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Supplemental Text

Additional Details on GenomeWide DNA Methylation Profiling Methods

Trabecular bone is used in this study because several human skeletal epigenetic studies are based or
trabecular bone, and it is important to standardize tissue type for comparative gufpalsecular bone
comprises the internal spongy osseous tissue that contributes to femoral shape morphology and remodeling,
which begins before birth and continues throughout{Giarke 2008) Trabecular bone in growing individuals
influences both trabecular and cortical morphology in adultljdéghg et al. 2011)and this suggests that the
epigenetics of trabecul@one may be of more interébin that of cortical bone. Lastly, although trabecular
bone is not ideal for epigenetic analyses because itinsergaveral cell type@diorvath et al. 2015)statisti@l
methods can correct for this heterogeneity.

Tissues were collected from the same portion of the femur in order to minimize potential variation
between samples and comparative gro@astilage methylation patterns are known to vary between joints and
between different sites within a joiidlen Hollander et al. 2014; Moazdtlierst et al. 2014; Rushton et al.

2014; Loughlin and Reynard 2015; Jeffries et al. 20ABhough similar studies of bone methylation patterns
have not been conducted yet, the number and types of cells, and therefore epigenetic signatures, are expect
vary across different portions of the femur.

lllumina Infinium MethylationEPIC microarray&PIC arrayspnalyze the methylation status of over
850,000 sites throughout the genome, covering over 90% of the sites on the Infinium HumanMethylation450
BeadChipas well as an additional 350,000 sites within enhancer regions. For each sample, 400ng of genomi
DNA was bisulfite converted using the EZ DNA MethylaffitGo | d Kit according to
instructions (Zymo Research), with modifications descriipethe Infinium Methylation Assay Protocol.

Following manufacturer guidelines (lllumina), this processed DNA was then wgkaleme amplified,
enzymatically fragmented, hybridized to the arrays, and imaged using the lllumina iScan system.

Additional Details on Methylation Data Processing

Raw fluorescent data were normalized to account for the noise inherent within and betwestyshe ar
themselves. Specifically, weerformed a normadéxponential oubf-band (Noob) background correction
method with dyebias normalizatior(Triche et al. 2@3) to adjust for background fluorescence and-dgsed
biases Wefollowed this with a betweearray normalization method (functional normalizati@fjrtin et al.
2014)which removes unwanted variation by regressing out variability explained by the control probes present
on the array as iplemented in the minfi package in(Rryee et al. 2014; Fortin et al. 208hich is part of the
Bioconductor projectHuber et al. 2015)This method has been found to outperform other existing approaches
for studies that compare conditions with known lasgale difference@~ortin et al. 2014)such as those
assessed in this study.

After normalization, methylation values (b va
methylated probe signal intensity to the sum of both methylated and unmethylated probe signal intensities
(Equation 1). These b presehttheaeraganmethgdation levelmat €achtsite actossa
the entire population of cells from which DNA was extracted (0 =completely unmethylated sites, 1 = fully
met hyl ated sites). Every b value i n 4vdue, andthdse with u m
failed detection levels (palue > 0.05) in greater than 10% of samples were removedsfibeequerdnalyses.
Additionally, samples in which meatue>0t0bwere reghnoved o f
from downstream anatye s . Because b values have high heteros
in differential methylation analys€Bu et al. 201Q)Thus, M values were calculated as the log transformed
ratio of methylated signal to unmethylated signal and used in tististd analyses described below.

The probes on the arrays were designed to hybridize specifically with human DNA, so my use of
nonhuman primatéNHP) DNA required that probes nespecific to any of the includedHP genomes, which
could produce biased nisiation measurements, be computationally filtered out and excluded from
downstream analyses. This was accomplished using two different methods modifi¢bléroandeHerraez et
al. 2013; Ong et al. 2014For both methods, | used blagiitschul et al. 1997)o map the 866,837 50bp
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probes onto the baboon, macaque, vervet, chimpanzee, and marmoset genom&g)(Uisinlg an evalue

threshold of €°. Probes that successfully mapped to each genome, had only 1 unique BLAGWirgeted

CpG sitesvere retained. This resulted in 39% of all probes being retained for baboons, 39% for macaques, 3¢
for vervets, 76% for chimpanzees, @ for marmosets (Table85 These proportions were slightly lower

than expected based on the previous findings of 44% retention for baboons using the 450#oasEnaret

al. 2018)and of 61% retention for Cynomologus macaques using the 450K(@magyet al. 2014)Thealtered

design of the EPIC array as compared to the 450K aneey explain both discrepanciégdditionally, the

higher quality of the Cynomologus macaque genome (Assembly: Macaca_fascicularis_5.0; Accession:
GCF_000264685.2; Average Scaffold Length: 88,649,475; Average Contig Length: 86,040) as compared to t
babmn, Rhesus macaque, and vervet genomes used in this study (@jabtapexplain the latter discrepancy.
Regardless, and as expected, species more closely related to humans (e.g., chimpanzees) have higher num
of reliably mapped EPIC array probes tispecies more distantly related to humans (e.g., marmosets).

Subsequernin silico analyses based on sequence alignment critdeemandeHerraez et al. 2013nd
based on gene symbol crite(@ng et al. 2014yvere then used on the mapped EPIC array proloesh€ first
filtering method (alignment filter criteria), probe®re only retained if thelyad 0 mismatches in 5bp closest to
and including the CpG site arfdhey had 82 mismatches in 45bp not including the CpG sikhis resulted in
24% of all probe being retained for baboons, 24% for macaques, 24% for vervets, 71% for chimpanzees, anc
9% for marmosets (FigurelSTable S). Conversely,dr the secondlitering method(gene gmbol filter
criteria), we identified the closestiHP gene to each probe site and checked for corresponding gene name
matches between humans and ddeliP. This information was obtained from different sources for each taxon
(TableS2). Only those probes witpartial or compdte gene matches were retainghis resulted ire2% of all
probes being retained fbaboons, 19%or macaques, 23%or vervets, 32%or chimpanzees, and 1084r
marmosets (FigurelSTable S). Overall, 36,248 probes are shared amalhtaxa for the alignment filter
criteria, while 36,248 probes are shared among all taxa for the gene symbol filter criteria.

Overall, similar number of probes were retained for both filtering criteria, with the exception of
macaque and chimpanzee probtssThis discrepancy is due to the lack of gene information from Ensembl
BioMart for these genome versions (TabB.3\gain, species more closely related to humans have higher
numbers of retained probes than species more distantly related to humatisnAlligliin chimpanzees, the
proportion of probes retained using the alignment criteria (72%) exactly matches the proportion previously
found using the same filtering methods for the 450K afireeynandeHerraez et al. 2013Jurthermore, these
retained probes maintained wide and comparable distributions throughout the geeperaling on the
species, the retained probes cover between 9,7724hd7 genes, with between 4 and 19 probes per gene, and
they are spread across several genomic locations and proximities to CpG islands4)l dideStheless,
between the probes retained using the alignment filter criteria and the probes retaig¢ldeugene symbol
criteria, there is only partial overlaBpecifically, about half of the resulting probes for each filtering technique
overlapped with one another for baboons, macaques, vervets, and marmosets, and for chimpanzees, almost
of the retaned probes using the gene symbol criteria overlapped with those retained using the alignment filter
criteria (Figure ). This discrepancy is likely due to the incomplete nature of each NHP genome annotation, a
described abové&siven the general lack ofverlap between filtered probe setswvas necessary to determine
which filtering method was more optimal for subsequent analyses.

We accomplished this eterminingwhich filtered probe set moedfectively measured DNA
methylation in the DNA of each speci€&sst, we used the detectiorvalue of each probe was as an
assessment of that pr WéperdosnedhSpdamandorrelationitasta fouadthiai c i e
the hybridization eftiency of each probe is significantly correlated with the alignment quality of eachtprobe
each NHP genomeand thus, the degree of sequence conserv@iemlie %). The majority of filtered probes
for bothin silico methods passed quality controls amdduced robust signals on the array, indicating that either
filtering technique may be appropriate for future research. However, because probes retained using the
alignment filter criteria had a higher proportion of successfully hybridized probes thamltes retained using
the gene symbol filter criteria (Figur&@)Sand because the alignment filter criteria are less influenced by the
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degree of genome assembly annotation, using the alignment filter criteria likely produces more reliable result:
Thus, oty these data were used for downstream differential methylation analyses.

Lastly, crossreactive probefChen et al. 2013)probes containing SNPs at the CpG site, probes
detecting SNP information, probes detecting methylation aQpid sites, ad probes targeting sites within the
sex chromosomesere filtered out. Using the alignment filter criteria, this resultealfinal set of 189,858
probesfor baboons, 190,898 prob&s macaques, 191,639 proldes vervets, 576,804 probésr chimpanzees
68,709 probes famarmosets, and 39,802 probes shared among siegase ). Converselyusing the gene
symbol filter criteria, this resulted in a finsét of 165,529 probder baboons, 146,585 probfs macaques,
175,592 probebor vervets 254,231 probefor chimpanzees, 75,002 proldes marmosets, and 33,254 probes
shared among species (Figue®.S

Additional Details on Statistical Analysis of Differential Methylation

Latent variables were used to account for cell heterogendityg igeneralized linear mixed models
(GLMM s). Alternative methods to account for cell heterogeneity exist, but they are specific to whole blood
(Jaffe and Irizarry 2014; Morris and Beck 201®)quire reference epigenetic data, or are reference free
methodgHouseman et al. 2014#)at are comparable to the sva metfiddushal et al. 2015Put of the known
cell types in skeletal tissuédorvath et al. 2015)nly chondrocytes and osteoblasts have reference
epigenomes available on the International Human Epigenomics Consortium, and these are only for humans, r
NHPs. Thus, because no standard method is available to correct for the heterogeneous cell stxiktRure in
skeletal tissue, | chose the described sva oakth

GLMM Design Matrices
Intra-specific analyses in baboons:
methylation ~ femur morphology + sex + age + weight + latent variables
Intrarspecific analyses in macaques, vervets, and marmosets when n > 5:
methylation ~ femur morphology + sex + age + latemtables
Intras peci fi ¢ analyses in chimpanzees and mar moset s
methylation ~ femur morphology + latent variables
Inter-specific analyses:
methylation ~ taxonomic group + sex + age + batch effects + latent variables
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Figure S1. Filtering Effects on EPIC Array Probes for NHPs.
(A) Bar chart showing the percent of EPIC array probes retained for each species using the alignment filter
criteria (A) or using the gene symbol filter criteria (B). Using the alignment filterier, 24% of probes are
retained for baboons, 24% for macaques, 24% for vervets, 72% for chimpanzees, and 9% for marmosets. Us
the gene filter criteria, 22% of probes are retained for baboons, 19% for macaques, 23% for vervets, 32% for
chimpanzees, @al0% for marmosets. See TablesSP and File S1 for additional details.
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Figure S2. Overlap of EPIC Array Probes for NHPs Using Different Filtering Methods.

Venn diagrams showing the number of probes that overlap between the alignment filteracriteéha gene

symbol criteria for each species. (A) For baboons, out of the 209,802 probes that meet the alignment filter
criteria and the 190,703 probes that meet the gene symbol criteria, 121,308 probes (58% and 64% respective
overlap in both filters(B) For macaques, out of the 207,703 probes that meet the alignment filter criteria and
the 164,754 probes that meet the gene symbol criteria, 104,616 probes (50% and 63% respectively) overlap
both filters. (C) For vervets, out of the 207,650 probesrtieget the alignment filter criteria and the 195,555
probes that meet the gene symbol criteria, 123,500 probes (59% and 63% respectively) overlap in both filters
(D) For chimpanzees, out of the 622,819 probes that meet the alignment filter criteria 2A8,806 probes

that meet the gene symbol criteria, 260,263 probes (42% and 95% respectively) overlap in both filters. (E) Fc
marmosets, out of the 74,599 probes that meet the alignment filter criteria and the 85,770 probes that meet tl
gene symbol créria, 44,989 probes (60% and 52% respectively) overlap in both filters. (F) For probes that
align to all NHP genomes, out of the 42,076 probes that meet the alignment filter criteria and the 36,248 prob
that meet the gene symbol criteria, 16,916 proh@%s(and 47% respectively) overlap in both filters.
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Figure S3. Hybridization Efficiencies of EPIC Array Probes Retained for NHPs.

Histogram of alignment bitscores for EPIC array probes with detect@iugs > 0.05 (red) and < 0.05 (blue).
These pvalueswere averaged across all samples within each species, and probes included meet (i) the
alignment filter criteria or (ii) the gene symbol filter criteria. (A) Baboons: For probes meeting the alignment
filter criteria (i), 3,880 had detectionyalues > 0.8, and 205,922 had detectiotvalues < 0.05. For probes
meeting the gene symbol filter criteria (ii), 10,571 had detectealyes > 0.05, and 180,132 had detection p
values < 0.05. For all probes that successfully mapped to the baboon genomeahiés & €, had only

unigue BLAST hits, and targeted a CpG site, 21,977 had deteetialu@s > 0.05, and 315,841 had detection
p-values < 0.05. (B) Macaques: For probes meeting the alignment filter criteria (i), 2,586 had deteahims p

> 0.05, and 26,117 had detectionyalues < 0.05. For probes meeting the gene symbol filter criteria (ii), 7,442
had detection{values > 0.05, and 157,312 had detectiovalpies < 0.05. For all probes that successfully
mapped to the baboon genome withadues < &°, had only unique BLAST hits, and targeted a CpG site,
17,821 had detectionymalues > 0.05, and 317,225 had detectiaralpies < 0.05. (C) Vervets: For probes
meeting the alignment filter criteria (i) 2,007 had detectimalpes > 0.05, and 205,643 hadet#ion pvalues

< 0.05. For probes meeting the gene symbol filter criteria (ii), 7,732 had detect#nes > 0.05, and 187,823
had detection{values < 0.05. For all probes that successfully mapped to the baboon genomeakigse< &

10 had only uique BLAST hits, and targeted a CpG site, 15,405 had detectiatups > 0.05, and 321,381

had detection{values < 0.05. (D) Chimpanzees: For probes meeting the alignment filter criteria (i), 6,120 had
detection pvalues > 0.05, and 616,699 had detectisalues < 0.05. For probes meeting the gene symbol filter
criteria (i), 3,241 had detectionyalues > 0.05, and 270,065 had detectivalpies < 0.05. For all probes that
successfully mapped to the baboon genome withlges < &° had only unique BAST hits, and targeted a

CpG site, 9,982 had detectiorvalues > 0.05, and 647,931 had detectiovajpes < 0.05. (E) Marmosets: For
probes meeting the alignment filter criteria (i), 595 had detectnmdyes > 0.05, and 74,004 had detection p
values < 5. For probes meeting the gene symbol filter criteria (ii), 3,993 had detesatadngs > 0.05, and
81,777 had detectionyalues < 0.05. For all probes that successfully mapped to the baboon genome with e
values < &9, had only unique BLAST hits, andrgeted a CpG site, 7,481 had detectiommloes > 0.05, and
135,926 had detectionyalues < 0.05. (F) All NHP Species Combined: For probes meeting the alignment filter
criteria (i), 201 had detectionyalues > 0.05, and 41,875 had detectiorajues <0.05. For probes meeting the
gene symbol filter criteria (ii), 770 had detectiongues > 0.05, and 35,478 had detectiarajues < 0.05.
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Figure S4. Normalized and Filtered Methylation Data.

Density plots ob-values after normalization and probeeiihg using the alignment criteria (i) or gene symbol
criteria (ii) for baboons (A), macaques (B), vervets (C), chimpanzees (D), marmosets (E), and all the
combination of all taxa together (F), respectively.
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Figure S5. Results of NHP Morphological Meastements.
Plot of linear morphological measurements in each species. Plot depicts the average measurement in millime
with error bars displaying one standard deviation in each direction. See File S2 for additional details.
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Figure S6. Methylation Levek at SpeciesSpecific DMPs with Variousgp bThreshold Cutoffs Identified in

the Inter-Specific Study.

Heatmap depicting (A) the DNA methylation leveisv@lues) of all speciespecific DMPs (xaxis) in all NHP
samples (n=58), (B) the DNA methylation levéissalues) of all speciespecific DMPs with average absolute
o bvalues greater than 0.1 between each taxonomic greapigXin all NHP samples (n=58), (C) the DNA
methylation levelsf values) of all speciespecific DMPs with average absolufgbvalues greater than 0.2
between each taxonomic groupdxis) in all NHP samples (n=58), and (D) the DNA methylation levels (
values) of all speciespecific DMPs with average absoluafgvalues greater than 0.3 between each taxonomic
group (xaxis) in d NHP samples (n=58). The sex and age of each NHP are also prowvded)yRed

indicates higher methylation at a DMP, while blue indicates lower methylation at a DMP. The dendrogram of
all samples (yaxis) clusters individuals based on the similarityheir methylation patterns. Samples cluster
into the large taxonomic groupings of New World monkeys, Old World monkeys, and apes, but Old World
monkeys do not cluster by species for any of these filtering levels. See File S4 for additional details.

10



Figure S7. Phylogeny Based on Individualevel Global Changes in Methylation.

Observed phylogenetic relationship among NHPs when considering indiése&blobal changes in

methylation. This tree was constructed using the methylation levels for bé 6halized 39,802 filtered

probes. | used Euclidean distances to calculate the difference between every two individuals, and estimated
neighbor joining tree using this distance matrix. For the resulting tree, 1000 bootstraps were performed to
determineconfidence values for each branch. The number provide at each node indicates the number of
bootstrap replicates that support it out of the 1000 performed.
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