previously. The pooled samples were 

additionally included to increase the subject numbers and thereby statistical power. 

Correlations found increased ATP2A2 expression was associated with decreased 

type I fiber type MFA (n = 3, R2  = 0.9976, Figure 17) and hybrid type MFA (n = 3, R2  = 

0.9867, Figure 18) in subjects with Class III/open malocclusions, but these were not 

significant, due to subject number (p=1.000). However, decreased type IIA fiber MPO 

did correlate significantly (p = 0.024) with increased relative ATP2A2 expression in 

subjects with Class II, normal bite malocclusions (n = 6, R2  = 0.8127, Figure 19).  

Finally, in Class II/deep subjects, increased ATP2A2 expression correlated to increased 

type IIA MFA, but not significantly (n = 3, R2  = 0.8174, p = 1.000, Figure 20).   
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Figure 17.  Negative Correlation Between Relative ATP2A2 Expression and Type I 
Fiber Mean Cross-sectional Area in Class III, Open Bite Patients 
Illustrates the decrease in type I fiber mean cross-sectional area with increased relative 
ATP2A2 expression (as compared to HPRT1 control gene) in masseter muscle of patients 
with Class III, open bite malocclusion (n = 3, p = 1.000). 

 

 
Figure 18.  Negative Correlation Between Relative ATP2A2 Expression and Hybrid 
Fiber Mean Cross-sectional Area in Class III, Open Bite Patients 
Illustrates the decrease in hybrid fiber mean cross-sectional area with increased relative 
ATP2A2 expression (as compared to HPRT1 control gene) in masseter muscle of patients 
with Class III, open bite malocclusion (n = 3, p = 1.000). 
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Figure 19.  Negative Correlation Between Relative ATP2A2 Expression and TIIA 
Fiber Mean Percent Occupancy in Class II, Normal Bite Patients 
Illustrates the decrease in type IIA fiber mean percent occupancy with increased relative 
ATP2A2 expression (as compared to HPRT1 control gene) in masseter muscle of patients 
with Class II, normal bite malocclusion (n = 6, p = 0.024). 
 

 
Figure 20. Positive Correlation Between Relative ATP2A2 Expression and Hybrid 
Fiber Mean Cross-sectional Area in Class II, Deep Bite Patients 
Illustrates the increase in hybrid fiber mean cross-sectional area with increased relative 
ATP2A2 expression (as compared to HPRT1 control gene) in masseter muscle of patients 
with Class II, normal bite malocclusion (n = 3, p = 1.000). 
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5.4.5 Expression Levels of ATP2A2 as Compared to Additional Phenotypic 

Characteristics 

The final aim of this investigation was to determine if ATP2A2 expression was 

associated with other phenotypic traits exhibited by the surgery subjects.  These traits 

included the presence of signs/symptoms of temporomandibular disorder (TMD) with 

and without pain and relative to the expression levels of a second gene associated with 

muscle strength phenotypes (ACTN3).	  

At this time statistical analyses were repeated to further characterize the 

correlation between ATP2A2 expression and asymmetry (Table 8).  Subjects with mild 

facial asymmetry were now classified as being symmetric.  With the reclassification of 

groups, no significance was found among facial symmetry comparisons.  Although 

correlations for symmetry still tended to be negative and lower for asymmetry subjects.   

In general, it was determined that ATP2A2 expression was not associated with 

other phenotypic traits exhibited by the surgery subjects (Tables 9-10).  However, we did 

find decreased lateral differences in ATP2A2 expression in subjects with asymmetry and 

the TC ACTN3 genotype as compared to subjects with facial symmetry and the TC 

ACTN3 genotype (Table 10, Figure 21).  
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Table 8. Correlation Analyses for ATP2A2 Expression Levels, Symmetry, 
and Symptoms of Temporomandibular Disorder (TMD) 

 Statistical 
Analysis 

Subject 
Number 

p-value 

Symmetric Subjects vs. Asymmetric 
Subjects vs. TMD 

ANOVA 54 0.270 

 
Lateral Muscle Differences in ATP2A2 
in Symmetric Subjects vs. Asymmetric 
Subjects vs. TMD 

ANOVA 38 0.350 

 
Symmetric vs. Asymmetric Subjects 
without TMD 

Unpaired t test  0.154 

     Symmetric 26  
     Asymmetric 12  

 
Symmetric vs. Asymmetric Subjects 
with TMD 

Unpaired t test  0.266 

     Symmetric 10  
     Asymmetric 6  

 
Symmetric Subjects without TMD vs. 
Asymmetric Subjects with TMD 

Unpaired t test  0.130 

     Symmetric (-TMD) 26  
     Asymmetric (+TMD) 6  

     
 Lateral Muscle Differences in ATP2A2 
in Asymmetric Subjects with/without 
TMD 

Unpaired t test  0.128 

     -TMD 11  
     +TMD 5  
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Table 9. Correlation Analyses for ATP2A2 Expression Levels, Pain, 
and Symptoms of Temporomandibular Disorder (TMD) 

 Statistical Analysis Subject Number p-value 
With/without TMD and Pain ANOVA  0.440 
     -TMD 38  
     +TMD, -Pain 4  
     -TMD, +Pain 12  

 
TMD with/without Pain Unpaired t test  0.3073 
     +TMD, +Pain 12  
     +TMD, -Pain 4  

Table 10. Correlation Analyses for ATP2A2 Expression Levels, 
ACTN3 Genotype, and Temporomandibular Disorder (TMD) 

 Statistical Analysis Subject Number p-value 
ACTN3 Genotypes without 
TMD 

ANOVA  0.260 

     CC Genotype 6  
     TC Genotype 22  
     TT Genotype 9  

 
ACTN3 CC Genotype 
with/without TMD 

Unpaired t test  0.438 

     -TMD 6  
     +TMD 2  

 
ACTN3 TC Genotype 
with/without TMD 

Unpaired t test  0.179 

     -TMD 22  
     +TMD 10  

 
ACTN3 TT Genotype 
with/without TMD 

Unpaired t test  0.512 

     -TMD 9  
     +TMD 2  

 
ATP2A2 Lateral Muscle 
Differences in Subjects with 
ACTN3 TC Genotype 
with/without Symmetry 

Unpaired t test  0.027* 

     Symmetry 13  
     Asymmetry 7  
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Figure 21. Correlation Between Relative ATP2A2 Lateral Expression Differences in 
Symmetric vs. Asymmetric Subjects with TC Genotype for ACTN3 
Illustrates significant lateral differences in ATP2A2 expression in patients with the TC 
genotype for ACTN3, which is also correlated to TMD. 
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CHAPTER 6 

DISCUSSION 

6.1 Issues of Experimental Design 

Microarray analysis suggested down regulation of ATP2A2, NUAK1, and 

PPP1CC genes.  However, the results of the microarray study relating to NUAK1 and 

PPP1CC could not be verified by more specific RT-PCR experiments.  A likely 

explanation for this is that the three genes of interest were originally identified in the 

literature as being related to muscle strength phenotypes, specifically knee torque 

production.  This is a measurement of maximal muscle strength.  The equivalent 

measurement in terms of the muscles of mastication, including the masseter, is maximal 

bite force.  However, it is known that maximal bite force does not relate to the 

development of dentofacial malocclusions (Proffit et al, 2013).  It has long been thought 

that the properties of the masticatory muscles that are involved in postural control, 

including airway maintenance, are more influential in malocclusion development because 

they exert light continuous forces.  Despite the lighter force levels associated with 

postural functioning, the long-term affect is suspected to be much greater than that of 

heavy, intermittent masticatory forces from the muscles.  Although it is important to note 

this shortcoming of experimental design, there are a number of significant findings of this 

experiment that remain to be explored. 
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6.2 The Effects of ATP2A2 on Facial Symmetry 

We found, via microarray analysis, that subjects with facial asymmetry are 

associated with diminished ATP2A2 expression.  This result was supported by RT-PCR 

analysis.  This may suggest that some method of gene repression is present in subjects 

with facial asymmetry, that is not present in those with facial symmetry.  One possible 

mechanism for this repression comes from current research by Angrisano et al. (2014).  

They determined that induced cardiac overload in murine animals resulted in alterations 

in genetic transcription including repression of the Atp2a2 gene. This gene repression is 

prompted by pressure stimuli, which in turn is detected by the cardiac cells, and results in 

conformational changes in chromosomal structure.  These structural changes alter the 

accessibility of certain genes for transcription and therefore alter gene expression levels.  

By examining promoter regions of the Atp2a2 gene, Angrisano et al. (2014) determined 

that there were significant histone changes at chromatin marks after chronic cardiac 

overload, which confirmed that specific epigenetic reprogramming of the Atp2a2 

promoter area had occurred. The inhibition of the epigenetic repression could therefore 

lessen or eliminate cardiac hypertrophy and subsequent failure. Relatedly, Meyer et al. 

(2013) determined that elimination of primary cytoskeletal protein desmin in mouse 

skeletal muscle altered the response of the muscle to aging.  They found that without 

desmin, signal transduction of strain into myocytes of adult mice was altered and Atp2a2 

expression was doubled and increased slow fiber types were seen.  This suggests both the 

overall health state of individual myocytes and also their connections to outside forces 

and other cells can result in different cell responses to environmental stimuli. 
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It is possible that the unique muscle strain levels placed on muscle fibers in 

subjects with asymmetries similarly inhibit ATP2A2 expression by triggering epigenetic 

changes in the nuclei of masseter myocytes that result in decreased gene accessibility for 

transcription.  The decreased expression results in changes to the composition of the 

masseter muscle itself as calcium homeostasis is disrupted.   

6.3 The Effects of ATP2A2 on Symmetry in ACTN3 TC Genotype Subjects 

We found that there are significant lateral differences in ATP2A2 expression in 

subjects with or without facial asymmetry who had the ACTN3 TC genotype.  This 

genotype is related to TMD, which is often related to asymmetry as previously discussed.  

The research by Angrisano et al. (2014) and Meyer et al. (2013) could similarly explain 

the down regulation of ATP2A2 in these subjects.  The asymmetries create different 

muscle strain bilaterally, which could result in different gene accessibility for 

transcription, thereby resulting in changes in expression, which would in turn affect 

overall muscle and skeletal form.  

6.4 The Effects of ATP2A2 on Class III, Vertical Malocclusions 

We also found that there were significant lateral differences in ATP2A2 

expression levels between open, normal and deep bite Class III malocclusion subjects.  

Class III, open bite patients had greater lateral differences in ATP2A2 expression than 

Class III, deep bite patients, who had greater expression differences than Class III, 

normal bite patients.  These correlations can be explained by current research regarding 

muscular dystrophies (MDs).  Masseter muscle degeneration, as seen in patients with 

MDs, has been associated with increased anterior face height and open bite 
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malocclusions as a result of mandibular form distortion  (Proffit et al., 2013). MDs are a 

broad collection of diverse genetic disorders that result in degenerative muscle changes 

resulting in muscle wasting and often death.  MDs usually involve mutations in the multi-

protein sarcolemmal-spanning dystrophin-glycoprotein complex (DGC), which are 

hypothesized to cause loss of calcium homeostasis with increases in myocyte cytosolic 

calcium levels (Sanjeewa et al., 2011).  This results in cell necrosis and muscle tissue 

degeneration. Interestingly, Zeiger et al. (2010) noted that the extraocular muscles of 

patients suffering from Duchenne’s muscular dystrophy do not undergo the damage 

caused by excessive levels of intracellular calcium.  They used quantitative PCR and 

western blot experiments to show that SERCA2 expression was increased in the 

extraocular muscles as compared to tibialis anterior limb muscle.  They hypothesized that 

this contributed to the increased calcium buffering capabilities of the extraocular muscles, 

which prevented damage to these cells.    

Sanjeewa et al. (2011) showed that in mice with MD the sarcolemmal instability 

caused by DGC mutations could be mitigated by overexpression of SERCA proteins, 

which increased the reuptake of calcium from the cytosol into the sarcoplasmic 

reticulum.  This reestablished calcium balance, which resulted in decreased tissue 

degeneration and allowed the mice to exercise.  They hypothesized that calcium stability 

is essential to cellular health, and that instability can lead to cell necrosis and 

degenerative muscle states and disease. It is apparent that skeletal muscle calcium levels 

can affect myocyte health and function, which in turn can have affects on the growth and 

development of the bone in all dimensions. This might explain why significant lateral 

differences in ATP2A2 expression levels were found between open, normal and deep bite 
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Class III malocclusion subjects.  The calcium balances that result from alteration in 

ATP2A2 expression may cause muscle fibers to be in different states of health, creating 

muscles with differing efficiency levels, which influences bone growth differentially as 

well.   

6.5 The Effects of ATP2A2 on Fiber Type Composition 

The results of Meyer et al., discussed above, also suggest a positive association 

between ATP2A2 expression levels and type I fibers (as opposed to type II fibers).  We 

found that regardless of malocclusion classification, increased ATP2A2 expression was 

negatively correlated with type IIA MPO.  Furthermore, we found that in Class II 

subjects, increased ATP2A2 expression was positively correlated to type I MFA and 

negatively correlated to type IIA fiber MPO.  This negative correlation trend in type IIA 

MPO was maintained for correlations in Class II, normal bite patients.  Our results 

support a positive association between ATP2A2 expression levels and type I fibers and a 

negative association between expression levels and type IIA fibers.  

Current literature supports the fiber type specific properties of ATP2A2 

(GeneCards. 2014).  Also, Farjado et al (2013) verified the presence of two protein 

regulators, sarcolipin (SLN) and phospholamban (PLN), in the skeletal muscle (vastus 

lateralis) of humans. These proteins regulate the activity of ATP2A2 product SERCA 

protein. When antibodies to SLN and PLN prevent them from interacting with SERCA 

proteins, SERCA calcium affinity and transport is maximized.  Farjado el al. (2013) used 

Western blotting and immunohisto/fluorescence staining techniques to show that fast 

twitch fibers contain high levels of SLN and SERCA1a proteins, whereas type I fibers 
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contained high levels of PLN and SERCA2a proteins. Farjado et al. (2013) suggested that 

PLN might be more SERCA1a specific, while SLN might show more specificity for 

SERCA2a.  Additionally, co-expression of both PLN and SLN in a number of fiber types 

suggested that PLN-SLN-SERCA ternary complexes could result in super-inhibition of 

calcium reuptake. According to Morimoto et al. (2007), phospholamban is known to be 

dephosphorylated and regulated by PPP1 proteins (like those produced by the PPP1CC 

gene). Similarly, our results supported the suggestion that SERCA2 is more prevalent in 

slow muscle fibers (Drexler et al., 2011).   

However, in our results, these associations were not consistent throughout all 

malocclusion classifications.  For example, ATP2A2 expression levels were not correlated 

with any fiber types in Class III malocclusions.  There are a number of explanations for 

this inconsistency of fiber type association.  For example, it is known that the functional 

properties of masseter muscle fibers do not correlate as directly to general fiber type 

classification characteristics (Sciote et al., 2012).  Masseter muscle fibers are generally 

more intermediate in functional qualities than their counterparts in the skeletal muscles 

outside of the craniofacial region.  Therefore, they cannot be expected to have the same 

specificity of biomolecular and genetic properties as systemic skeletal muscle fibers. 

Further evidence suggests ATP2A2 expression may not only be regulated by 

intracellular or molecular influence, but is also subject to regulation by forces that are 

broader reaching.  For example, Gallo et al. (2008) found that in rat plantaris muscle, 

creatine feeding induces a 41% increase in SERCA2 content, which was further increased 

by 33% with running.  Also, they saw that the proportion and cross-sectional area of type 
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IIB fibers increased 10% and 15% in the creatine-fed run-trained rats compared with 

sedentary controls.  They concluded that the creatine and running resulted in increased 

efficiency of SERCA calcium uptake to support faster muscle phenotypes.   

In a similar experiment, Kinnunen and Mänttäri (2012) found that endurance 

training in mice resulted in a decrease in SERCA1 levels found in the m. gastrocnemius 

and sprint training induced increases in SERCA1 and SERCA2 levels.  They concluded 

that the regulation of these proteins does not always follow the fast-slow definitions that 

are associated with SERCA isoforms.  This may be especially true of the muscle of 

mastication.  Sánchez et al. (2013) determined in rabbits that sarcoplasmic-endoplasmic 

reticulum Ca-ATPase (SERCA) isoforms were present in different patterns in masticatory 

muscle versus limb muscle.  SERCA1 was found to predominate in fast-twitch muscle 

(90%), whereas a mixture of SERCA isoforms characterized masticatory muscles.  In 

fact, depressor muscles and elevator muscles differed in their SERCA isoform expression 

characteristics. This important to remember even though our results generally support the 

isoform – fiber type specific norms previously established.   

Environmental influences on human skeletal muscle were confirmed by Green et 

al. (2011).  In their experiments, they tested extracted tissue samples from untrained 

males after 3 and 6 days of cycling exercise for 2 hours per day at 60-65% peak aerobic 

power.  They found reductions in SERCA1a, SERCA2a, and Vmax at 6 days with 

associated decreases in calcium uptake at both 3 and 6 days of exercise.  Their results 

suggest that calcium cycling potential is reduced shortly after aerobic exercise regimen 

initiation.   
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Conversely, effects caused by ATP2A2 expression in skeletal muscle on 

dentofacial form may be the direct result of the metabolic consequence of altered calcium 

channel activity on myocyte metabolism. Glycogen catabolism and anabolism in skeletal 

muscles is regulated by the activity of opposing signaling pathways.  In the presence of 

insulin due to high blood glucose or high levels of ATP the activity of molecules such as 

glycogen synthetase, which synthesizes glycogen from glucose molecules, is increased. 

On the other hand, high levels of glucagon and epinephrine produced as a result of low 

blood sugar or high levels of intracellular AMP, triggers the activation of glycogen 

phosphorylase and related proteins responsible for glycogen catabolism.  

High levels of calcium released from the sarcoplasmic reticulum activate 

phosphorylase kinase, which phosphorylates both glycogen synthetase and glycogen 

phosphorylase.  This activates glycogen phosphorylase, but deactivates glycogen 

synthetase resulting in net glycogen catabolism with the release of free glucose.  As 

discussed above, decreased numbers of SERCA1 proteins results in increased cytosolic 

calcium as sarcoplasmic reticulum calcium reuptake is diminished.  Nogales-Gadea et al. 

(2012) found that humans with McArdle disease, characterized by exercise intolerance, 

have decreased glycogen phosphorylase activity and a down regulation SERCA1.  The 

decreased activity of glycogen phosphorylase, possibly as a result of decreased SERCA1 

levels and resultant decreased stored calcium release from the sarcoplasmic reticulum, 

was associated with a slowing of muscle relaxation, impairment of excitation-contraction 

coupling and therefore reduced muscle contractility and increased muscle fatigue.  Up to 

one-third of McArdle disease patients can develop proximal muscle fixed weakness and 

wasting with aging (Nogales-Gadea et al, 2011).  Therefore, changes induced in muscle 
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by the metabolic state of the individual muscle fibers alter muscle function and its 

subsequent influence on the bones to which the muscles are attached, promoting 

differential development.  

6.6 The Effects of NUAK1 and PPP1CC on Muscle Composition 

NUAK1 and PPP1CC gene products play an important role in skeletal muscle cell 

metabolism, which cause similar metabolic consequences to those of SERCA protein 

expression.  The NUAK1 is a protein kinase activated by increased levels of AMP. 

NUAK1 phosphorylates metabolism-specific molecules resulting in the activation of 

glycogen phosphorylase and deactivation of glycogen synthetase.  This is an identical 

effect to that of increased intracellular calcium release as seen with increased SERCA 

expression. Likewise, PP1 directly dephosphorylates and inactivates glycogen synthetase.  

The result of glycogen synthetase deactivation is an increase in free glucose as seen in the 

presence of increased SERCA and NUAK1 expression.   

Since the metabolic effects of these three proteins are complementary, it would be 

logical to predict that changes in the expression levels of all three might have similar 

effects on the metabolic states of the skeletal muscle cells and tissue properties and 

therefore similar epigenetic influences on the development of dentofacial form.  

Windelinckx et al. (2011) used family based association studies to identify ATP2A2, 

NUAK1 and PPP1CC as genes within candidate loci effecting skeletal muscle strength.  

Specifically, they found that an association between genotype and knee muscle strength, 

suggesting that expression of these genes effects muscle properties in humans. In the 

present study, all three candidate genes were found to be down regulated in study 
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subjects with facial asymmetry.  Therefore, down regulation of gene expression of each 

of the three genes could result in similar metabolic changes, specifically decreased free 

glucose in skeletal muscles cells, causing muscle weakness (perhaps not uniformly or 

bilaterally), that acts as an epigenetic stimuli to correlate to asymmetry formation. 

6.7 NUAK1 Regulates Molecules that Affect Development 

AMP-activated protein kinase (AMPK) has been implicated in glucose regulation 

and cholesterol metabolism as well as cell proliferation, polarity and tumorigenesis (Sun 

et al., 2013).  It is likely, that the highly conserved AMPK-related kinases including 

NUAK1 serve similar global roles throughout the body.  The NUAK (AMPK-regulated 

kinase novel (nua) kinase family) have been implicated to promote tumorigenesis and 

metastasis (Sun et al, 2013).  For example, Shi et al. (2014) determined that increased 

expression levels of NUAK1 in non-small-cell lung carcinoma (NSCLC) tissues were 

associated with invasiveness and increased metastasis in human subjects.  In contrast, 

knockdown of NUAK1 (by the use of specific microRNAs) inhibited the migration and 

invasion of cells.  The role of NUAK1 in cancer progression has been linked to up-

regulation of cell proliferation, inhibition of p53-mediated tumor suppression, increased 

matrix metalloproteinases, and metabolic alterations  (Sun et al., 2013).  According to 

Banerjee et al. (2014), both NUAK1 and NUAK2 have been implicated in the regulation 

of cell survival, senescence, adhesion, and polarity. Specifically, they found NUAK1 

protein and PLK1 (Polo kinase 1) to be reciprocal regulators of the cell cycle.  NUAK1 

levels were highest during S phase, at which time there were decreased PLK1 levels.  On 

the other hand, high PLK1 and low NUAK1 levels were associated with G2-M phases of 
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the cell cycle.  Furthermore, molecules that inhibited the activity of NUAK1, such as 

WZ4003 or HTH-01-015, subsequently down-regulated the proliferation of cells by 

decreasing the number of cells in S-phase and undergoing active mitosis.  This 

suppressed proliferation could be reversed by NUAK1 mutant overexpression.  They 

identified NUAK1 as having not only an effect on the cell cycle itself, but also found 

NUAK1 to be an important regulator of other mediators of the cell cycle including CDK, 

PLK and SCF (Banerjee, 2014).  This suggests that NUAK1 gene products are capable of 

affecting tissue growth and development, especially in abnormal growth situations.  

These gene products could likewise affect the growth of the skeletal and muscular 

elements of the face resulting in deviations from normal growth. 

Furthermore, phosphorylation of NUAK1 at threonine 211 by LKB1 (liver kinase 

B1) occurs when high levels of cellular AMP are present (Sun et al, 2013).  The 

activation of NUAK1 is downstream of growth factors including insulin or insulin-like 

growth factor 1 (IGF1).  The highly related molecule, IGF-I is a positive muscle growth 

regulator found in skeletal muscle that has been implicated in masseter muscle 

composition.  According to Sciote et al. (2012) the ratio of IGF-I:GDF-8 expression 

associates with type I and II mean fiber areas.  As previously mentioned, fiber type 

composition has been related to vertical development of the face. 

The NUAK1 gene also shows patterns of expression that suggest it plays a role in 

the development of the head. Bekri et al (2014) found differential expression of NUAK1 

and NUAK2 in the embryos of early chicks. Additionally, they found that the nascent 

head showed distinctly elevated expression of these genes during key developmental 

stages supporting their morphologic role in the patterning of the head and neural tissues. 
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6.8 PPP1CC Regulates Molecules that Affect Development 

PPP1CC plays a regulatory role for a number of important molecules in the cell 

including glycogen synthase, glycogen phosphorylase, myosin light chain, 

phospholamban and ribosomal protein S6 (Morimoto et al., 2007).  In fact, nearly 70% of 

all eukaryotic proteins are modified by reversible phosphorylation reactions (Skene-

Arnold, 2013). Furthermore, over 180 PP-1c R-subunits (regulatory subunits) have been 

identified, which target PP-1c to its different substrates and cellular locations (Skene-

Arnold, 2013).  Its numerous interactions make it an important target protein for studies 

on its potential influences to development.  The evidence produced by these studies 

suggests various mechanisms by which the PPP1CC gene might influence dentofacial 

form. 

Firstly, there is a long established correlation between PPP1CC protein expression 

and male infertility.  Forgione et al. (2010) demonstrated that Ppp1cc knockout mice 

exhibited delayed germ cell development beginning during pre-puberty and extending 

into adulthood.  This disruption in spermatogenesis parallels that which occurs in one-

third of sterile human males.  Specifically, Forgione et al. (2010) used electron 

microscopy to reveal major acrosomal and chromatin condensation defects in Ppp1cc 

mutant mice that may be responsible for the altered spermatogenesis. 

Building on the experiment by Forgione et al. (2010), Korrodi-Gregório et al. 

(2010) used a yeast two-hybrid screen with a human testis cDNA library to identify a 

novel PPP1 interactive protein known as the T-complex testis expressed protein 1 domain 

containing 4 (TCTEX1D4). They discovered that TCTEX1D4 and PPP1 co-localize in 
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microtubule organizing centers and other cell microtubules as well as affect sperm 

motility, acrosome reaction and the regulation of the blood-testis barrier. TCTEX1D4 is a 

dynein light chain family member that may play a role in chromosomal movements for 

transcription and cell division.  The PPP1CC2 isoform was associated with and likely 

responsible for the dephoshorylation and activation of TCTEX1D4.This study suggests 

that the relationship between PPP1 and TCTEX1D4 could result in changes in 

chromosomal mobility and cellular reproduction and thereby affect organism 

development.   

The results of these two experiments by Forgione and Korrodi-Gregório were 

supported by additional studies by Morimoto et al. (2007).  They studied the expression 

and co-localization of PP1 isoforms and nucleolin, a phosphoprotein found in the 

nucleolus, throughout the cell cycle. They found differential expression of both nucleolin 

and PPP1 in human osteoblasts at certain cell cycle stages, such as G1/S and H2/M 

interphases.  They found the PPP1γ1 isoform to be localized to the perinuclear region of 

the cytoplasm. This further suggests that PPP1 is associated with cell-cycle progression 

in humans.   

The association of PP-1c to cell cycle progression extends to its relationship with 

the ankyrin-repeat, SH3 (Src homology 3) domain and proline-rich region containing 

proteins (ASPPs, also known as apoptosis-stimulating proteins), which bind to p53. There 

are three ASPP proteins: ASPP1, ASPP2, and iASPP.  The iASPP protein is an inhibitory 

ASPP, which functions as an oncogene by inhibiting the apoptotic activity of p53.  Many 

cancers have under expression of ASPP1/ASPP2 or over expression of iASPP.  Skene-
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Arnold et al. (2013) found that all three forms of PP-1c were capable of binding with 

both ASPP1 and iASPP and could form a trimeric PP-1c – iASPP – p53 complex.  These 

interactions would affect both cell-cycle arrest and apoptosis.  They hypothesized that the 

overexpression of iASPP leads to the hypophosphorylation of p53 via the PP-1c – iASPP 

– p53 trimeric complex promoting inhibition of apoptosis causing cancer and other 

potential developmental disturbances.  Interestingly, both NUAK1 and PPP1 proteins are 

capable of affect p53 and tumorigenesis. 

Other studies, such as those by Enz and Croci (2003) and Croci et al. (2003), 

linked PPP1C protein to the regulation of synaptic signal transduction through its 

interactions with various metabotropic glutamate receptors.  These receptors bind 

glutamate, an excitatory neurotransmitter, and act pre- and post-synaptically throughout 

the body to induce alterations in other proteins.  These target proteins then induce 

changes in ion concentrations within the cells and inhibit or encourage synaptic 

excitability at N-methyl-D-aspartate (NMDA) receptors.  This, among other functions, 

can affect synaptic plasticity, which results in general changes in neurological stimulation 

of different areas of the body, including skeletal muscles.  For example, activation of 

metabotropic glutamate receptors has been used in the treatment of Parkinson Disease, 

which causes a number of motor symptoms (Marino et al., 2003).  The regulatory 

interactions of PPP1C with glutamate receptors could affect neurologic plasticity and 

overall muscle activation, which could then affect skeletal development resulting in 

normal or abnormal facial form. 
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6.9 Limitations of the Study 

This study contributed to the best current literature in the field of craniofacial 

biology.  However, there were a number of limitations that affected the results of our 

study.  One major limitation is the ability to definitively categorize the dentofacial 

deformities of individual study subjects.  Only if the phenotypes of study subjects are 

accurately described, can measurements of genotypic expression be correctly interpreted.  

Unfortunately, dentofacial deformity classification is only as precise as the classification 

system used.  Today’s classification systems, though they are increasingly complex, do 

not describe all variation that exists within human morphology.  Radiographic 

cephalometry, for example, is at its best a two-dimensional representation of a three-

dimensional object and is therefore subject to superimposition of structures and 

magnification errors.  The multitude of methodologies developed for cephalometric 

assessment often arrive at conflicting diagnosis for the same subject. Better 

characterization of the diverse array of dentofacial deformities is the first step to high 

quality genetic studies.   

In this study, we tried to overcome this limitation in a number of ways.  First, we 

used a dentofacial diagnosis that was a marriage of the clinical and radiographic 

diagnoses developed by the surgeon at the University of Lille, the radiographic diagnosis 

developed by a full-time faculty member and Director of Research in Orthodontics at the 

Maurice H. Kornberg School of Dentistry Temple University, and the required surgical 
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corrections needed to achieve harmonious facial form.  This compilation of diagnoses 

was performed on all study subjects.   

Second, we performed a Principal Component Analysis on a small group of 

subjects, which re-established subject groupings based on genetic similarities.  It should 

be noted that the most genetically similar subjects did not necessarily translate clusters of 

subjects with similar malocclusions.  On the contrary, most patients clustered together, 

while subjects with asymmetry and obstructive sleep apnea were found to be genetically 

distinct.   

This study was also affected by the limitations imposed by the properties of the 

biomolecular experimental techniques utilized.  The results of the microarray data 

suggested very significant down regulation of all three genes of interest, however these 

results were not fully verified by the results of RT-PCR.  Although microarray data is 

able analyze the expression levels of 70,000 gene transcripts simultaneously, it lacks the 

specificity of RT-PCR.  Also, the expense of the microarray analysis allowed for only a 

small sample of subjects to be analyzed.  To overcome these limitations we used the false 

discovery rate method (FDR) as described by Benjamini and Hochberg.  The FDR 

method converts statistical p-vales into step-up p-values, which better account for the 

small number of subjects.  Step-up p-values of 0.05 or greater were then considered 

significant. 

A third limitation of the current project was the number of subjects that could be 

included.  Although a significant number of study subjects were used, there were also a 

high number of phenotypic categories that the subjects were divided into.  There were 

nine dentofacial deformity diagnosis categories into which the subjects were sorted, 
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leaving each group with relatively few total subjects.  There are a finite number of 

surgical samples that are sent from the University of Lille and these samples are used for 

a number of departmental research projects.  When results yield little evidence of 

significance, then it is judged to be unnecessary to continue further testing in that area.   

Furthermore the expression levels of three distinct genes were being analyzed.  

Each RT-PCR assay required a number of time intensive steps to achieve a successful 

result.  Additionally, each assay could only test a limited number of samples and the 

experimental materials were costly.  However, ideally more samples would be tested to 

further develop the power of the investigation. 

 

6.10 Future Studies 

Future studies should explore the most innovative horizons in orthodontic 

diagnosis.  The use of three-dimensional imaging, produced by CBCT for example, will 

transcend the shortcomings of cephalometry.  Also, three-dimensional photography to 

analyze soft tissue measurements and superimpositions of both three-dimensional hard 

and soft tissue imaging will enhance orthodontic diagnosis and patient education. 

Moreover, the experimental results obtained via RT-PCR can be strengthened by 

the inclusion of higher numbers of subjects.  This would increase the power of the 

statistical data obtained.  This data could then be verified by additional molecular studies.  

For example, the RNA expression levels could be verified by immunohistochemical 

staining of sections of masseter muscle using antibodies for the proteins produced by the 

genes of interest.  This technique could also be used to analyze expression of the proteins 
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of interest at the level of individual fiber types.  The expression level of these genes could 

then be quantified by using a fluorophore tagged antibody.  Additionally, Western 

Blotting could be used to separate and identify the presence of the proteins of interest in 

masseter biopsy samples from subjects with different dentofacial deformities. 

Once the protein expression levels of the proteins of interest are identified and 

understood, animal studies using gene knockout mice can confirm the results.  Tissue 

from the knockout mice can be used for the above tests to verify the expression properties 

of the genes and proteins of interest.  Pharmacological inhibitors have already been used 

in human subjects to slow cancer progression.  However, it is unlikely that the early use 

of gene or protein inhibitors to identify regulators of craniofacial morphologic 

development is feasible given the high risk that would be imposed upon that subject.  

Nonetheless, further studies could greatly enhance our understanding of the role these 

genes play in the development of dentofacial deformities. 
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CHAPTER 7 

CONCLUSIONS 

1. Microarray analysis suggested down regulation of ATP2A2, NUAK1, and 

PPP1CC genes. 

2. RT-PCR was able to confirm only the down regulation of ATP2A2 expression in 

subjects with facial asymmetry. 

3. No specific dentofacial deformity was associated with differential ATP2A2 

expression, except that Class III subjects with different vertical malocclusions 

showed significant lateral differences in the expression of ATP2A2.  Here Class 

III, open bite patients had greater lateral differences in ATP2A2 expression than 

Class III, deep bite patients, who had greater expression differences than Class III, 

normal bite patients. 

4. Regardless of malocclusion classification, increased ATP2A2 expression was 

negatively correlated with type IIA MPO. 

5. In Class II subjects, increased ATP2A2 expression was positively correlated to 

type I MFA and negatively correlated to type IIA fiber MPO. 

6. In Class II normal bite subjects, ATP2A2 expression was negatively correlated to 

type IIA fiber MPO. 

7. ATP2A2 expression was not related to fiber type in Class III subjects. 

8. Subjects with TC genotype of ACTN3 with facial asymmetry showed significant 

decreases in lateral differences in ATP2A2 expression compared to subjects with 

TC genotype of ACTN3 with facial symmetry. 
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Therefore, ATP2A2 correlations indicate that this calcium channel protein may be 

important for type I fiber function, but not type IIA in masseter muscle from Class II 

subjects, suggesting a functional influence on malocclusions. ATP2A2 does not 

appear to function differentially in fiber types that influence the development of facial 

asymmetry or Class III malocclusion. 

7.1 Potential Health Significance 

The discovery and study of genes that affect musculo-skeletal properties increases 

our knowledge of the development of dentofacial deformities.  This increased knowledge 

can result in better diagnoses, which can make future studies more clear and specific. 

However, the genetics of craniofacial development are exceedingly complex.  According 

to Proffit et al. (2013), approximately two-thirds of the 25,000 human genes are involved 

in craniofacial development.  For this reason, it is unlikely that we will be able to use 

genetic information in a sample of blood or saliva from an orthodontic patient to affect all 

treatment plans.  However, using a saliva swab to identify genetic markers that, in turn, 

suggest methods of treatment optimization or help to predict treatment stability would be 

a great advantage to the field of orthodontics.  Furthermore, identifying genetic regulators 

of normal and abnormal growth may allow us to treat growth disorders with gene therapy 

in the future.  In this way, gene therapy could result in less aggressive treatment for 

patients who would otherwise have developed abnormally. 
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