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ABSTRACT  

   

Within the primate lineage, skeletal traits that contribute to inter-specific 

anatomical variation and enable varied niche occupations and forms of locomotion are 

often described as the result of environmental adaptations. However, skeletal phenotypes 

are more accurately defined as complex traits, and environmental, genetic, and epigenetic 

mechanisms, such as DNA methylation which regulates gene expression, all contribute to 

these phenotypes. Nevertheless, skeletal complexity in relation to epigenetic variation has 

not been assessed across the primate order. In order to gain a complete understanding of 

the evolution of skeletal phenotypes across primates, it is necessary to study skeletal 

epigenetics in primates. This study attempts to fill this gap by identifying intra- and inter-

specific variation in primate skeletal tissue methylation in order to test whether specific 

features of skeletal form are related to specific variations in methylation. Specifically, 

methylation arrays and gene-specific methylation sequencing are used to identify DNA 

methylation patterns in femoral trabecular bone and cartilage of several nonhuman 

primate species. Samples include baboons (Papio spp.), macaques (Macaca mulatta), 

vervets (Chlorocebus aethiops), chimpanzees (Pan troglodytes), and marmosets 

(Callithrix jacchus), and the efficiencies of these methods are validated in each taxon. 

Within one nonhuman primate species (baboons), intra-specific variations in methylation 

patterns are identified across a range of comparative levels, including skeletal tissue 

differences (bone vs. cartilage), age cohort differences (adults vs. juveniles), and skeletal 

disease state differences (osteoarthritic vs. healthy), and some of the identified patterns 

are evolutionarily conserved with those known in humans. Additionally, in all nonhuman 

primate species, intra-specific methylation variation in association with nonpathological 
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femur morphologies is assessed. Lastly, inter-specific changes in methylation are 

evaluated among all nonhuman primate taxa and used to provide a phylogenetic 

framework for methylation changes previously identified in the hominin lineage. Overall, 

findings from this work reveal how skeletal DNA methylation patterns vary within and 

among primate species and relate to skeletal phenotypes, and together they inform our 

understanding of epigenetic regulation and complex skeletal trait evolution in primates.  
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CHAPTER 1 

INTRODUCTION 

Across the primate order, different species are characterized by divergent skeletal 

traits that contribute to inter-specific anatomical variation and enable varied niche 

occupations and forms of locomotion. These phenotypic distinctions are often described 

as the result of environmental adaptations. However, skeletal phenotypes are more 

accurately defined as complex traits, and environmental, genetic, and epigenetic 

mechanisms all contribute to these phenotypes. Nevertheless, skeletal complexity in 

relation to epigenetic variation has not been assessed across the primate order. In order to 

gain a complete understanding of the evolution of skeletal phenotypes across primates, it 

is necessary to study skeletal epigenetics in primates. 

The importance of gene regulation for primate phenotypic diversity was originally 

noted by King and Wilson in 1975 and has gained credibility as the extent of genetic 

similarity among phenotypically distinct primate taxa has been clarified. The epigenome 

comprises a level of gene regulation that can change in response to environmental factors, 

and within the epigenome, DNA methylation serves as one form of gene regulation. 

Although general changes to mammalian epigenomes have been examined (Sharif et al. 

2010), work on nonhuman primates has been limited to whole-genome methylation 

patterns of a small number of tissue-specific cells from a small number of species. Very 

few studies have tried to relate DNA methylation to variation in specific phenotypes. The 

research presented here begins to remedy this by examining the association between 

variation in DNA methylation and skeletal phenotypes among several nonhuman primate 

species. 
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Focusing on skeletal phenotypes is valuable for several reasons. First, skeletal 

anatomy varies across primates, and these underlying skeletal differences impact the 

overall anatomy of an animal, which in turn influences the range of niches it can occupy 

and forms of locomotion and movement it can perform. Secondly, skeletal morphology is 

readily used to reconstruct extinct species within the primate lineage. Inferences made 

from preserved skeletal remains within the fossil record inform our understanding of 

primate evolution. Therefore, understanding how extant primate skeletal traits vary and 

how underlying genetic and epigenetic components contribute to this morphological 

variation is crucial for proper evaluation of both ancient and modern primate skeletal 

systems. Third, while skeletal phenotypes are influenced by genetic (Goldring and Marcu 

2012) and environmental (Henriksen et al. 2014; Macrini et al. 2013) forces, epigenetic 

factors also play an important role in bone development and maintenance (Delgado-Calle 

et al. 2013; García-Ibarbia et al. 2013; Iliopoulos et al. 2008; Loughlin and Reynard 

2015; Ramos et al. 2014; Reynard et al. 2014). Thus, it is logical to hypothesize that these 

epigenetic mechanisms may also be involved in the evolution of diverse skeletal 

phenotypes across the primate order. Lastly, the emerging field of ancient epigenetics, 

which assesses DNA methylation patterns in ancient hominin skeletal remains (Smith et 

al. 2015; Gokhman et al. 2014), is lacking information on DNA methylation patterns in 

skeletal tissues from nonhuman primates. As such, these ancient hominin skeletal 

epigenetic patterns cannot currently be put into a broader phylogenetic or evolutionary 

context. 

Researchers are currently exploring primate DNA methylation variation in 

relation to several behavioral, soft tissue, and disease-related phenotypes (Farcas et al. 
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2009; Hernando-Herraez et al. 2013; Martin et al. 2011; Molaro et al. 2011; Pai et al. 

2011; Zeng et al. 2012). Additionally, medical fields are examining the relationship 

between DNA methylation variation and the manifestation of several bone pathologies in 

humans and model organisms (Bovée et al. 2010; Dimitriou et al. 2011; Goldring and 

Marcu 2012; Iliopoulos et al. 2008; Kasaai et al. 2013; Y. Liu et al. 2013; Ralston and 

Uitterlinden 2010; Rivadeneira et al. 2009). However, scientists have not yet studied the 

impact of this mechanism on nonhuman primate hard tissues or skeletal phenotypes. This 

study attempts to fill this knowledge gap by assessing how epigenetic patterns vary 

within and among primate taxa and in relation to skeletal phenotypes. Specifically, the 

overarching goals of this research are to identify genome-wide and gene-specific DNA 

methylation patterns in nonhuman primate skeletal tissues and assess variation both intra-

specifically by determining how patterns differ between tissue types, between age ranges, 

between skeletal disease states, and between nonpathological skeletal morphologies and 

inter-specifically across several nonhuman primate species with a wide phylogenetic 

distribution. 

Samples include baboons (Papio spp., n=74), macaques (Macaca mulatta, n=10), 

vervets (Chlorocebus aethiops, n=10), chimpanzees (Pan troglodytes, n=4), and 

marmosets (Callithrix jacchus, n=6). Within baboons, samples include skeletally healthy 

adults (n=28), osteoarthritic adults (n=28), and skeletally healthy juveniles (n=18). 

Skeletal tissues collected from nonhuman primates include trabecular bone and cartilage 

from the medial condyles of right distal femora. Methylation arrays and gene-specific 

methylation sequencing were then used to assess how DNA methylation patterns in these 

tissues varied intra- and inter-specifically. 
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Specifically, in Chapter 2, I use the Illumina Infinium Human Methylation450 

BeadChip (450K array) to identify DNA methylation patterns in bone and cartilage of 

age-matched, adult female baboons, five with and five without knee osteoarthritis (OA), 

in order to validate that this methylation array can be used for nonhuman primate skeletal 

tissue DNA extracts and to assess whether DNA methylation variation is associated with 

OA in baboons and in a manner similar to that observed in humans. Similarly, in Chapter 

3, I use the Illumina Infinium MethylationEPIC BeadChip (EPIC array) to explore the 

evolution of OA epigenetics further by identifying DNA methylation patterns in bone and 

cartilage of 56 pedigreed, adult baboons, 28 with and 28 without knee OA, and by 

assessing whether DNA methylation variation is associated with OA in baboons and in a 

manner similar to that observed in humans. In Chapter 4, I use the EPIC array to examine 

the evolution of aging epigenetics by identifying DNA methylation patterns in bone from 

46 pedigreed baboons, 28 that were adults and 18 that were juveniles, and assessing 

whether DNA methylation variation is associated with aging in baboons and in a manner 

similar to that observed in humans. Lastly, in Chapter 5, I validate that the EPIC array 

can be used for skeletal tissue DNA extracts from several nonhuman primate species and 

assess how genome-wide and gene-specific DNA methylation in bone varies intra-

specifically in relation to nonpathological femur bone morphologies and inter-specifically 

for 28 baboons, 10 macaques, 10 vervets, 4 chimpanzees, and 6 marmosets. Overall, the 

findings from this research reveal how skeletal DNA methylation patterns vary within 

and among primate species and relate to skeletal phenotypes, and together they inform 

our understanding of epigenetic regulation and complex skeletal trait evolution in 

primates. 
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CHAPTER 2 

ASSESSMENT OF DNA METHYLATION PATTERNS IN THE BONE AND 

CARTILAGE OF A NONHUMAN PRIMATE MODEL OF OSTEOARTHRITIS 

 

Abstract 

The degenerative joint disease of osteoarthritis (OA) impacts humans and several 

other animals. Thus, the mechanisms underlying this disorder may be evolutionary 

conserved. In particular, variation in skeletal tissue DNA methylation patterns are 

thought to be a critical mechanism in the development of OA. However, the associations 

between DNA methylation and OA development have not been optimized or readily 

studied in nonhuman primates. The Illumina Infinium Human Methylation450 BeadChip 

(450K array) is a cost-efficient application for assessing genome-wide DNA methylation 

patterns. Although it was designed for human DNA, the 450K array has also been 

successfully used for nonhuman primates because of the relative conservation between 

these organismsô genomes. Baboons (Papio spp.) serve as important models of disease 

and develop OA at rates similar to those observed in humans, so further investigation of 

the associations between DNA methylation patterns and OA development in this 

organism will advance the evolutionary understanding of this disease. Here, I used the 

450K array to identify DNA methylation patterns in femur bone and cartilage of adult 

female baboons, five with and five without knee OA. I validated that the hybridization 

efficiency of 450K array probes is related to the degree of sequence similarity between 

the probes and the baboon genome. Additionally, approximately 44% of the 450K array 

probes reliably align to the baboon genome, contain a CpG site of interest, and maintain a 
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wide distribution throughout the genome. I also found that filtering probes using 

alignment similarity criteria retains more efficiently hybridized probes than filtering 

probes using gene symbol similarity criteria. Both filtering methods identified 

significantly differentially methylated positions (DMPs) between healthy and OA 

individuals in cartilage tissues, and some of these patterns overlap with those previously 

identified in humans. Conversely, in bone tissues, no DMPs were found between disease 

states, and no DMPs were found between tissue types. Overall, I conclude that the 450K 

array can be used to measure genome-wide DNA methylation in baboon tissues and 

identify significant associations with complex traits. The results of this study indicate that 

some DNA methylation patterns associated with OA are evolutionarily conserved while 

others are not, and this warrants further investigation in a larger and more 

phylogenetically diverse sample set. 

 

Key Words 

DNA methylation, baboon, osteoarthritis, bone, cartilage, nonhuman primate 

 

Introduction 

Osteoarthritis (OA) is a complex degenerative joint disease, and OA of the knee is 

one of the leading causes of disability across the globe (Cross et al. 2014). Thus, research 

endeavors to describe the molecular mechanisms that contribute to this disorder are 

underway. Both genetic and environmental factors have some effect (Blagojevic et al. 

2010; Cooper et al. 2000; D. T. Felson and Zhang 1998; David T. Felson 2004; 

Henriksen et al. 2014; Jordan et al. 2007; Macrini et al. 2013; Rossignol et al. 2005). 
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However, epigenetic factors, such as DNA methylation which regulates gene expression, 

are now thought to play a more influential role in the development of degenerative 

skeletal disorders like OA (Delgado-Calle et al. 2013; den Hollander et al. 2014; 

Fernández-Tajes et al. 2014; García-Ibarbia et al. 2013; Goldring and Marcu 2012; 

Iliopoulos et al. 2008; Jeffries et al. 2016; Y. Liu et al. 2013; Loughlin and Reynard 

2015; Moazedi-Fuerst et al. 2014; Ramos et al. 2014; Reynard et al. 2014; Rushton et al. 

2014a). 

Animal models, such as mice, rats, rabbits, guinea pigs, dogs, sheep, goats, and 

horses, have been essential in discerning some of the processes inherent to OA 

development (Bendele 2001; Kuyinu et al. 2016; Cucchiarini et al. 2016). Nevertheless, 

all of these animals are limited in their ability to fully inform our understanding of human 

OA, so the search to find a gold standard animal model for OA is still ongoing (Ameye 

and Young 2006; Lampropoulou-Adamidou et al. 2014). Additionally, while the 

conservation of this disorder in several species implies that the mechanisms contributing 

to OA may be evolutionarily conserved, few studies of OA have taken an evolutionary 

perspective (Ostrer et al. 2006; Rugg-Gunn et al. 2005). Lastly, although variation in 

skeletal tissue DNA methylation patterns are thought to be involved in the development 

and progression of OA, this epigenetic mechanism has not been readily studied in animal 

models because assays to assess variation in this regulatory level have not been 

optimized. 

Nonhuman primates can serve as important models of disease for humans because 

they are phylogenetically close to humans. Baboons (Papio spp.) are a particularly good 

model of disease, especially OA (Cox et al. 2013), as they naturally develop OA at rates 
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similar to those observed in humans (Macrini et al. 2013; Cox et al. 2013; OôConnor 

2006). Additionally, because of their evolutionary proximity to humans, further 

investigation of the molecular processes innate to OA development and progression in 

baboons as compared to these mechanisms in humans will advance the evolutionary 

understanding of this disease. Finally, the relative genetic conservation between baboons 

and humans makes the optimization and use of standardized DNA methylation assays 

possible. Specifically, the Infinium Human Methylation450 BeadChip (450K array), 

which is a cost-efficient application for assessing genome-wide DNA methylation 

patterns in humans, has been successfully used for some nonhuman primate species. 

These and other nonhuman primate DNA methylation studies have primarily used DNA 

extracted from blood or other soft tissues (Enard et al. 2004; Farcas et al. 2009; Fukuda et 

al. 2013; Hernando-Herraez et al. 2013; Kothapalli et al. 2007; Lindskog et al. 2014; 

Martin et al. 2011; Molaro et al. 2011; Ong et al. 2014; Pai et al. 2011; Provencal et al. 

2012; Zeng et al. 2012). However, this technique has not yet been used to study DNA 

methylation variation in baboon skeletal tissues or how it relates to the development of 

OA in a nonhuman primate species. 

For this study, I used the 450K array to identify DNA methylation patterns in 

femur bone and cartilage of age-matched female baboons, five with and five without knee 

OA, in order to validate that this technique can be used for nonhuman primate skeletal 

tissue DNA extracts and to assess whether DNA methylation variation is associated with 

OA in baboons and in a manner similar to that observed in humans. 
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Methods 

Ethics Statement 

Nonhuman primate tissue samples included were opportunistically collected at 

routine necropsy of these animals. No animals were sacrificed for this study, and no 

living animals were used in this study. 

 

Samples 

Baboon (Papio spp.) samples come from captive colonies at the Southwest 

National Primate Research Center in the Texas Biomedical Research Institute. These 

samples are ideal because many environmental factors that influence skeletal 

development and maintenance (e.g., diet and exposure to sunlight, which influences 

vitamin D production) are controlled and consistent across individuals. 

Femora were opportunistically collected at routine necropsy of these animals and 

stored in -20°C freezers at the Texas Biomedical Research Institute after dissection. 

These preparation and storage conditions ensured the preservation of skeletal DNA 

methylation patterns. 

Samples include skeletally healthy adult baboons (n=5) and adult baboons with 

severe osteoarthritis (OA, n=5). Age ranges are comparable between each group (Table 

1), and only females were included in this study. 

 

Assessment of Osteoarthritis 

Classification of adult baboons as having healthy or OA knees was determined 

through visual examination of the distal femora and macroscopic inspection of the distal 
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articular surface cartilage. Each specimen was assigned an OA severity score. Briefly, 

Grade 1 is unaffected, Grade 2 is mild OA as indicated by cartilage fibrillation, Grade 3 

is moderate OA as indicated by cartilage lesions, and Grade 4 is advanced OA as 

indicated by eburnation (Macrini et al. 2013). From this, binary classifications were made 

such that all healthy adult baboons have 100% Grade 1 on one or both distal femora, and 

all OA adult baboons have a variable percentage of Grades 3 or 4 on one or both distal 

femora (Figure 1). 

 

Table 1. Baboon Samples for 450K Array Osteoarthritis Study. 

Comparative Group No. Age 

Healthy bone 5 19.30±1.70 

OA bone 5 19.24±1.73 

Healthy Cartilage 5 19.30±1.70 

OA Cartilage 5 19.24±1.73 

Table outlines the number (No.) and the average age in years plus or minus one standard 

deviation (Age) of individuals in each comparative group. 

 

DNA Extraction 

From the distal femoral condyles, cartilage scrapings were collected using 

scalpels and processed with a homogenizer, and trabecular bone samples were obtained 

using a Dremel and pulverized into bone dust using a BioPulverizer. Both tissues are 

included in this project because human skeletal epigenetic studies are based on trabecular 

bone and cartilage, and it is important to standardize tissue type for comparative 

purposes. Additionally, these tissues are both clinically relevant in terms of disease 

progression. DNA was extracted from these processed tissues using a phenol-chloroform 



  11 

protocol optimized for skeletal tissues (Barnett and Larson 2012) and quantified using 

both Nanodrop and Qubit machines (APPENDIX C). 

 

 

Figure 1. Examples of Healthy and Osteoarthritic Baboon Knee Joints. 

Representative examples of baboon knees (distal femora) that are healthy or have OA. 

 

Genome-Wide DNA Methylation Profiling 

Genome-wide DNA methylation was assessed using the Infinium 

HumanMethylation450 BeadChips (450K array). These arrays analyze the methylation 

status of over 485,000 sites throughout the genome, covering 99% of RefSeq genes and 

96% of the UCSC-defined CpG islands and their flanking regions. For each sample, 

approximately 500ng of genomic DNA (APPENDIX C) was bisulfite converted using the 
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EZ DNA MethylationTM Gold Kit according to the manufacturerôs instructions (Zymo 

Research), with modifications described in the Infinium Methylation Assay Protocol. 

Following manufacturer guidelines (Illumina), this processed DNA was then whole-

genome amplified, enzymatically fragmented, hybridized to the arrays, and imaged using 

the Illumina iScan system. The array data discussed here are available in APPENDIX B.  

 

Methylation Data Processing 

Raw fluorescent data were normalized to account for the noise inherent within 

and between the arrays themselves. Specifically, I performed a normal-exponential out-

of-band (Noob) background correction method with dye-bias normalization (Triche et al. 

2013) to adjust for background fluorescence and dye-based biases and followed this with 

a between-array normalization method (functional normalization) (Fortin et al. 2014) 

which removes unwanted variation by regressing out variability explained by the control 

probes present on the array as implemented in the minfi package in R (Aryee et al. 2014; 

Fortin et al. 2016), which is part of the Bioconductor project (Huber et al. 2015). This 

method has been found to outperform other existing approaches for studies that compare 

conditions with known large-scale differences (Fortin et al. 2014), such as those assessed 

in this study. 

After normalization, methylation values (ɓ values) for each site were calculated as 

the ratio of methylated probe signal intensity to the sum of both methylated and 

unmethylated probe signal intensities (Equation 1). These ɓ values range from 0 to 1 and 

represent the average methylation levels at each site across the entire population of cells 
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from which DNA was extracted (0 = completely unmethylated sites, 1 = fully methylated 

sites). 

 

Equation 1: ɓ Value= 
Methylated Signal

(Methylated Signal+Unmethylated Signal)
 

 

Every ɓ value in the Infinium platform is accompanied by a detection p-value, and 

those with failed detection levels (p-value > 0.05) in greater than 10% of samples were 

removed from downstream analyses. 

The probes on the arrays were designed to specifically hybridize with human 

DNA, so my use of nonhuman primate DNA required that probes non-specific to the 

baboon genome, which could produce biased methylation measurements, be 

computationally filtered out and excluded from downstream analyses. This was 

accomplished using two different methods modified from (Hernando-Herraez et al. 2013; 

Ong et al. 2014). 

For both methods, I used blastn (Altschul et al. 1997) to map the 485,512 50bp 

probes onto the Papio anubis genome (Assembly: Panu_2.0, Accession: 

GCF_000264685.2) using an e-value threshold of e-10. I retained probes that successfully 

mapped to the baboon genome, had only 1 unique BLAST hit, and targeted CpG sites 

(APPENDIX A). Then, for the first method, which used criteria based on sequence 

alignment, I only retained probes that had 0 mismatches in 5bp closest to and including 

the CpG site, and had 0-2 mismatches in 45bp not including the CpG site. For the second 

method, which used criteria based on gene symbol similarities, I identified the closest 

baboon gene to each probe site and checked for corresponding gene name matches 
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between humans and baboons. For baboons, this information was obtained from GFF and 

Ensembl BioMart data. Only those probes with partial or complete gene matches were 

retained. Additionally, ɓ values associated with cross-reactive probes (Y. Chen et al. 

2013), probes containing SNPs at the CpG site, probes detecting SNP information, probes 

detecting methylation at non-CpG sites, and probes targeting sites within the sex 

chromosomes were removed using the minfi package in R (Aryee et al. 2014; Fortin et al. 

2016) (Figure 2). 

 

 

Figure 2. Normalized and Filtered Methylation Data for 450K Array Baboon 

Osteoarthritis Study. 
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Density plots of ɓ values after normalization and probe filtering using the alignment filter 

criteria (A) or the gene symbol filter criteria (B). Multidimensional scaling plots showing 

the first two principle components that describe genome-wide methylation variation after 

normalization and filtering using the alignment filter criteria (C) or the gene symbol filter 

criteria (D). Each point represents one sample that is either from healthy bone, healthy 

cartilage, OA bone, or OA cartilage. In the multidimensional scaling plots, these 

categories do not form distinct clusters. 

 

Differential Methylation Analyses 

Because ɓ values have high heteroscedasticity, they are not statistically valid for 

use in differential methylation analyses (Du et al. 2010). Thus, M values were calculated 

and used in these analyses instead (Equation 2). 

 

Equation 2: M Value= log
Methylated Signal

Unmethylated Signal
 

 

In order to identify sites that were significantly differentially methylated across 

comparative groups, I designed and tested generalized linear mixed models (GLMMs) 

which related the variables of interest to the DNA methylation patterns for each site, 

while accounting for latent variables (Maksimovic et al. 2016). Sites found to have 

significant associations were classified as significantly differentially methylated positions 

(DMPs). 
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Specifically, a GLMM was used to estimate differences in methylation levels for 

each of the following contrasts: 

1. between bone and cartilage in OA baboons 

2. between bone and cartilage in healthy baboons 

3. between OA and healthy baboon bone 

4. between OA and healthy baboon cartilage 

5. among all 4 combinations of tissue type and disease state (healthy bone vs. 

healthy cartilage vs. OA bone vs. OA cartilage) 

Additional variables included in this GLMM were unknown latent variables calculated 

using the iteratively re-weighted least squares approach in the sva package in R (Jaffe and 

Irizarry 2014; Jeffrey T. Leek et al. 2012; J. T. Leek and Storey 2008; Jeffrey T. Leek 

and Storey 2007). The 4 latent variables estimated were included to help mitigate any 

unknown batch and cell heterogeneity effects on methylation variation at each site. No 

predefined batch effects for the arrays were included because these did not appear to have 

large effects on the data (Figure 3). 

Alternative methods to account for cell heterogeneity exist, but they are specific 

to whole blood (Jaffe and Irizarry 2014; Morris and Beck 2015), require reference 

epigenetic data, or are reference free methods (Houseman et al. 2014) that are 

comparable to the sva method (Kaushal et al. 2015). Out of the known cell types in 

skeletal tissues (Horvath, Mah, et al. 2015), only chondrocytes and osteoblasts have 

reference epigenomes available on the International Human Epigenomics Consortium, 

and these are only for humans, not nonhuman primates. Thus, because no standard 
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method is available to correct for the heterogeneous cell structure in nonhuman primate 

skeletal tissue, I chose the described sva method. 

 

 

Figure 3. Batch Effects on Normalized and Filtered Methylation Data for 450K Array 

Baboon Osteoarthritis Study. 

Multidimensional scaling plots showing the first two principle components that describe 

genome-wide methylation variation after normalization and filtering using the alignment 

filter criteria (A) or the gene symbol filter criteria (B). Each point represents one sample 

that is either from healthy bone, healthy cartilage, OA bone, or OA cartilage. The colors 

indicate which array (9989540028 or 9989540030) the samples were run on. These batch 

effects do not appear to cluster samples into distinct groups. Furthermore, they do not 

cluster samples based on their healthy bone, healthy cartilage, OA bone, or OA cartilage 

groupings (see Figure 2). 

 

This GLMM design matrix (Equation 3) was fit to the M value array data by 

generalized least squares using the limma package in R (Ritchie et al. 2015; Phipson et al. 



  18 

2016; Huber et al. 2015), and the estimated coefficients and standard errors for the 

defined tissue type and disease status contrasts were computed. Lastly, for each 

coefficient, an empirical Bayes approach (McCarthy and Smyth 2009; Lönnstedt and 

Speed 2002; Phipson et al. 2016; Smyth 2004) was used to compute moderated t-

statistics, log-odds ratios of differential methylation, and associated p-values adjusted for 

multiple testing (Benjamini and Hochberg 1995). Significant DMPs for the effect of 

tissue type and disease status contrasts were defined as those having log fold changes in 

M values corresponding to an adjusted p-value of less than 0.05. 

 

Equation 3: methylation ~ tissue type and disease status contrasts + latent variables 

 

Results 

The aim of this study was to use the 450K array to identify DNA methylation 

patterns in femur bone and cartilage of age-matched female baboons, five with and five 

without knee OA. In order to do this, I first assessed the effectiveness of the 450K array 

in identifying DNA methylation patterns in baboon DNA and of different probe filtering 

methods. 

 

Alignment of 450K Array Probes with the Baboon Genome 

Probes from the 450K array were aligned to the baboon genome using methods 

modified from (Hernando-Herraez et al. 2013; Ong et al. 2014) (APPENDIX A). Out of 

the 485,512 50bp probes on the array, 213,858 probes (44%) map to the baboon genome 

with e-values less than e-10, have only unique BLAST hits, and target a CpG site (Figure 
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4). Out of these reliably mapped probes, 133,264 probes (62%) were retained after the 

alignment filter criteria, while 130,307 probes (61%) were retained after the gene symbol 

filter criteria (Figure 4). 83,142 probes overlapped between both filtering methods (62% 

for the alignment filter criteria and 64% for the gene symbol filter criteria, Figure 5). 

 

 

Figure 4. Filtering Effects on 450K Array Probes for Baboons. 

(A) Pie chart showing the percent of 450K array probes that map to the baboon (Papio 

anubis) genome with e-values less than e-10, have only unique BLAST hits, and target a 

CpG site. Out of 485,512 probes total, 213,858 probes (44%) meet these criteria. (B) Pie 

chart showing the percent of probes, out of those that successfully mapped to the baboon 

genome, that contain 0 mismatches in 5bp of the probe by and including the targeted CpG 

site and 0-2 mismatches in 45bp of the probe not including the CpG site. Out of the 

213,858 mapped probes, 133,264 probes (62%) meet these criteria. (C) Pie chart showing 

the percent of probes, out of those that successfully mapped to the baboon genome, with 
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gene symbol matches to humans. Out of the 213,858 mapped probes, 130,307 probes 

(61%) meet these criteria. 

 

 

Figure 5. Overlap of 450K Array Probes for Baboons Using Different Filtering Methods. 

Venn diagram showing the number of probes that overlap between the alignment filter 

criteria and the gene symbol filter criteria. Out of the 133,264 probes that meet the 

alignment filter criteria and the 130,307 probes that meet the gene symbol criteria, 83,142 

probes (62% and 64% respectively) overlap in both filters. 

 

Probes that reliably mapped to the baboon genome, that met the alignment filter 

criteria, or that met the gene symbol criteria covered approximately 18,800 genes with an 

average coverage of 9, 6, or 8 probes per gene, respectively (APPENDIX D). 

Additionally, the retained probes covered a range of locations with respect to genes and 

CpG islands (APPENDIX D), indicating that these filtered probes maintain a wide 

distribution throughout the genome. 
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After filtering out cross-reactive probes (Y. Chen et al. 2013), probes containing 

SNPs at the CpG site, probes detecting SNP information, probes detecting methylation at 

non-CpG sites, and probes targeting sites within the sex chromosomes, a final set of 

120,305 probes were retained for the alignment filter criteria, and a final set of 112,760 

probes were retained for the gene symbol criteria (Figure 2). 

 

Effectiveness of 450K Array Probes using Baboon DNA 

To determine how effectively the 450K array probes measured DNA methylation 

in baboon DNA, I performed Spearman correlation tests between the hybridization 

efficiency of each probe and parameters defining the alignment quality of each probe to 

the baboon genome. Specifically, both probe alignment bitscores and percent identity 

were significantly negatively correlated with probe hybridization efficiency, and probe 

alignment e-values were significantly positively correlated with probe hybridization 

efficiency, regardless of filtering criteria (APPENDIX E). However, filtering probes 

using the alignment filter criteria retained proportionally more successfully hybridized 

probes than filtering probes using the gene symbol filter criteria (Figure 6). Thus, 

filtering probes using the alignment filter criteria likely produces more reliable results. 

 

Differential Methylation and Osteoarthritis 

Significant DMPs were only identified between healthy and OA individuals in 

cartilage tissues (Table 2). All of these DMPs displayed decreased methylation in OA 

cartilage samples as compared to healthy cartilage samples, and some of these patterns 
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overlapped with those previously identified in humans. Conversely, no DMPs were found 

between tissue types or between disease states in bone tissues. 

 

 

Figure 6. Hybridization Efficiencies of 450K Array Probes Retained for Baboon 

Osteoarthritis Study. 

Histogram of alignment bitscores for 450K array probes with detection p-values > 0.05 

(red) and < 0.05 (blue). These p-values were averaged across all samples, and probes 

included meet the alignment filter criteria (A) or the gene symbol filter criteria (B). For 

probes meeting the alignment filter criteria (A), 3,123 had detection p-values > 0.05, and 

130,141 had detection p-values < 0.05. For probes meeting the gene symbol filter criteria 

(B), 8,695 had detection p-values > 0.05, and 121,612 had detection p-values < 0.05. For 

all probes that successfully mapped to the baboon genome with e-values less than e-10, 

had only unique BLAST hits, and targeted a CpG site, 16,715 had detection p-values > 

0.05, and 197,143 had detection p-values < 0.05. 
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Table 2. Number of Significant DMPs Identified in the 450K Array Baboon 

Osteoarthritis Study. 

 Differential 
Methylation 

OA Bone 

vs. 

OA Cartilage 

Healthy Bone 

vs. 

Healthy Cartilage 

OA Bone 

vs. 

Healthy Bone 

OA Cartilage 

vs. 

Healthy Cartilage 

OA Bone vs. 

Healthy Bone vs. 
Healthy Cartilage 

vs. OA Cartilage 

Alignment 

Filter Probes 

Significant (negative) 0 0 0 6 0 

Not Significant 120,305 120,305 120,305 120,299 120,305 

Significant (positive) 0 0 0 0 0 

Gene 

Symbol 

Filter Probes 

Significant (negative) 0 0 0 2 0 

Not Significant 112,760 112,760 112,760 112,758 112,760 

Significant (positive) 0 0 0 0 0 

Table showing the number of significant DMPs between comparative groups. Results are 

shown for probes filtered using the alignment filter criteria and probes filtered using the 

gene symbol filter criteria, and for both sets, significant DMPs were only identified 

between OA cartilage and healthy cartilage. For all of these DMPs, OA cartilage samples 

have decreased methylation as compared to healthy cartilage samples. 

 

When filtering probes using the alignment filer criteria, 6 significant DMPs were 

identified between OA cartilage samples and healthy cartilage samples, while only 2 

DMPs were identified when filtering probes using the gene symbol criteria (Table 3). 

One locus matched between these filtering methods. RUNX1 has previously been found 

to be differentially methylated in OA and healthy cartilage in humans, with OA cartilage 

having lower methylation as compared to healthy cartilage (Fernández-Tajes et al. 2014). 

The other genes associated with these probes have not previously been associated with 

OA in humans (Alvarez-Garcia et al. 2016; Aref-Eshghi et al. 2015; Delgado-Calle et al. 

2013; Fernández-Tajes et al. 2014; García-Ibarbia et al. 2013; Goldring and Marcu 2012; 
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Iliopoulos et al. 2008; Jeffries et al. 2016; Moazedi-Fuerst et al. 2014; Ramos et al. 2014; 

Reynard et al. 2014; Rushton et al. 2014a; Saito et al. 2010). 

 

Table 3. Gene Details of Significant DMPs Identified in the 450K Array Baboon 

Osteoarthritis Study. 

  
450K Array 

Probe ID 

Log Fold 
Change in 

M Values 

Adjusted 

P-Value 
Human Gene Symbol Baboon Gene Symbol 

Baboon 

Chromosome 

Baboon CpG 

Position 

Alignment 

Filter Probes 

cg05295841 -3.61359 0.024654 KLHL26 CRTC1 19 17216922 

cg17890983 -1.96830 0.024654 RFXAP RFXAP 17 15599705 

cg02329670 -1.49812 0.041104 MIR497; MIR195 LOC103878622 16 6672282 

cg18456803 -2.04780 0.041104 ELF1 WBP4; LOC103879193 17 19630529 

cg13030790 -3.54370 0.041104 RUNX1 RUNX1 3 11500594 

cg24721647 -2.18375 0.041104 ACSL1 ACSL1 5 173909497 

Gene 

Symbol 

Filter Probes 

cg17890983 -1.96789 0.037417 RFXAP RFXAP 17 15599705 

cg04759112 -1.63196 0.038075 CMIP CMIP 20 63369656 

Table showing the details on the significant DMPs between OA cartilage and healthy 

cartilage. Results are shown for probes filtered using the alignment criteria and probes 

filtered using the gene symbol criteria. For all of these DMPs, OA cartilage samples are 

hypomethylated as compared to healthy cartilage samples. 

 

Discussion 

Here, I used the 450K array to identify DNA methylation variation in bone and 

cartilage tissues from a baboon model of OA. This was done both to determine the 

effectiveness of this application for baboon DNA and to assess the evolutionary 

conservation of epigenetic-OA associations in the primate lineage. 

I show that using the 450K array is feasible in baboon tissues. In silico probe 

filtering methods (Hernando-Herraez et al. 2013; Ong et al. 2014) indicated that 44% of 
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all human probes could be reliably mapped to the baboon genome and contained a CpG 

locus. This number was lower than expected since previous researchers were able to use 

these same methods to reliably map 61% of the human probes to the Cynomologus 

macaque genome (Ong et al. 2014), another Old World monkey that is a close 

phylogenetic relative to baboons. This discrepancy in number may be due to the quality 

of each nonhuman primatesô genome assembly. While both are well annotated, the 

average scaffold length (88,649,475) and contig length (86,040) of the macaque genome 

(Assembly: Macaca_fascicularis_5.0, Accession: GCF_000264685.2) are higher than 

those (528,927 and 40,262) of the baboon genome. 

Subsequent in silico analyses based on sequence alignment criteria (Hernando-

Herraez et al. 2013) and based on gene symbol criteria (Ong et al. 2014) retained similar 

numbers of probes (Figure 4) that maintained wide and comparable distributions 

throughout the genome (APPENDIX D). However, only a little more than half of the 

resulting probes for each filtering technique overlapped with one another (Figure 5). This 

discrepancy is likely due to the incomplete nature of the baboon genome annotation. 

More than half of the probes that fit the alignment filter criteria but not the gene symbol 

criteria (28,699 out of 50,117) are associated with generic gene symbol identifiers (LOC) 

to indicate the as of yet unknown functions of these regions. Conversely, all of the probes 

that fit the gene symbol criteria but not the alignment filter criteria have over 3 

mismatches with the baboon genome on average and have a maximum of 9 mismatches 

with the baboon genome. These high mismatch numbers are a potential concern for 

proper and accurate probe and baboon DNA hybridization. 



  26 

Fittingly, after applying the 450K array to measure DNA methylation patterns of 

genomic material extracted from baboon skeletal tissues, I found that the hybridization 

efficiency of probes was significantly correlated with the alignment quality of each probe 

to the baboon genome, and thus, the degree of sequence conservation. The majority of 

filtered probes for both in silico methods passed quality controls and produced robust 

signals on the array, indicating that either filtering technique may be appropriate for 

future research. However, because the filtering method based on the alignment filter 

criteria retained a larger proportion of successfully hybridized probes than the method 

based on the gene symbol criteria (Figure 6) and because this method is less influenced 

by the degree of genome assembly annotation, I recommend that this alignment filter 

criteria method be preferentially used in subsequent nonhuman primate studies. 

This work is an extension of previous work and uses the 450K array to study 

DNA methylation in baboons. The 450K array is advantageous because it is cost efficient 

per sample and simultaneously measures a large number of CpG loci with a broad 

genomic representation (Michels et al. 2013). Similar to this study, previous researchers 

have used the 450K array to measure DNA methylation patterns in great apes (Hernando-

Herraez et al. 2013), which are closer to humans evolutionarily than baboons, and in 

macaques (Ong et al. 2014), which are comparable in proximity to humans evolutionarily 

as compared to baboons. All together these studies open new areas of research that 

incorporate animal models of disease or an evolutionary perspective of diseases across 

phylogenies, and the work presented here begins to advance such areas of research. 

Specifically, I used a baboon model of OA to assess the evolutionary conservation 

of epigenetic-OA associations in the primate lineage. To do this, I identified significant 
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DMPs between healthy and OA individuals in cartilage and bone tissues. I also looked 

for DMPs between tissue types and between all four combinations of disease state and 

tissue type (healthy cartilage vs. OA cartilage vs. healthy bone vs. OA bone). However, 

DMPs were only found between healthy and OA individuals in cartilage tissues (Table 

2), and all of these loci showed hypomethylation in OA cartilage samples as compared to 

healthy cartilage samples. This corresponds to the general global hypomethylation that is 

also observed in OA cartilage as compared to healthy cartilage. Six DMPs were identified 

when using the alignment filter criteria, and two DMPs were identified when using the 

gene symbol filter criteria (Table 3). All together these loci are associated with 8 genes ï 

KLHL26, RFXAP, MIR497, MIR195, ELF1, RUNX1, ACSL1, and CMIP ï that have a 

variety of functions. 

Some of these genes have functions directly related to skeletal development and 

maintenance. For instance, RUNX1 (Gene ID: 861), also known as runt related 

transcription factor 1, is involved in the regulation of bone and cartilage cell development 

and differentiation (Stein et al. 2004). Additionally, MIR497 (Gene ID: 574456) and 

MIR195 (Gene ID: 406971) are non-coding microRNAs that are involved in post-

transcriptional regulation (Wei et al. 2015). While both of these microRNAs have roles in 

the development of cancer (Li et al. 2011; L. Liu et al. 2010), they also play important 

regulatory roles in the differentiation of mesenchymal stromal/stem cells into bone 

related cells (Almeida et al. 2016). 

Other genes have functions associated with the immune system, which may have 

proximal roles in the development of OA. In particular, RFXAP (Gene ID: 5994), also 

known as regulatory factor X associated protein, codes for a protein that assists in the 
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transcriptional activation of major histocompatibility class II genes which are critical for 

the development and control of the immune system (Garvie and Boss 2008). 

Additionally, CMIP (Gene ID: 80790), also known as c-Maf inducing protein, codes for a 

protein that is involved in the T-cell signaling pathway, and SNPs within this gene have 

been associated with chronic diseases like diabetes (Dastani et al. 2012). 

The remaining genes do not have functions related to skeletal phenotypes, which 

makes their involvement in OA less clear. For example, KLHL26 (Gene ID: 55295), also 

known as kelch like family member 26, is part of a family of proteins that may be 

involved in protein ubiquitination (Dhanoa et al. 2013). Additionally, ACSL1 (Gene ID: 

2180), also known as acyl-CoA synthetase long-chain family member 1, codes for a 

protein that assists in the biosynthesis of lipids and degradation of fatty acids, and SNPs 

within this gene have been associated with chronic diseases like diabetes (Manichaikul et 

al. 2016). Lastly, ELF1 (Gene ID: 1997), also known as E74 like E26 transformation-

specific related transcription factor 1, is an important positive regulator of the Hox 

cofactor Myeloid ectropic viral integration site 1 (MEIS1) which is involved in 

developmental processes (Xiang et al. 2010). 

Out of all of these DMPs and their associated genes, RUNX1 is the only gene that 

has previously been associated with OA in humans. Specifically, RUNX1 was found to be 

differentially methylated in OA and healthy cartilage in humans, with OA cartilage 

displaying hypomethylation as compared to healthy cartilage (Fernández-Tajes et al. 

2014). As of yet, none of the remaining DMPs and their associated genes have been 

identified as candidate loci in human OA studies (Alvarez-Garcia et al. 2016; Aref-

Eshghi et al. 2015; Delgado-Calle et al. 2013; Fernández-Tajes et al. 2014; García-
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Ibarbia et al. 2013; Goldring and Marcu 2012; Iliopoulos et al. 2008; Jeffries et al. 2016; 

Moazedi-Fuerst et al. 2014; Ramos et al. 2014; Reynard et al. 2014; Rushton et al. 2014a; 

Saito et al. 2010). 

Overall, these findings indicate that some DNA methylation patterns associated 

with OA are evolutionarily conserved between humans and baboons while others are not. 

Differences may exist between these two species simply because human studies have not 

identified all OA related changes in methylation. Alternatively, they may be due to 

general speciation events that took place during the evolution of these taxonomic groups, 

to slight differences in the development or manifestation of OA in these species, or 

artifacts of the experimental design itself. For instance, the sample size of this study 

(n=10) is rather small, and all individuals included were female. The small number of 

individuals likely reduced my power to detect potentially important OA related variants, 

and the inclusion of only one sex may have biased my results such that identified OA 

variants are actually female specific variants. Thus, in order to better identify candidate 

epigenetic alterations that underlie variation in knee OA, a larger sample set that includes 

both sexes should be considered. Nevertheless, using baboons as a model of OA in this 

study has begun to clarify the evolutionary conservation of this disorder, and future 

research in this animal model will help provide insight into the development and 

progression of OA in order to begin designing preventative and therapeutic agents (Cox 

et al. 2013). 

In conclusion, I determined that the 450K array can be used to measure genome-

wide DNA methylation in baboon tissues and identify significant associations with 

complex traits. This is the first study to specifically assess DNA methylation in skeletal 
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tissues from a nonhuman primate using this method. From an evolutionary perspective, 

the results of this study reveal DNA methylation variation in one species and in two 

skeletal tissues, as well as the degree to which the common skeletal condition of OA 

affects that variation. Some methylation variation is associated with genes that impact 

skeletal development and maintenance, and this may have direct downstream regulatory 

and phenotypic effects. Additionally, while some DNA methylation patterns associated 

with OA in baboons appear to be evolutionarily conserved with humans, others do not. 

These findings warrant further investigation in a larger and more phylogenetically diverse 

sample set. 
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CHAPTER 3 

AN EVOLUTIONARY PERSPECTIVE OF DNA METHYLATION PATTERNS IN 

SKELETAL TISSUES USING A NONHUMAN PRIMATE MODEL OF 

OSTEOARTHRITIS 

 

Abstract 

Epigenetic factors, such as DNA methylation, play an influential role in the 

development of the degenerative join disease osteoarthritis (OA). These molecular 

mechanisms have been heavily studied in humans, and although OA impacts several 

other animals in addition to humans, few efforts have taken an evolutionary perspective. 

Here, I explore the evolution of OA epigenetics by assessing how DNA methylation 

variation relates to knee OA development in a baboon primate model (Papio spp.) and by 

comparing these findings to what is known in humans. Genome-wide DNA methylation 

patterns were identified in trabecular bone and cartilage of the right distal femora from 56 

pedigreed, adult baboons (28 with and 28 without knee OA) using the Illumina Infinium 

MethylationEPIC BeadChip (EPIC array). Several significantly differentially methylated 

positions (DMPs) were found between tissue types. Within cartilage tissue, many DMPs 

were also identified between healthy and OA individuals. Conversely, very few DMPs 

were identified between disease states in bone tissue. Overall, these finding provide some 

insight into the etiology of OA. Furthermore, some genes containing DMPs overlap with 

and display methylation patterns similar to those previously identified in human OA 

studies, while others genes do not. These results provide insight into the evolutionary 

conservation of epigenetic mechanisms associated with OA. From an evolutionary 
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perspective, these results provide evidence for DNA methylation variation in skeletal 

tissue from one primate species and two skeletal tissues. They also reveal the degree to 

which the common skeletal condition OA affects this variation. 

 

Key Words 

Osteoarthritis, DNA methylation, evolution, epigenome, bone, cartilage, baboon 

 

Introduction 

Osteoarthritis (OA) is a chronic and degenerative joint disease. It is characterized 

by a progressive degradation of cartilage and underlying subchondral bone within a joint 

(Glyn-Jones et al. 2015) which leads to significant pain and functional limitations of the 

affected joint. According to the WHO, OA is present in 9.6% of men and 18.0% of 

women ages 60 or older world-wide. Of those affected, 80% have movement limitations 

and 25% are unable to perform major daily activities of life (WHO | Chronic Rheumatic 

Conditions 2016). The CDC further notes that OA of the knee joint is especially 

prevalent in the USA (Osteoarthritis (OA) | Arthritis | CDC 2016), and it is also one of 

the leading causes of disability across the globe (Cross et al. 2014). The burden of OA on 

society demands that researchers identify the factors contributing to and aiding in the 

development and progression of this disease. 

Although significant work has been done in this area, the complete etiology of 

OA is still unclear. This is because OA pathogenesis appears to be multifactorial, with 

both genetic and environmental influences (Blagojevic et al. 2010; Cooper et al. 2000; D. 

T. Felson and Zhang 1998; David T. Felson 2004; Henriksen et al. 2014; Johnson and 
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Hunter 2014; Jordan et al. 2007; Macrini et al. 2013; Rossignol et al. 2005). Additionally, 

epigenetic factors, such as DNA methylation which regulates gene expression, are now 

thought to play a more influential role in the development of degenerative skeletal 

disorders like OA (Delgado-Calle et al. 2013; den Hollander et al. 2014; Fernández-Tajes 

et al. 2014; García-Ibarbia et al. 2013; Goldring and Marcu 2012; Iliopoulos et al. 2008; 

Jeffries et al. 2016; Y. Liu et al. 2013; Loughlin and Reynard 2015; Moazedi-Fuerst et al. 

2014; Ramos et al. 2014; Reynard et al. 2014; Rushton et al. 2014a). The investigation of 

human OA epigenetics in both bone and cartilage tissues has revealed thousands of 

differentially methylated candidate genes, but whether this epigenetic variation truly 

contributes to the development of OA and by which pathways remains unknown. 

Accomplishing such research in humans is limited due to experimentation ethics. Thus, 

finding a suitable model organism in which tissue collection and direct OA progression 

assessment are possible is necessary for discovering the mechanisms involved in OA 

pathogenesis. 

Current animal models of OA include mice, rats, rabbits, guinea pigs, dogs, sheep, 

goats, and horses (Bendele 2001; Kuyinu et al. 2016; Cucchiarini et al. 2016). Because 

the majority of these animal models do not naturally develop OA, they are limited in their 

ability to fully inform our understanding of human OA. Most animal models require 

transgenics, surgical procedures, drug injections, or non-invasive damage to a joint to 

induce OA, and even then, the physical manifestation of OA in these models only 

replicates certain stages of human OA (Bendele 2001; Kuyinu et al. 2016). Additionally, 

in those models that do naturally develop OA, such as guinea pigs, the occurrence of this 

disease across individuals differs from that in humans. Specifically in guinea pigs, males 
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have more consistent pathological alterations than females (Bendele 2001), while in 

humans, females have a higher occurrence of OA than males (Cross et al. 2014). 

Conversely, among nonhuman primates, baboons develop knee OA naturally and 

at rates similar to those observed in humans. Like humans, the prevalence of severe OA 

in baboons is higher in females than in males (Macrini et al. 2013). Additionally, in both 

baboons and humans, the occurrence of OA is not an inevitable consequence of aging. 

For instance, at the Southwest National Primate Research Center (SNPRC), 

approximately 66% of older baboons develop OA, and the remaining show no distal 

femur articular cartilage degradation (Cox et al. 2013). This is comparable to the almost 

two-thirds of Americans (Ó65 years old) that develop OA (OôConnor 2006) and the 

almost one-third of human tissue donors (70-90 years old) that show no manifestations of 

knee OA (Loeser and Shakoor 2003). 

In general, nonhuman primates can serve as important models of disease for 

humans because they are phylogenetically close to humans. Because baboons also 

develop and present OA in a manner similar to that observed in humans, baboons may be 

a more suitable model of OA than those currently used. Furthermore, in captive colonies 

of baboons, environmental factors can be regulated and controlled, thus enabling more 

detailed investigations of the molecular mechanisms contributing to OA pathogenesis 

than can be achieved in humans (Macrini et al. 2013; Cox et al. 2013). 

Lastly, because of their evolutionary proximity to humans, using baboons as an 

animal model of OA will advance the evolutionary understanding of this disease, a 

perspective that has not been readily explored (Ostrer et al. 2006; Rugg-Gunn et al. 

2005). The comparable manifestations of OA between humans and phylogenetically 
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close primate relatives (baboons) as compared to less similar manifestations of OA 

between humans and more distantly related animals (Bendele 2001), implies that the 

potential to develop this disease is somewhat evolutionary conserved across species while 

also susceptible to change over evolutionary time. Thus, the molecular processes innate 

to OA development and progression may also be influenced by evolutionary forces. 

Overall, investigating the molecular processes associated with OA in baboons and 

comparing how these findings relate to those known in humans, particularly given the 

fact that the pathogenesis of this disease is similar between both species, will both 

provide greater insight into the etiology of OA and the evolution of this disease. 

For this study, I explored the evolution of OA epigenetics by identifying DNA 

methylation patterns in femur trabecular bone and cartilage of 56 pedigreed, adult 

baboons, 28 with and 28 without knee OA, and assessing whether DNA methylation 

variation is associated with OA in baboons and in a manner similar to that observed in 

humans. 

 

Methods 

Ethics Statement 

Nonhuman primate tissue samples included were opportunistically collected at 

routine necropsy of these animals. No animals were sacrificed for this study, and no 

living animals were used in this study. 
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Samples 

Baboon (Papio spp.) samples come from captive colonies at the SNPRC in the 

Texas Biomedical Research Institute. These samples are ideal because many 

environmental factors that influence skeletal development and maintenance (e.g., diet and 

exposure to sunlight, which influences vitamin D production) are controlled and 

consistent across individuals. Additionally, these animals have a tracked pedigree, which 

denotes the genetic relationships among all individuals. 

Femora were opportunistically collected at routine necropsy of these animals and 

stored in -20°C freezers at the Texas Biomedical Research Institute after dissection. 

These preparation and storage conditions ensured the preservation of skeletal DNA 

methylation patterns. 

Samples include skeletally healthy adult baboons (n=28) and adult baboons with 

severe osteoarthritis (OA, n=28). Age ranges are comparable between each group, and 

both sexes are represented (Figure 7, APPENDIX G). This is important as many skeletal 

features, such as overall bone shape and susceptibility to diseases of skeletal maintenance 

are sex and age dependent (OôConnor 2006). 

 

Assessment of Osteoarthritis 

Classification of adult baboons as having healthy or OA knees was determined 

through visual examination of the distal femora and macroscopic inspection of the distal 

articular surface cartilage. Each specimen was assigned an OA severity score. Briefly, 

Grade 1 is unaffected, Grade 2 is mild OA as indicated by cartilage fibrillation, Grade 3 

is moderate OA as indicated by cartilage lesions, and Grade 4 is advanced OA as 
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indicated by eburnation (Macrini et al. 2013). From this, binary classifications were made 

such that all healthy adult baboons have 100% Grade 1 on one or both distal femora, and 

all OA adult baboons have a variable percentage of Grades 3 or 4 on one or both distal 

femora (Figure 1). 

 

 

Figure 7. Baboon Sample Set Ages for EPIC Array Osteoarthritis Study. 

Box plots depict average ages plus or minus one standard deviation (box), as well as full 

range of ages (whiskers), for male (M) and female (F) baboons that are skeletally healthy 

or have OA. For males and females combined, healthy adult baboons (n=28) are 

16.90±5.02 years, and OA adult baboons (n=28) are 19.73±3.41 years. 

 

DNA Extraction 

DNA was extracted from femoral trabecular bone and cartilage using a phenol-

chloroform protocol optimized for skeletal tissues (Barnett and Larson 2012). From the 

distal femoral condyles, cartilage scrapings were collected using scalpels and processed 

with a homogenizer, and trabecular bone was collected using coring devices and 

pulverized into bone dust using a SPEX SamplePrep Freezer/Mill. This region of the joint 
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was selected because this location is the common site of OA development in baboons and 

humans. Specifically, cartilage was obtained from the inferior aspect of the medial 

condyle on the right distal femur. Additionally, bone cores were obtained from a 

transverse plane through the center of the medial condyle on the right distal femur, such 

that the articular surface remained preserved. Cortical bone was removed from these 

cores using a Dremel. 

Both tissues are included in this project because they are clinically relevant with 

respect to disease progression. As such, human skeletal epigenetic studies are based on 

both trabecular bone and cartilage, so for comparative purposes, it is also important to 

standardize tissue type. These tissues have distinct functions and occupy distinct portions 

of the femur. Trabecular bone comprises the internal spongy osseous tissue that 

contributes to femoral shape morphology, while cartilage comprises the external joint-

associated tissue at the proximal and distal ends of femora. Trabecular bone and cortical 

bone remodeling, which begin before birth and continue throughout life, contribute the 

development and maintenance of femoral shape (Clarke 2008). However, trabecular bone 

in growing individuals influences both trabecular and cortical morphology in adulthood 

(Q. Wang et al. 2011), and this suggests that the epigenetics of trabecular bone may be of 

more interest initially than that of cortical bone. Lastly, although trabecular bone is not 

ideal for epigenetic analyses because it contains several cell types (Horvath, Mah, et al. 

2015), statistical methods can correct for this heterogeneity. 

Cartilage methylation patterns are known to vary between joints and between 

different sites within a joint (den Hollander et al. 2014; Jeffries et al. 2016; Loughlin and 

Reynard 2015; Moazedi-Fuerst et al. 2014; Rushton et al. 2014b). Although similar 
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studies of bone methylation patterns have not been conducted yet, the number and types 

of cells, and therefore epigenetic signatures, are expected to vary across different portions 

of the femur. Thus, tissues were collected from the same portion of the femur in order to 

minimize this variation between samples and comparative groups. 

 

Genome-Wide DNA Methylation Profiling 

Genome-wide DNA methylation was assessed using Illumina Infinium 

MethylationEPIC microarrays (EPIC array). These arrays analyze the methylation status 

of over 850,000 sites throughout the genome, covering over 90% of the sites on the 

Infinium HumanMethylation450 BeadChip as well as an additional 350,000 sites within 

enhancer regions. For each sample, 400ng of genomic DNA was bisulfite converted using 

the EZ DNA MethylationTM Gold Kit according to the manufacturerôs instructions (Zymo 

Research), with modifications described in the Infinium Methylation Assay Protocol. 

Following manufacturer guidelines (Illumina), this processed DNA was then whole-

genome amplified, enzymatically fragmented, hybridized to the arrays, and imaged using 

the Illumina iScan system. The array data discussed here are available in APPENDIX F. 

 

Methylation Data Processing 

Raw fluorescent data were normalized to account for the noise inherent within 

and between the arrays themselves. Specifically, I performed a normal-exponential out-

of-band (Noob) background correction method with dye-bias normalization (Triche et al. 

2013) to adjust for background fluorescence and dye-based biases. This was followed 

with a between-array normalization method (functional normalization) (Fortin et al. 
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2014), which removes unwanted variation by regressing out variability explained by the 

control probes present on the array as implemented in the minfi package in R (Aryee et 

al. 2014; Fortin et al. 2016) which is part of the Bioconductor project (Huber et al. 2015). 

This method has been found to outperform other existing approaches for studies that 

compare conditions with known large-scale differences (Fortin et al. 2014), such as those 

assessed in this study. 

After normalization, methylation values (ɓ values) for each site were calculated as 

the ratio of methylated probe signal intensity to the sum of both methylated and 

unmethylated probe signal intensities (Equation 1). These ɓ values range from 0 to 1 and 

represent the average methylation levels at each site across the entire population of cells 

from which DNA was extracted (0 =completely unmethylated sites, 1 = fully methylated 

sites). 

Every ɓ value in the Infinium platform is accompanied by a detection p-value, and 

those with failed detection levels (p-value > 0.05) in greater than 10% of samples were 

removed from downstream analyses. Additionally, samples in which more than 30% of 

the ɓ value had a detection p-value > 0.05 were removed from downstream analyses. 

The probes on the arrays were designed to hybridize specifically with human 

DNA, so my use of nonhuman primate DNA required that probes non-specific to the 

baboon genome, which could produce biased methylation measurements, be 

computationally filtered out and excluded from downstream analyses. This was 

accomplished using methods modified from (Hernando-Herraez et al. 2013; Ong et al. 

2014). 
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Briefly, I used blastn (Altschul et al. 1997) to map the 866,837 50bp probes onto 

the Papio anubis genome (Assembly: Panu_2.0, Accession: GCF_000264685.2) using an 

e-value threshold of e-10. I only retained probes that successfully mapped to the baboon 

genome, had only 1 unique BLAST hit, targeted CpG sites, had 0 mismatches in 5bp 

closest to and including the CpG site, and had 0-2 mismatches in 45bp not including the 

CpG site (APPENDIX A). This filtering retained 209,802 probes. 

Additionally, ɓ values associated with cross-reactive probes (McCartney et al. 

2016), probes containing SNPs at the CpG site, probes detecting SNP information, probes 

detecting methylation at non-CpG sites, and probes targeting sites within the sex 

chromosomes were removed using the minfi package in R (Aryee et al. 2014; Fortin et al. 

2016) (Figure 8). This filtering retained a final set of 191,954 probes. 

 

 

Figure 8. Normalized and Filtered Methylation Data for EPIC Array Baboon 

Osteoarthritis Study. 

(A) Density plots of ɓ values after normalization and probe filtering. (B) 

Multidimensional scaling plot showing the first two principle components that describe 
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genome-wide methylation variation after normalization and probe filtering. Each point 

represents one sample that is either from healthy bone, healthy cartilage, OA bone, or OA 

cartilage. 

 

Differential Methylation Analyses 

Because ɓ values have high heteroscedasticity, they are not statistically valid for 

use in differential methylation analyses (Du et al. 2010). Thus, M values were calculated 

and used in these analyses instead (Equation 2). 

In order to identify sites that were significantly differentially methylated across 

comparative groups, I designed and tested generalized linear mixed models (GLMMs) 

which related the variables of interest to the DNA methylation patterns for each site, 

while accounting for the effects of additional variables, batch effects, and latent variables 

(Maksimovic et al. 2016). Sites found to have significant associations were classified as 

significantly differentially methylated positions (DMPs). 

Specifically, a GLMM was used to estimate differences in methylation levels for each 

of the following contrasts: 

1. between bone and cartilage in OA baboons 

2. between bone and cartilage in healthy baboons 

3. between OA and healthy baboon bone 

4. between OA and healthy baboon cartilage 

5. among all 4 combinations of tissue type and disease state (healthy bone vs. 

healthy cartilage vs. OA bone vs. OA cartilage) 
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Additional variables included in this GLMM were sex, age (years), steady state weight 

(kg), known batch effects (e.g., array number and position), and unknown latent variables 

calculated using the iteratively re-weighted least squares approach in the sva package in 

R (Jaffe and Irizarry 2014; Jeffrey T. Leek et al. 2012; J. T. Leek and Storey 2008; 

Jeffrey T. Leek and Storey 2007). The 14 latent variables estimated were included to help 

mitigate any unknown batch and cell heterogeneity effects on methylation variation at 

each site. 

Alternative methods to account for cell heterogeneity exist, but they are specific 

to whole blood (Jaffe and Irizarry 2014; Morris and Beck 2015), require reference 

epigenetic data, or are reference free methods (Houseman et al. 2014) that are 

comparable to the sva method (Kaushal et al. 2015). Out of the known cell types in 

skeletal tissues (Horvath, Mah, et al. 2015), only chondrocytes and osteoblasts have 

reference epigenomes available on the International Human Epigenomics Consortium, 

and these are only for humans, not nonhuman primates. Thus, because no standard 

method is available to correct for the heterogeneous cell structure in nonhuman primate 

skeletal tissue, I chose the described sva method. 

This GLMM design matrix (Equation 4) was fit to the M value array data by 

generalized least squares using the limma package in R (Ritchie et al. 2015; Phipson et al. 

2016; Huber et al. 2015), and the estimated coefficients and standard errors for the 

defined tissue type and disease status contrasts were computed. Because each baboon 

contributed both a bone sample and a cartilage sample, an inter-subject correlation was 

performed to account for these repeat measures (Smyth et al. 2005) and included in the 

GLMM. Lastly, for each coefficient, an empirical Bayes approach (McCarthy and Smyth 
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2009; Lönnstedt and Speed 2002; Phipson et al. 2016; Smyth 2004) was used to compute 

moderated t-statistics, log-odds ratios of differential methylation, and associated p-values 

adjusted for multiple testing (Benjamini and Hochberg 1995). Significant DMPs for the 

effect of tissue type, disease status, or both were defined as those having log fold changes 

in M values corresponding to an adjusted p-value of less than 0.05. 

In order to account for genetic relatedness, the coefficients of relatedness (phi2 = 

2 x kinship coefficients), or the expected proportions of alleles that are identical by 

descent between 2 individuals, were computed from a known pedigree using the kinship2 

package in R (Therneau et al. 2015). Following this, two new GLMMs were designed 

and tested using the lmekin function of the coxme package in R (Therneau 2015). The 

first GLMM regressed methylation levels (M values) against the tissue type and disease 

status contrast effects while adjusting for other variables (sex, batch effects, latent 

variables) as fixed effects and kinship (phi2) as a random effect (Equation 5) (Zaghlool et 

al. 2015), and the second performed the same regression with the tissue type and disease 

status contrast effects removed (Equation 6). The log likelihoods of each model were 

then compared using a chi-square test to determine which model better explained the 

variation in methylation. For this test, the degrees of freedom were calculated as the 

absolute difference in the Akaike's information criteria for each model (Mazerolle 2016). 

When the model containing the tissue type and disease status contrast effects performed 

significantly better than the alternative model (p-value < 0.05), this confirmed that the 

site remained a significant DMP for the effects of tissue type, disease status, or both 

when adjusting for the added effects of kinship. Conversely, when the model containing 

the tissue type and disease status contrast effects did not perform better than the 
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alternative model (p-value Ó 0.05), this indicated that the site was not a significant DMP 

for the effect of tissue type, disease status, or both when adjusting for the added effects of 

kinship. In this instance, this site was no longer considered a significant DMP. 

 

Equation 4: methylation ~ tissue type and disease status contrasts + sex + age + weight + 

batch effects + latent variables 

Equation 5: methylation ~ tissue type and disease status contrasts + sex + age + weight + 

batch effects + latent variables + kinship 

Equation 6: methylation ~ sex + age + weight + batch effects + latent variables + kinship 

 

Lastly, I further examined significant DMPs that had at least a 10% change in 

mean methylation between comparative groups (ȹɓ Ó 0.1), as these may have greater 

biological impact than others (Hernando-Herraez et al. 2013). The gene ontology (GO) 

and KEGG pathway enrichment for significant CpGs while taking into account the 

differing number of probes per gene present on the array was determined using the 

missMethyl package in R (Geeleher et al. 2013; Young et al. 2010; Ritchie et al. 2015; 

Benjamini and Hochberg 1995). Significantly enriched (FDR < 0.05) GO biological 

processes were subsequently summarized using REViGO which removed redundant GO 

terms (retained only 50% of the full list of significant terms) and visualized the remaining 

terms in a semantic similarity-based scatterplot (Supek et al. 2011). Semantic similarity 

was calculated using the simRel score, which is a functional similarity measure that 

ranges from 0 for terms that have no similarity to 1 for terms with maximum similarity 

(Schlicker et al. 2006). 
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In addition to DMPs, differentially methylated regions (DMRs) were also 

identified between each comparative group using the DMRcate package in R (Peters et al. 

2015; Wand and Jones 1994; Duong 2013). This method is only concerned with the 

spatial proximity of loci examined and is not biased by any annotations associated with 

these loci. For these analyses, the individual DMP t-statistics, which were derived by 

fitting the M value array data to a GLMM design matrix (Equation 4) by generalized least 

squares using the limma package in R (Ritchie et al. 2015; Phipson et al. 2016; Huber et 

al. 2015), were smoothed across each chromosome using a recommended Gaussian 

kernel bandwidth of 1000 base pairs with a scaling factor of 2. An expected value of this 

smoothed estimate with no experimental effects was also modelled using a Satterthwaite 

approximation (Satterthwaite 1946) in order to calculate a subsequent significance test 

for each DMP. A default threshold was then applied to p-values adjusted for multiple 

testing (Benjamini and Hochberg 1995) to identify FDR-corrected significant DMPs. 

Finally, these significant DMPs were agglomerated together into DMRs based on 

chromosomal location and such that each DMR contained at least 2 CpG sites that were 

less than 1000 base pairs apart. 

 

Results 

 The aim of this study was to use the EPIC array to identify DNA methylation 

patterns in femur bone and cartilage of baboons, 28 with and 28 without knee OA. In 

order to do this, I first assessed the effectiveness of the EPIC array in identifying DNA 

methylation patterns in baboon DNA and of different probe filtering methods. 
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Alignment of EPIC Array Probes with the Baboon Genome 

Probes from the EPIC array were aligned to the baboon genome using methods 

modified from (Hernando-Herraez et al. 2013; Ong et al. 2014) (APPENDIX A). Out of 

the 866,837 50bp probes on the array, 209,802 probes map to the baboon genome with e-

values less than e-10, have only unique BLAST hits, target a CpG site, and meet the 

described alignment filter criteria (Figure 9). These probes covered approximately 23,446 

genes with an average coverage of 8 probes per gene. Additionally, the retained probes 

covered a range of locations with respect to genes and CpG islands (APPENDIX H), 

indicating that these filtered probes maintain a wide distribution throughout the genome. 

After filtering out cross-reactive probes (Y. Chen et al. 2013), probes containing SNPs at 

the CpG site, probes detecting SNP information, probes detecting methylation at non-

CpG sites, and probes targeting sites within the sex chromosomes a final set of 191,954 

probes were retained for downstream analyses. 

 

 

Figure 9. Filtering Effects on EPIC Array Probes for Baboons. 

(A) Pie chart showing the percent of EPIC array probes that map to the baboon (Papio 

anubis) genome with e-values < e-10, have only unique BLAST hits, and target a CpG 

site. Out of 866,837 probes total, 337,818 probes (39%) meet these criteria. (B) Pie chart 
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showing the percent of probes, out of those that successfully mapped to the baboon 

genome, that contain 0 mismatches in 5bp of the probe by and including the targeted CpG 

site and 0-2 mismatches in 45bp of the probe not including the CpG site. Out of the 

337,818 mapped probes, 209,802 probes (62%) meet these criteria. 

 

Effectiveness of EPIC Array Probes using Baboon DNA 

To determine how effectively the EPIC array probes measured DNA methylation 

in baboon DNA, I performed Spearman correlation tests between the hybridization 

efficiency of each probe and parameters defining the alignment quality of each probe to 

the baboon genome. Specifically, both probe alignment bitscores and percent identity 

were significantly negatively correlated with probe hybridization efficiency, and probe 

alignment e-values were significantly positively correlated with probe hybridization 

efficiency, regardless of filtering criteria (APPENDIX I). Additionally, filtered probes 

retained a large proportion of successfully hybridized probes (Figure 10). 
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Figure 10. Hybridization Efficiencies of EPIC Array Probes Retained for Baboon 

Osteoarthritis Study. 

Histogram of alignment bitscores for EPIC array probes with detection p-values > 0.05 

(red) and < 0.05 (blue). These p-values were averaged across all samples, and probes 

included meet the alignment filter criteria. For these probes 2,815 had detection p-values 

> 0.05, and 206,987 had detection p-values < 0.05. 

 

Differential Methylation and Osteoarthritis 

Significant DMPs were interrogated from 191,954 sites and identified between 

disease statuses (OA vs. healthy) and tissue types (bone vs. cartilage), as well as among 

these variables in combination (Table 4). Accounting for kinship slightly reduces these 

DMP counts, but does not diminish their distribution across a variety of functional 

genomic regions and proximities to CpG islands (APPENDIX J). Using a ȹɓ Ó 0.1 

threshold substantially decreases the final number of significant DMPs per comparative 

group (Figure 11, Table 5, APPENDIX K). Overall, more DMPs were found between 
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tissue types than between disease states, and cartilage samples revealed more DMPs 

between disease states than did bone samples. This pattern holds true for significant 

DMRs, as well (Table 6, APPENDIX L). 

More than half of all DMPs and those DMPs with ȹɓ Ó 0.1 between tissue types 

in both healthy and OA individuals are hypermethylated in bone as compared to cartilage 

(Table 4, Table 5), while the global methylation patterns between disease statuses are 

more complicated. For all DMPs between disease statuses in bone tissues, most are 

hypermethylated in OA individuals as compared to healthy individuals. Conversely, for 

all DMPs between disease statuses in cartilage tissues, most are hypomethylated in OA 

individuals as compared to healthy individuals (Table 4). When just examining those 

DMPs with ȹɓ Ó 0.1, OA individuals show increased hypomethylation as compared to 

healthy individuals when examining both bone and cartilage (Table 5). 

 

Table 4. Number of Significant DMPs Identified in the EPIC Array Baboon 

Osteoarthritis Study. 

Differential Methylation 

Healthy Bone 

vs. 
Healthy Cartilage 

OA Bone 

vs. 
OA Cartilage 

OA Bone 

vs. 
Healthy Bone 

OA Cartilage 

vs. 
Healthy Cartilage 

OA Bone vs. 
Healthy Bone vs. 

Healthy Cartilage 

vs. OA Cartilage 

Significant (negative) 49,990 43,936 98 11,698 2,143 

Not Significant 64,435 71,890 191,570 170,582 186,818 

Significant (positive) 77,529 76,128 286 9,674 2,993 

Table showing the number of significant DMPs between comparative groups. Results are 

shown for probes filtered using the alignment criteria, and for these, significant DMPs 

were identified in all comparative groups. 
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The variation in methylation patterns at DMPs with ȹɓ Ó 0.1 clusters bone and 

cartilage tissue types into distinct and separate groups, but does not cluster OA and 

healthy individuals as effectively (Figure 12). While OA and healthy samples within 

cartilage differentiate relatively well, except in a couple instances, OA and healthy 

samples within bone do not clearly differentiate. Additionally, significant DMPs with ȹɓ 

Ó 0.1 for all comparative groups are associated with several genes that have distinct GO 

biological processes (Figure 15, APPENDIX M) and KEGG pathway functions 

(APPENDIX N). 

 

 

Figure 11. Number of Significant DMPs Identified in the EPIC Array Baboon 

Osteoarthritis Study. 

Bar chart showing the number of significant DMPs between comparative groups. Results 

include the number of significant DMPs that remained statistically significant after 

accounting for kinship, the number of significant DMPs that did not remain statistically 

significant after accounting for kinship, and the number of loci that were not found to be 








































































































































































































































































































































































































































































































































