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ABSTRACT

Within the primate lineage, skeletaits that contribute to intespecific
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 compleidrand 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 acrossphmate 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 arichinter
specific variéion 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 gesspecific methylation sequencing are used to identify DNA
methylation patterns in femoral trabecular bone and cartilage of several nonhuman
primate species. Samples include babo&apio spp., macaquesMacaca mulatti
vervets Chlorocebus aethiopschimpanzeesan troglodytey and marmosets
(Callithrix jacchus), and the efficiencies of these methods are validated in each taxon.
Within one nonhuman primate species (baboons).-sgegific 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 (osteoatithxis. healthy), and some of the identified patterns
are evolutionarily conserved with those known in humans. Additionally, moalhuman
primate species, intrgpecific methylation variation in association with nonpathological



femur morphologies is assessed. Lastly, isf@cific changes in methylation are
evaluated among all nonhuman primate taxa and used to provide a phylogeneti
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 theypunfor

understanding of epigenetic regulation and complex skeletal trait evolution in primates.
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CHAPTER1
INTRODUCTION

Across the primate order, different species are characterized by divergent skeletal
traits hat contribute to intespecific 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
accuratey 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 acomplete 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 @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,NDA methylation serves as one form of gene regulation.
Although general changes to mammalian epigenomes have been exédhaetet al.

2010) work on nonhuman primates has been limited to wheleme methylation

patterns of a small number of tisssgecific cells from a small number of species. Very

few studes 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.



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 understariding
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 primatéatkele
systems. Third, while skeletal phenotypes are influenced by gé@eiidring and Marcu
2012)and environmentgHenriksen et al. 2014; Macrini et al. 2018jces, epigenetic
factors also play an important role in bone development and maintgiisigadeCalle
et al. 20B; Garcialbarbia et al. 2013; lliopoulos et al. 2008; Loughlin and Reynard
2015; Ramos et al. 2014; Reynard et al. 20TAYs, it is logical to hypothesize that these
epigenetic mechanisms may also be involved in the evolution of diverse skeletal
phenoypes across the primate order. Lastly, the emerging field of ancient epigenetics,
which assesses DNA methylation patterns in ancient hominin skeletal reauitis et
al. 2015; Gokhman et al. 20143 lacking information on DNA methylation patterns in
skeletal tissues from nonhuman primates. As such, these ancient hominin skeletal
epigenetic patterns cannot pemtly 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 diseslated phenotypdg-arcas et al.
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2009; Hernanddlerraez et al. 2013; Matrtin et al. 2011; Molatal. 2011; Pai et al.
2011; Zeng et al. 20120 \dditionally, medical fields are examining the relationship
between DNA methylation variation and the manifestation of several bone pathologies in
humans and model organisiigovée et al. 2010; Dimitriou et al. 2011; Goldring and
Marcu 2012; lliopoulos et al. 2008; Kasaai et al. 2013; Y. Liu et al. 2013; Ralston and
Uitterlinden 2010; Rivadeneira et al. 200Bpwever, 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 pateyn
within and among primate taxa and in relation to skeletal phenotypes. Specifically, the
overarching goals of this research are to identify gererde and genapecific DNA
methylation patterns in nonhuman primate skeletal tissues and assessnvhattiintra
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 wittleaphylogenetic
distribution.

Samples include baboorBgpio spp.n=74), macaquedlacaca mulattan=10),
vervets Chlorocebus aethiops=10), chimpanzee®&n troglodytesn=4), and
marmosetsallithrix jacchus n=6). Within baboons, samples inclusleletally 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. Methylatioays and genspecific
methylation sequencing were then used to assess how DNA methylation patterns in these

tissues varied intraand interspecifically.



Specifically, in Chapter 2, | use the Illumina Infinium Human Methylation450
BeadChip (450K arrayptidentify DNA methylation patterns in bone and cartilage of
agematched, 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 extrats 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 Illlumina Infinium MethylationEPIC BeadChip (EPIC array) to explore the
evolution ofOA 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 similato that observed in humans. In Chapter 4, | 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, | validate that the EPIC array
can be used for skeletal tissue DNA extracts from several nonhuman primate species and
as®ss how genomeide and genapecific DNA methylation in bone varies intra
specifically in relation to nonpathological femur bone morphologies andspésifically
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

primaes.



CHAPTERZ2
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 mechanismsarhang 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 developmbate not been optimized or readily
studied in nonhuman primates. The Illlumina Infinium Human Methylation450 BeadChip
(450K array) is a costfficient application for assessing genemiee DNA methylation
patterns. Although it was designed for human DNA&,4B0K array has also been
successfully used for nonhuman primates because of the relative conservation between
t hese organi s ms ®apip spp seme as impdtanbnoodels sf digease
and develop OA at rates similar to those observed in hursarigtither investigation of
the associations between DNA methylation patterns and OA development in this
organism will advance the evolutionary understanding of this disease. Here, | used the
450K array to identify DNA methylation patterns in femur boné eartilage of adult
female baboons, five with and five without knee OA. | 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, approXyétéo of the 450K array

probes reliably align to the baboon genome, contain a CpG site of interest, and maintain a
5



wide distribution throughout the genome. | also found that filtering probes using
alignment similarity criteria retains more efficiently mighzed 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 patternapweith 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, | conclude that the 450K
array can be used to measure genante DNA methylationm 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 investigati@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 leaidg causes of disability across the gl¢beoss et al. 2014 hus, research
endeavors to describe the molecular mechanisms that contribute to this disorder are
underway. Botlgenetic and environmental factors have some ef&lagojevic et al.

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

Henriksen et al. 2014; Jordan et al. 2007; Macrini et al. 2013; Rossignol et al. 2005)
6



However, epigenetic factors, such as DNA methylation which regulates gene expression,
are now thought to play a mardluential role in the development of degenerative

skeletal disorders like OfDelgadeCalle et al. 2013; den Hollander et al. 2014;
FerndndeZT ajes et al. 2014; Gareibarbia et al. 2013; Gdting and Marcu 2012;

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

2015; MoazedFuerst et al. 2014; Ramos et al. 2014; Reynard et al. 2014; Rushton et al.
2014a)

Animal models, such as mice, rats, rabbits, gaipigs, dogs, sheep, goats, and
horses, have been essential in discerning some of the processes inherent to OA
developmen{Bendele 2001; Kuyin et al. 2016; Cucchiarini et al. 2016)evertheless,
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 onffameye
and Young 2006; Lampropouleddamidou et al. 2014)Additionally, while the
conservation of this disorder several species implies that the mechanisms contributing
to OA may be evolutionarily conserved, few studies of OA have taken an evolutionary
perspectivéOstrer et al. 2006; Rugg@unn 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 meckhanhas 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 humanab8ons Papio spp). are a particularly good
model of disease, especially @Box et al. 2013)as they naturally develop OA at rates

7



similar to thog observed in humariMacrini etal. 2013C o x et al . 2013,
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 ativare®lutionary
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 BeadCHyK array),

which is a cosefficient application for assessing genemiele 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 tissi{Esard et al. 2004; Farcas ¢t2009; Fukuda et

al. 2013; Hernandblerraez 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. 2012However, this technique has not peen 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, | used the 450K array to identify DNA methylation patterns in
femur bone and cartilage of@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 aanner 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 useadhithis 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 andnsistent across individuals.

Femora were opportunistically collected at routine necropsy of these animals and
stored in-20°C freeers 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 agoarthritis (OA, n=5). Age ranges are comparable between each gatle (

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

Assessment of Osteoarthritis
Classification of adult baboons as having healthy or OA knees was degdrmin

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

9



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 fibnll&rade 3

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

Tablel. Baboon Samples for 450K Array Osteoarthritis Study.

Comparative Group No. Age

Healthy bon¢5  19.3Gt1.70
OAbone5  19.24:1.73
Healthy Cartilagt5  19.3G1.70
OA Cartilage5  19.24t1.73

Table outlines the number (No.) and the average age inplearer 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 samplesairezd obt
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 fpacative
purposes. Additionally, these tissues are both clinically relevant in terms of disease

progression. DNA was extracted from these processed tissues using agbherdbrm
10



protocol optimized for skeletal tissu@arnett and Larson 2013and quantified using

both Nanodrop and Qubit machinddPPENDIX C).

Examples of Healthy Samples Examples of OA Samples

Figurel. Examples oHealthy and Osteoarthritic Baboon Knee Joints.

Representative examples of baboonde@istal femora) that are healthy or have OA.

GenomeWide DNA Methylation Profiling

Genomewide DNA methylation was assessed ugimginfinium
HumanMethylation450 Beadtips (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 UCS@alefined CpG islands and their flanking regions. For each sample,

approximately 500ng of genomic DNAPPENDIX C) was bisulfite converted using the
11



EZ DNA MethylatiodfM Go |l d Kit according to the manufact
Research), with modifications described in the Infinium Methylation Assay Protocol.

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

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

the lllumina iScan system. €harray data discussed here are availsfdPPENDIX B.

Methylation Data Processing
Raw fluorescent data were normalized to account for the noise inherent within
and between the arrays themselves. Specifically, | performed a rexpaiential out
of-band (Noob) backgrowhcorrection method with dyleias normalizatioriTriche et al.
2013)to adjust for baaground fluorescence and dipased biases and followed this with
a betweerarray normalization method (functional normalizati@@grtin 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 packagé\nyd® et al. 2014;
Fortin et al. 2016)which is part of the Bioconductor projéetuber et al. 2015)This
method has been found to outpenfioother existing approaches for studies that compare
conditions with known largscale difference@~ortin et al. 2014)such as those assessed
in this study.
After normalization, methylation values (
the ratio of methylated probe signal intensity to the sum of both methylated and
unmethylated probe gi@l intensitiesEquationl) . These b values range

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

12



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

sites).

Equationl: bV a | ATy hhyATtaTildats?Z nzi| irl)ilmet hyl ated Signal)

Every b value in the I nfiniumvalme,antdf or m i s
those with failed deteain levels (pvalue > 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 probespedific to the
balbon genome, which could produce biased methylation measurements, be
computationally filtered out and excluded from downstream analyses. This was
accomplished using two different methods modified f{btarnandeHerraez et al. 2013;
Ong et al. 2014)

For both methods, | used blagitschul et al. 1997)o map the 485,512 50bp
probes onto thPapio anubiggenome (Assembly: Panu_2.0, Accession:
GCF_000264685.2) using arvalue threshold of ¥. | retained probes that successfully
mapped to the baboon genome, had only 1 unique BLAST hit, and targeted CpG sites
(APPENDIXA). Then, for the first method, which used criteria based on sequence
alignment, | ony retained probes that had 0 mismatches in 5bp closest to and including
the CpG site, and hadDmismatches in 45bp not including the CpG site. For the second
method, which used criteria based on gene symbol similarities, | identified the closest

baboon gne to each probe site and checked for corresponding gene name matches

13



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
retainedAdditiona | 1| y, b val ues -readivweprobef.tChedetali t h cr oss
2013) probes containing SNPs at the CpG site, probes detecting SNP information, probes
detecting methylation at ne@pG sites, and probes targeting sites within the sex

chromosomes werremoved using the minfi package irf/Ryee et al. 2014; Fortin et al.

2016)(Figure2).
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Figure2. Normalized and Filtered Methylation Data for 450K Array Baboon

Ostearthritis Study.
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Density plots ob values after normalization and probe filtering using the alignriieet
criteria (A) orthegene symboalilter criteria (B). Multidimensional scaling plots showing
the first two principle components that describe genwnge methylation variation after
normalization and filtering using the alignmdifter criteria (C) orthegene symboalilter
criteria (D). Each point represents one sample that is either from healthy bone, healthy
cartilage,OA bone, or OA cartilage. In the multidimensional scalingglthese

categories do not form distinct clusters.

Differential Methylation Analyses
Because b values have high heteroscedast:.
use in differential methylation analys@u et al. 201Q)Thus, M values were calculated

and used in these analyses instéagliation?2).

. . _Methylated Signal
Equation2: M Valluocl?ﬁmethylated Signal

In order to identify sites that were significantly differentially methylated across
comparative groups, | designed and tested generalized linear mixed models (GLMMS)
which related the variables interest to the DNA methylation patterns for each site,
while accounting for latent variabl@slaksimovic et al. 2016)Sites found to have
significant associationsere 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.

2.

between bone and cartilage in OA baboons

between bone and cadge in healthy baboons

between OA and healthy baboon bone

between OA and healthy baboon cartilage

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

healthy cartilage vs. OA bone vs. OA cartilage)

Additional variables included imis GLMM were unknown latent variables calculated

using the iteratively rgveighted least squares approach in the sva packagg@laff 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 ead¥icsi

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

large effects on the datkigure3).

Alternative methods to account for cell heterogeneity exist, but they atiéicspec

to whole bloodJaffe and Irizarry 2014; Morris and Beck 20fgquire reference

epigenetic data, or are reference free metflddsseman et al. 201#)at are

comparable to the sva meth@hushal et al. 2015 ut of the known cell types in

skeletal tissue@Horvath, Mah, et al. 201ppnly chondrocytes and osteoblasts have

reference epigenomes available on the International HlEpggenomics 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, | chose the described sva method.

0.0

Principal Component 2
Principal Component 2

=05
1

Principal Component 1 Principal Component 1

Figure3. 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
genomewide methylation variation afterormalization and filtering using the alignment
filter criteria (A) orthegene symbdililter criteria (B). Each point represents one sample
that is either from hathy bone, healthy cartilage, G#one, or OA cartilage. The colors
indicate which array (39540028 or 9989540030) the samples were run agsebatch
effects do not appear to clusmt samples into distinct groups. Furthermore, they do not
cluster samples based on thealthy bone, healthy cartilageA bone, or OA cartilage

groupings geeFigure?2).

This GLMM design matrix Equation3) was fit to the M value array data by

generalized least squares using the limma packagédRitéhie et al. 2015; Phipson et al.
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2016; Huber et al. 2015and the estimated coefficisrand standard errors for the

defined tissue type and disease status contrasts were computed. Lastly, for each
coefficient, an empirical Bayes approdéhcCarthy and Smyth 2009; Lonnstedt and

Speed 2002; Phipson et al. 2016; Smyth 205 usedo compute moderated t

statistics, logodds ratios of differential methylation, and associatedlpes adjusted for
multiple testing(Benjamini and Hohberg 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 adjustedatue of less than 0.05.

Equation3: 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-aggtched female baboons, five with and five
without knee OA. In ader to do this, | 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 weregaled to the baboon genome using methods
modified from(HernandeHerraez et al. @L3; Ong et al. 2014APPENDIXA). Out of
the 485,512 50bp probes on the array, 213,858 probes (44%) map to the baboon genome
with e-values less thar*@ have only unique BLAST hitsnd target a CpG sitEigure
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4). Out of these reliably mapped probes, 133,264 probes (62%) were retain¢ukeafte
alignment filter criteriawhile 130,307 probes (61%) were retained after the gene symbol
filter criteria (Figure4). 83,142 probes overlapped between both filtering methods (62%

for the alignment filter criteria and 64% for the gene symbol filter critBrgure5).

W Fit Alignment
Filter Parameters

A @ Do Not Fit
Parameters

B Probes that Map to Baboon
Genome, have Unique BLAST
Hit, and CpG is Present

OOthers

B Fit Gene Symbol
Filter Parameters

ODo Not Fit
Parameters

C

Figure4. Filtering Effects on 450K Array Probes for Baboons.

(A) Pie chart showing the percent of 450K array probes that map to the b&amom (

anubig genome with @/alues less thaa®, have only unique BLAST hits, and target a

CpG site. Out of 485 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 &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



gene symbl matches to humans. Out of the 213,858 mapped probes, 130,307 probes

(61%) meet these criteria.

Alignment Filter ~ Gene Symbol Filter

50122 83142 47165

Figure5. Overlap of 450K Array Probes for Baboons Using Different Filtering Methods.
Venn diagram showing the number of probed thverlap between the alignment filter

criteria and the gene symMdter 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) daprin 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, respecARINENDIX D).

Additionally, the retained probes covered a range of locations with respect to genes and
CpG islandsAPPENDIX D), indicating that these filtered probes maintawide

distribution throughout the genome.
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After filtering out crosgreactive probegY. Chen et al. 2013probes containing
SNPs at the CpG site, probes detecting SNP information, probes detecting methylation at
nonCpG sites, and probes targeting siathin the sex chromosomesfinal set of
120,305 probes were retained for the alignment filter critand a final set of 112,760

probes were retained for the gene symbol cri@igure?2).

Effectivenessfal50K Array Probes using Baboon DNA

To determine how effectively the 450K array probes measured DNA methylation
in baboon DNA, | performed Spearman correlation testazeen the hybridization
efficiency of each probe and parameters defining the alignguatity 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 evalues were significantly positively correldtevith probe hybridization
efficiency, regardless of filtering criteriAPPENDIX E). However, filtering probes
using the alignment filter criteria retained proportionally more successfully hybridized
probes thaniltering probes using the gene symbol filter criteReg(ire6). 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 tissuesT@ble?2). All of these DMPs displayed decreased methylation in OA

cartilage samples as compared to healthy cartilage sarapttsome 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.

15,000

10,000

Legend
p-value = 0.05
p-value < 0.05

Frequency

5,000
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Alignment Bitscores Alignment Bitscores

Figure6. Hybridization Efficiencies of 450K ArgaProbes Retained for Baboon
Osteoarthritis Study.

Histogram of alignment bitscores for 450K array probes with detecti@iyges > 0.05

(red) and < 0.05 (blue). Thesevplues were averaged across all sasy@ed probes
included meethe alignment filtecriteria (A) or the gene symbol filter criteri@). For
probes meeting the alignment filter criteria (A), 3,123 had detecti@iyges > 0.05, and
130,141 had detectionyalues < 0.05. For probes meeting the gene symbol filter criteria
(B), 8,695 had dection pvalues > 0.05, and 121,612 had detectivalpies < 0.05. For

all probes that successfully mappedte baboon genome withvalues less thaa?®,

had only unique BLAST hits, and targeted a CpG site, 16,715 had detestadues >

0.05, and 19,143 had detectionyalues < 0.05.
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Table2. Number of Significant DMPs Identified in the 450K Array Baboon

Osteoarthritis Study.

OA Bone Healthy Bone OA Bone OA Cartilage OA Bone vs.

Differential vs Vs Vs vs Healthy Bone vs.
Methylation " — ) I Healthy Cartilage
OA Cartilage Healthy Cartilage Healthy Bone Healthy Cartilage vs. OA Cartilage
Significant (negative) 0 0 0 6 0
Alignment R
Filter Probes Not Significant 120305 120305 120305 120299 120305
Significant (positive) 0 0 0 0 0
Significant (negative) 0 0 0 2 0
Gene
Symbol Not Significant 112760 112760 112760 112758 112760
Filter Probes = "
Significant (positive) 0 0 0 0 0

Table showing the number of significant DMPs between comparative groups. Results are
shown for pobes 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 betweel®A cartilage samples and healthy cartilage samples, while only 2
DMPs were identified wen filtering probes using the gene symbol criteFab{e3).

One locus matched between these filtering metiRd&NX1has previously been found
to be differentially methylated in OA and healthy cartilage in husnaath OA cartilage
having lower methylation as compared to healthy cartiiggenandeZT ajes etal. 2014)
The other genes associated with these probes have not previously been associated with
OA in humangAlvarezGarcia et al. 2016; ArdEshgh et al. 2015; Delgadg@alle et al.

2013; FernandeZajes et al. 2014; Garclharbia et al. 2013; Goldring and Marcu 2012;

23



lliopoulos et al. 2008; Jeffries et al. 2016; MoazEderst et al. 2014; Ramos et al. 2014;

Reynard et al. 2014; Rushton et al. 281Saito et al. 2010)

Table3. Gene Details of Significant DMPs Identified in the 450K Array Baboon

Osteoarthritis Study.

Log Fold .
450K Array Change in Adjusted Human Gene Symbol Baboon Gene Symbol Baboon Babppn CpC
Probe ID P-Value Chromosome Position
M Values
€g05295841  -3.6135¢ 0.02465:KLHL26 CRTC1 19 1721692:
€g17890983  -1.968® 0.02465:RFXAP RFXAP 17 1559970¢
Alignment €g02329670 -1.4981Z 0.04110¢MIR497;MIR195 LOC103878622 16 667228:
Filter Probes o418456803  -2.0478) 0.04110¢ELF1 WBP4;L0C10387919:17 1963052¢
€g13030790  -3.543D 0.04110¢RUNX1 RUNX1 3 1150059+
€g24721647 -2.1837% 0.04110¢ACSL1 ACSL1 5 17390949°
Gene €g17890983 -1.9678¢ 0.037417RFXAP RFEXAP 17 1559970¢
Symbol
Filter Probescg04759112  -1.6319€ 0.03807tCMIP CMIP 20 6336965¢

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. Frod these DMPs, OA cartilage samples are

hypomethylated as compared to healthy cartilage samples.

Discussion

Here, | used the 450K array to identify DNA methylation variation in bone and
cartilage tissues from a baboon model of OA. This was done bd#teaomine the
effectiveness of this application for baboon DNA and to assess the evolutionary
conservation of epigenetl@A associations in the primate lineage.

| show that using the 450K array is feasible in baboon tistuesico probe

filtering metlods(HernandeHerraez et al. 2013; Ong et al. 20idicated 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 genoe(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 pri mat es oweljaanotatedetheas s e mb |l vy .
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.

Subsequernit silico analyses based on sequence alignment critdaenande
Herraez et al. 2013nd based on gene symbol critd@ng et al. 2014)etained similar
numbers of probe@-igure4) that maintained wide and comparable distributions
throughout the genom@&PPENDIX D). However, only a lite more than half of the
resulting probes for each filtering technique overlapped with one ané&igarg5). This
discrepancy is likely due to the incomplete nature of the baboon genome annotation.
More than halbf 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 oflilee pro
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 ad accurate probe and baboon DNA hybridization.
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Fittingly, after applying the 450K array to measure DNA methylation patterns of
genomic material extracted from baboon skeletal tissues, | found thatithdization
efficiency of probes was significantlpelated with the alignment quality of each probe
to the baboon genome, and thus, the degree of sequence conservationjoritg of
filtered probes for botm silico methods passed quality controls and produced robust
signals on the array, indicatitigat 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 symbolteria(Figure6) andbecause this method is less influenced
by the degree of genome assembly annotation, | recommend that this alignment filter
criteria method be preferentially used in subsequent nonhuman psiudies.

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
genanic representatio(Michels et al. 2013)Similar to this study, previous researchers
haveusedthe 450K array to measure DNA methylation patterns in great(bjgesande
Herraez et al. 2013yvhich are closer to humans evolutionarily than baboons, and in
macaque$Ong et al. 2014)which are comparable in proximity to humans evolutioparil
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, | used a baboon model of OA to assess the evolutionary conservation
of epigenetieOA associations in the primate lineage. To do this, | identified significant
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DMPs between healthy and OA individuals in cartilage and bone tissues. | 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 tisbabke (
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 asngpared to healthy cartilage. Six DMPs were identified
when using the alignment filter criteria, and two DMPs were identified when using the
gene symbol filter criterialfable3). All together these loci are assated with 8 geneks
KLHL26, RFXAR, MIR497, MIR195 ELF1, RUNX1 ACSL1 andCMIP i that have a
variety of functions.

Some of these genes have functions directly related to skeletal development and
maintenance. For instand@UNX1(Gene ID: 861), also knowas runt related
transcription factor 1, is involved in the regulation of bone and cartilage cell development
and differentiatior(Stein et al. 2004)Additionally, MIR497(GenelD: 574456) and
MIR195(Gene ID: 406971) are nesoding microRNAs that are involved in post
transcriptional regulatiofWei et al. 2015)While both of these microRNAs have roles in
the development of cancfri et al. 2011; L. Liu et al. 2010jhey also play important
regulatory roles in the differentiation of mesenchymal stromal/stem cells into bone
related cellfAlmeida et al. 2016)

Other genes have functions associated withrimeune system, which may have
proximal roles in the development of OA. In particuURFXAP(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 histocompatilyildlass 1l genes which are critical for
the development and control of the immune sygqi@arvie and Boss 2008)

Additionally, CMIP (Gene ID: 80790), also known asviaf inducing protein, coek for a
protein that is involved in the-Gell signaling pathway, and SNPs within this gene have
been associated with chronic diseases like dialjpeestani et al. 2012)

The remaining genes do not have functions related to skeletal phenotypes, which
makes their involvement in OA less clear. For exanfldJL26 (Gene ID: 55295), also
known as kelch like family member 26, is part of a family of proteins that may be
involved in protein ubiquitinatiofDhanoa eal. 2013) Additionally, ACSL1(Gene ID:
2180), also known as ac@loA synthetase longhain 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 associateith whronic diseases like diabet@danichaikul 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 integratigite 1 MEISJ) which is involved in
developmental process@siang et al. 2010Q)

Out of all of these DMPs and their associated garE#&X1is the only gene that
has previously been associated with OA in humans. Specifiedllj{X1was found to be
differertially methylated in OA and healthy cartilage in humans, with OA cartilage
displaying hypomethylation as compared to healthy cartlBgmandeT ajes et al.

2014) As of yet, none of the remaining DMPs and their associated genes have been
identified as candidate loci in human OA studiglvarezGarcia et al. 2016; Aref
Eshghi et al. 2015; Delgadoalle et al. 2013; Fernand@ajes et al. 2014; Garcia
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Ibarbia et al. 2013; Goldring and Marcu 2012; lliopoulos et al. 2008jekeét al. 2016;
MoazediFuerst 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 fauns 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 dutegevolution 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 individis 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 specifiariants. 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 toanify 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 @yents
et al. 2013)

In conclusion, | determined that the 450K array can be used to measure genome
wide DNA methylation in baboon tissues and identify significant associatidhs wi
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 &nd

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 downswedatory

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 phylogghediverse

sample set.
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CHAPTER3
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 diseaseoasthritis (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, | explore the evolution of OA epigenetics bgaessing how DNA methylation
variation relates to knee OA development in a baboon primate nRajgb(spp. and by
comparing these findings to what is known in humans. Geswicie DNA methylation
patterns were identified in trabecular bone and cartilagfeearight distal femora from 56
pedigreed, adult baboons (28 with and 28 without knee OA) using the lllumina Infinium
MethylationEPIC BeadChip (EPIC array). Several significantly differentially methylated
positions (DMPs) were found between tissue tyjéghin 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. Furthermorme 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 asgediwith 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 affettts variation.
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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 dyidg subchondral bone within a joint
(Glyn-Jones et al. 201%Yhich 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
womenages 60 or older worldiide. Of those affected, 80% have movement limitations
and 25% are unable to perform major daily activities of(If#1O | Chronic Rheumatic
Conditions 2016)The CDC further notes that OA of the knee joirgspecially
prevalent in the USAOsteoarthritis (OA) | Arthritis | CDC 201,&nd it is also one of
the leading causes of disabildgross the globgCross et al. 2014)he burden of OA on
society demands that researchers identify the factors contributing to and aiding in the
development and progression ofstlisease.

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 influen¢Btagojevic et al. 2010; Cooper et al. 2000; D.

T. Felson and Zhang 1998; David T. Felson 2@@hriksen et al. 2014; Johnson and
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Hunter 2014; Jordan et al. 2007; Macrini et al. 2013; Rossignol et al.. Zxf&)ionally,
epigenetic factors, such as DNA methylation which regulates gene expression, are now
thought to play a more influential role tine development of degenerative skeletal
disorders like OADelgadeCalle et al. 2013; den Hollander et al. 2014; Fernafidges
et al. 2014; Garcitbarbia et al. 2013; Goldring and Marcu 201Bpoulos et al. 2008;
Jeffries et al. 2016; Y. Liu et al. 2013; Loughlin and Reynard 2015; Mo&zeist et al.
2014; Ramos et al. 2014; Reynard et al. 2014; Rushton et al. 2Uhéahvestigation of
human OA epigenetics in both bone and cartilzggres 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 teré@rpntation 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 siatabbits, guinea pigs, dogs, sheep,
goats, and horséBendele 2001; Kuyinu et al. 2016; Cucchiarini et al. 20B&rause
the majority of hese 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, ofim@asive damage to a joint to
induce OA, ad even then, the physical manifestation of OA in these models only
replicates certain stages of human (B&ndele 2001; Kuyinu et al. 201@&dditionally,
in those models that do naturally develop OA, such as guinea pigs, the occurrence of this
disease across individuals differsrh that in humans. Specifically in guinea pigs, males
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have more consistent pathological alterations than fer(Bég=lele 2001)while in
humans, females have a higher occurrence of OA than (Grless et al. 2014)

Conversely, among nonhuman primates, baboons deve&gp®A 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 m@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 artiwlar cartilage degradatiq@ox et al. 2013)This is comparable to the almost
two-thirdsof Americans (065 ye@d€oowhandth2 @@6) devel
almost onehird of human tissue donors (B0 years old) that show no manifestations of
knee OA(Loeser and Shakoor 2003)

In general, nonhuman primates can serve as important najdbtease 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, wecegbnies
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 humgNMacrini et al. 2013; Cox et al. 2013)

Lastly, because of their evolutionary proximity to humarssng baboons as an
animal model of OA will advance the evolutionary understanding of this disease, a
perspective that has not been readily expl¢@strer et al. 2006; Rug@unn 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 humamnand more distantly related animégdendele 2001 )implies that the

potential to develop th 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, investigatig 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 insighnto the etiology of OA and the evolution of this disease.

For this study, | 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 kn@é, 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 necropgof 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 ard@talse 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 adrpekigree, 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 prepar@n 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 representédigure7, APPENDIX G). This is important as many skeletal
features, such as overall bone shape and susceptibility to diseases of skeletal nsaintenan

are sex and age dependén®6 Connor 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. Elaspecimen 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 eburnatiofMacrini 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 patege of Grades 3 or 4 on one or both distal

femora Figurel).

Healthy Baboons OA Baboons
30- 30-

20- Sex 20- E+ Sex
+ E3F =

L L ) B v
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Age

2 " F M
Sex Sex

Figure7. Baboon Sample Set Ages for EPIC Array Osteoarthritis Study.

Box plots depict average ages plus or minus onelatdrdeviation (box), as well as full
range of ages (whiskers), for male (M) and female (F) baboonarthakeletally healthy
or haveOA. For males and females combined, healthy adult baboons (n=28) are

16.90+5.02 years, and OA adult baboons (n=28) aré&3%3.41 years.

DNA Extraction

DNA was extracted from femoral trabecular bone and cartilage using a phenol
chloroform protocol optimized for skeletal tissi{Bsirnett and Larson 20125rom 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 Sampde 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. Additially, 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 ihaeded 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 tsue 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 ssue 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 sl{@terke 2008) However, trabeculdrone
in growing individuals influences both trabecular and cortical morphology in adulthood
(Q. Wang et al. 2011and 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 cel(Hgesth, Mah, et al.

2015) statistical methods can cedat for this heterogeneity.

Cartilage methylation patterns are known to vary between joints and between
different sites within a jointden Hollander et al. 2014, Jeffries et al. 2016; Loughlin and
Reynard 2015; Moazediuerst et al2014; Rushton et al. 2014#Ithough 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, tisssevere collected from the same portion of the femur in order to

minimize this variation between samples and comparative groups.

GenomeWide DNA Methylation Profiling
Genomewide DNA methylation was assessed using Illlumina Infinium
MethylationEPIC microaays (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 easiimple, 400ng of genomic DNA was bisulfite converted using
the EZ DNA MethylatioM™ Go |l d Kit according to the manuf a
Research), with modifications described in the Infinium Methylation Assay Protocol.
Following manufacturer guidiees (lllumina), this processed DNA was then whole
genome amplified, enzymatically fragmented, hybridized to the arrays, and imaged using

the lllumina iScan systenthe array data discussed here arailable iInAPPENDIXF.

Methylation Data Processing

Raw fluorescent data were normalized to account for the noise inherent within
and between the arrays themselves. Specifically, | performed a rexpaiential out
of-band (Noob) background correction method with-biges normalizatioriTriche et al.
2013)to adjust for background fluorescence and-bgeed biases. This was followed
with a betweerarray normalization method (functional normalizati@@jrtin 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 packaganyeR et
al. 2014; Fortin et al. 201&)hich is pat of the Bioconductor proje¢Huber et al. 2015)
This method has been found to outperform other existing approactstsdms that
compare conditions with known largeale difference@~ortin et al. 2014)swch as those
assessed in this study.
After normalization, methylation values (
the ratio of methylated probe signal intensity to the sum of both methylated and
unmethylated probe signal intensiti€xjgationl) . These b values range
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 b value in the Infiniumvapd adform i s
those with failed detection levels-galue > 0.05) in greater than 10% of samples were
removed from downstream analyses. Additionally, samples in which more than 30% of
the b val ue -\alaed> 085 wkre temaved framdowmstream analyses.
The probes on the arrays were designed to hybridize specifically with human
DNA, so my use of nonhuman primate DNA required that probespedific to the
baboon genome, vidh could produce biased methylation measurements, be
computationally filtered out and excluded from downstream analyses. This was
accomplished using methods modified frHernandeHerraez et al. 2013; Ong et al.

2014)
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Briefly, | used blastifAltschul et al. 1997)o map the 866,837 50bp probes onto
thePapio anubiggenome (Assembly: Panu_2.0, Accession: GCF_000264685.2) using an
e-value threshold of ¥. | only retained probes that succedsfuhapped 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 h&dn@ismatches in 45bp not including the
CpG site APPENDIXA). This filtering retained 209,802 probes.

Addi tionally, b v alteactvesprohefMcCartiepdtad.d wi t h cr
2016) probes coraining SNPs at the CpG site, probes detecting SNP information, probes
detecting methylation at ne@pG sites, and probes targeting sites within the sex
chromosomes were removed using the minfi package(Aryee et al. 2014; Fortin et al.

2016)(Figure8). This filtering retained a final set of 191,954 probes.
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Figure8. Normalized and Filtered Methylation Data for EPIC Array Baboon
Osteoarthritis Study.

(A) Density plotsof b values after normalization and probe filtering. (B)

Multidimensional scaling plot showing the first two principle components that describe
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genomewide methylation variation after normalization and probe filtering. Each point
represents one sample tieeither from halthy bone, healthy cartilag®A bone, or OA

cartilage.

Differential Methylation Analyses

Because b values have high heteroscedast:i
use in differential methylation analys@u et al. 201Q)Thus, M values were calculated
and used in thesmalyses insteadEQuation?2).

In order to identify sites that were significantly differentially methylated across
comparative groups, | designed and tested generalized linear mixed models (GLMMS)
which related th 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 cartilag 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-veeighted leat 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. Le& 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 bloodJaffe and Irizarry 2014; Morris and Beck 20®)quire reference
epigenetic data, or are reference free metlddsseman et al. 201#)at are
comparable to the sva meth@taushal et al. 20150ut of the known cell types in
skeletal tissue@Horvath, Mah, et al. 201ppnly chondrocytes and osteoblasts have
reference epigenomes available on the International Human Epigenomsiiion,
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, | chose the described sva method.

This GLMM design matrixEquation4) was fit to the M value array data by
generalized least squares using the limma packagéRitéhie et al. 2015; Phipson et al.
2016; Huber et al. 2015and the estimated coefficients and standard errors for the
defined tissue type and disease status contrasts were conigrtadse each baboon
contributed both a bone sample and a cartilage sample, asuitject correlation was
performed to account for these repeat meag@@yth et al. 2005and included in the
GLMM. Lastly, for each coefficient, an empirical Bayes apprdadttCarthy and Smyth
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2009; Lonnstedt and Speed 2002; Phipson et al. 2016; Smyth\&884isedo compute
moderated-statistics, logodds ratios of differential methylation, and associatgdlpes
adjusted for multiple testin@enjamini and Hohberg 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 adjustedgtue of less than 0.05.

In order to account for genetic relatedness, the aerffis 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 RTherneau et al. 2015following this, two new GLMMs were designed
and tested using the Imekin function of the coxme packageTm&neau 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 anchkhip (phi2) as a random effe&dquation5) (Zaghlool et
al. 2015), and the second performed the same regression with the tissue type and disease
status contrast effects removét(ation6). The log likelihoods of each model were
then compared using a edguare test to determine which rebtetter 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 nmddeeterolle 2016)
When the model containing the tissue type and disease status contrast effects performed
significantlybetter than the alternative modelglue < 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
thetissue type and disease status contrast effects did not perform better than the
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alternative model@w al ue O 0.05), this indicated that
for the effect of tissue type, disease status, or both when adjusting for the thelckstbé

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

Equationd: methylation ~ tissue type and disease status contrasts + sex + age + weight +
batch effects + latent variables

Equation5: methylation ~ tissue type and disease status contrasts + sex + age + weight +
batch effects + latent variables + kinship

Equation6: methylation ~ sex + age + weight + batch effects + latent variableshijx

Lastly, | further examined significant DMPs that had at least a 10% change in
mean methyl ation between comparative groups
biological impact than othef(slernandeHerraez et al. 2013Yhe 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 RGeeleher et al. 2013; Young et al. 2010; Ritchie et al. 2015;
Benjamini and ldchberg 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 semamttisimilarity-based scatterpldSupeket al. 2011) Semantic similarity
was calculated using the simRel score, which is a functional similarity measure that
ranges from O 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 comparatigroup using the DMRcate package i(FReters et al.
2015; Wand and Jones 1994; Duong 20T8)s method is only concerned with the
spatial proximity of loci examined and is not biased by any annotations associated with
these loci. Fothese analyses, the individual DMBtatistics, which were derived by
fitting the M value array data to a GLMM design matiqQationd) by generalized least
squares using the limma package i{RRchie et al. 2015; Phipson et al. 2016; Huber et
al. 2015) were smothed 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
approximationSatterthwaite 1946h order to calculate a subsequent significance test
for each DMP. A default threshold was then applied-talpes adjusted for multiple
testing(Benjamini and Hochberg 199&) identify FDRcorrected significant DMPs.

Finally, these significant DMPs were agglomerated together into DMRs based on
chromosomal location and such that each DMR contained at least 2 E€p@&at 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, | first assessed #ifectiveness 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 snethod
modified from(HernandeHerraez et al. 2013; Ong et al. 20{APPENDIXA). Out of
the 866,837 50bp probes on the array, 209,802 probes map to the baboon genome with e
values less than’@ have only unique BLAST hits, target a CpG site, and meet the
described alignment filter criteri&igure9). 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 istdPidENDIX H),
indicating that these filtered probes maintain a wide distribution throughout the genome.
After filtering out crosgreactive probegY. Chen et al. 2013probes containing SNPs at
the CpG site, probes detegg 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.

BFit Alignment
M Probes that Map to Baboon Filter Parameters
Genome, have Unique BLAST
Hit, and CpG is Present
it, and CpG is Presen ODo Not Fit

OOthers Parameters

Figure9. Filtering Effects on EPIC #ay Probes for Baboons.

(A) Pie chart showing the percent of EPIC array probes that map to the b&apom (
anubig genome with evalues < &° have only unique BLAST hits, and target a CpG
site. Out of 866,837 probes total, 337,818 probes (39%) mess thiteria. (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 €2 mismatches in 45bp of the probe not inclgdine 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, | performed Spearmemrrelation testbetween 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 corretad with probe hybridization efficiency, and probe
alignment evalues were significantly positively correlated with probe hybridization
efficiency, regardless of filtering criteriAPPENDIX ). Additionally, filtered probes

retained a large proportion of successfully hybridized prabigsie10).
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Figurel10. Hybridization Efficiencies of EPIC Array Probes Retained for Baboon
Osteoarthritis Study.

Histogram of alignment bitscores for EPIC array probes with deteci@iugs > 0.05
(red) and < 0.05 (blue). Thesevplues were averaged across all samples, and probes
included meet the alignment filter criteria. For these probes 2,815 had detectibuep

> 0.05, and 206,987 had detecticrglues < 0.05.

Differential Methylation and Osteoarthritis
Significant DMPs were interrogated from 191,954 sites and identified between
disease statuse®A vs. healthy) and tissue types (bone vs. cartilageyedisas among
these variables in combinationgble4). Accounting for kinship slightly reduces these
DMP counts, but does not diminish their distribution across a variety of functional
genomic regions and proxirgs to CpGslands APPENDIXJ) . Using a @b O O.
threshold substantially decreases the final number of significant DMPs per comparative

group Figurell, Table5, APPENDIXK). 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 Table6, APPENDIXL).
More than half of alll DMPs and those DMPs
in both healthy and OA individuals are hypermethylated in bone as compared to cartilage
(Table4, Table5), 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 DMPsbetween disease statuses in cartilage tissues, most are hypomethylated in OA
individuals as compared to healthy individudlalfle4). When just examining those
DMPs with @b O 0.1, OA individuals show incr

healthy individuals when examining both bone and cartilagbl€5).

Table4. Number of Significant DMPs Identified in the EPIC Array Baboon

Osteoarthritis Study.

OA Bone vs.
Healthy Bone s.
Healthy Cartilage
vs. OA Cartilage

Healthy Bone OA Bone OA Bone OA Cartilage
Differential Methylation VS. Vs. Vs. Vs.
Healthy Cartilage OA Cartilage Healthy Bone Healthy Cartilage

Significant (negative) 49,990 43,936 98 11,698 2,143
Not Significant 64,435 71,890 191570 170582 186818
Significant (positive) 77529 76,128 286 9,674 2,993

Table showing the number of significddMPs betweena@mparative 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
cartilage tissa types into distinct and separate groups, but does not cluster OA and
healthy individuals as effectivelfFigure12). While OA and healthy samples within
cartilage differentiate relatively well, except in a coupkances, OA and healthy
samples within bone do not <clearly different
O 0.1 for all comparative groups are associ a
biological processes{gurel5 APPENDIX M) and KEGG pathway functions

(APPENDIX N).

200,000

180,000
No. Non-Significant DMPs

160,000

140,000

m No. Significant DMPs Non-
Significant after Accounting for
Kinship

120,000

100,000

Number of DMPs

80,000 = No. Significant DMPs with A
Value Less than 0.1 Significant

60,000 after Accounting for Kinship

40,000 .
m No. Significant DMPs with A
Value Greater than 0.1 Significant

- after Accounting for Kinship
|

20,000

0

Healthy Bone OA Bone OA Bone OA Cartilage OA Bone vs
Vs Vs vs. VS, Healthy Bone vs.
Healthy Cartilage OA Cartilage Healthy Bone Healthy Cartilage Healthy Cartilage vs.
OA Cartilage

Figurell Number of Significant DMPs Identified in the EPIC Ariagboon
Osteoarthritis Study.

Bar chart showing the number of signific®WPs between comparative groups. Results
include the number of significant DMPs that remained statistically significant after
accounting for kinship, the number of significant DMPat ttid not remain statistically

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