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ABSTRACT

Background

Human placental DNA methylation (DN Ame) data is a valuable resource for studying sex
differences during gestation, as DNAme profiles after delivery reflect the cumulative effects of
gene expression patterns and exposures across gestation. Here, we present an analysis of sex
differences in autosomal patterns of DNAme in the uncomplicated term placenta (n=343) using
the Illumina 450K array.

Results

Using a false discovery rate < 0.05 and a mean sex difference in DNAme beta value of > 0.10,
we identified 162 autosomal CpG sites that were differentially methylated by sex, and that
replicated in an independent cohort of samples (n=293). Several of these differentially
methylated CpG sites were part of larger correlated regions of differential DNAme, and many
also exhibited sex-specific DNAme variability. Although global DNAme levels did not differ by
sex, the majority of significantly differentially methylated CpGs were more highly methylated in
male placentae, the opposite of what is seen in differential methylation analyses of somatic
tissues. Interestingly, patterns of autosomal DNAme at these significantly differentially
methylated CpGs organized placental samples along a continuum, rather than into discrete male
and female clusters, and sample position along the continuum was significantly associated with
maternal age and newborn birthweight standard deviation.

Conclusions

Our results provide a comprehensive analysis of sex differences in autosomal DNAme in the

term human placenta. We report a list of high-confidence autosomal sex-associated differentially
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methylated CpGs, and identify several key features of these loci that suggest their relevance to

sex differences observed in normative and complicated pregnancies.

KEYWORDS
DNA methylation, placenta, sex as a biological variable, sex differences, microarray, [llumina

450K array, epigenetics, pregnancy

BACKGROUND

Sex is a key variable that influences biological systems from the level of the cell to the level of
the organism. Considering cells, tissues, and organs, biological sex is typically defined by sex
chromosome complement, which largely corresponds with the gonadal sex of the organism (1).
Biological sex is of particular importance in the study of human pregnancy and prenatal
development as male fetal sex is a risk factor for several pregnancy complications including
preterm birth, intrauterine growth restriction, and maternal gestational diabetes (2—6). Sex
differences during prenatal development are likely affected by sex differences in the placenta, the
organ critical for regulating growth and development of the embryo/fetus throughout gestation.
Except in rare cases, placental cells harbor the same sex chromosome complement as the fetus,
and sex differences in placental function, for example placental response to infection and stress,

could contribute to sex differences in fetal growth and development (5,7,8).

Placental DNA methylation (DNAme) data provide valuable resource for studying sex
differences during gestation, as DNAme profiles after delivery reflect the cumulative effects of

gene expression patterns and exposures across gestation. In any tissue, when evaluating sex-
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specific DNAme both autosomal and X chromosomal loci should be considered. Sex differences
in X chromosome DNAme are extensive and expected, as DNAme plays a key role in the
process of X chromosome inactivation (XCI), by which the one X chromosome in female cells
becomes epigenetically silenced via the accumulation of heterochromatic marks (9,10). In
contrast, the extent to which sex differences in autosomal DNAme patterns exist is less clear.
Initial reports of sex-specific autosomal DNAme based on microarray data were later deemed
false positives, attributed to probes determined in silico to have high sequence affinity to bind
multiple genomic regions, many of which map to both autosomal and X or Y-linked loci (11,12).
The removal of CpG sites measured by such cross-hybridizing probes is now commonplace prior
to most analyses of DNAme data, but rarely are sex differences at the remaining autosomal CpGs
investigated. As a result, literature investigating sex differences in placental autosomal DNAme
and gene expression patterns is sparse. However, the handful of studies conducted using
placentae from uncomplicated pregnancies suggest that the placenta harbors an appreciable
number of autosomal loci with sex-specific DNAme profiles (13,14) and that a large proportion

(potentially up to 60%) of sex-differentially expressed placental genes are autosomal (15,16).

In the context of pregnancy, autosomal epigenome-wide association studies are routinely
conducted to investigate the effects of factors such as disease phenotypes including preeclampsia
and intrauterine growth restriction, and environmental exposures such as pollution or maternal
smoking, on the placental epigenome (17-22). Understanding how biological sex is associated
with autosomal DNAme is a relatively unexplored facet of prenatal epigenetic research, and may
shed light on the factors contributing to sex differences observed in growth and development

throughout gestation. This study seeks to comprehensively characterize sex differences in the
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92 uncomplicated, full-term (> 37 weeks of gestation) placental epigenome, with the aim of
93  establishing a baseline of sex differences observed in the placental epigenome.

94

95 METHODS

96 Datasets

97  For the discovery cohort, placental Illumina Infinium HumanMethylation450 (450K) DNAme
98  data obtained from liveborn deliveries were compiled from seven publicly available datasets
99  from five North American cohorts (n=585). Datasets were selected on the basis of available
100  infant birthweight and self-reported maternal ethnicity corresponding to one of three major
101  ethnic identities (Black/African/African American, Asian/East Asian, European/White). The
102  datasets compiled in this step include GSE73375 (n=9, North Carolina, USA) (23), GSE75428
103 (n=289, Rhode Island Child Health Study, Rhode Island, USA) (24), GSE98224 (n=9, Toronto,
104  Canada) (25), GSE74738, GSE100197, GSE108567, and GSE128827 (n=34, all Epigenetics in
105  Pregnancy Complications Cohort, Vancouver, Canada) (26—29). These data were utilized as
106  described in Yuan et al. 2019, to generate PlaNET, the Placental DNAme Elastic Net Ethnicity
107  Tool, which estimates metrics of genetic ancestry from placental DNAme datasets (28).
108
109
110
111
112
113

114
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115 Table 1. Demographic characteristics of discovery and replication cohorts.
Discovery Replication
Female (n=177) Male (n=164) p value Female (n=137) Male (n=156) p value
Gestational Age
Weeks 39.0 (x1.1) 39.1(£0.9) 0.53 39.6 (x1.1) 39.7 (x 1.0) 0.28
Condition
Healthy term 100 100 0.02 114 125 0.10
SGA 37 45 9 4
LGA 40 19 13 24
Pl1aNET' Scores
Coordinate 1 (mean 0.10 (+0.25)  0.07 (£ 0.23) 0.27 0.0009 (+ 0. 0.0012 (= 0.000024
(SD)) 0016) 0.0018)
Coordinate 2 (mean 0.11 (£0.26)  0.05(x0.14) 0.37 | 0.0038 (+ 0.0270) 0.0032 (+ 0.011
(SD) 0.0103)
Coordinate 3 (mean 0.78 (= 0.36) 0.88 (= 0.27) 0.23 0.9956 (£
(SD)) 0.9951 (+ 0.0279) 0.0111) 0.001

SD refers to standard deviation, SGA and LGA refer to small (<10" centile) and large (>90" centile) birthweight
for gestational age within each sex, as assigned by the original publications. *p values are from Wilcoxon rank-
sum tests for continuous and Fisher’s exact test for categorical variables.” PIaNET coordinate 1 is associated with

African ancestry, coordinate 2 with Asian ancestry, and coordinate 3 with European ancestry (28).

116  For replication analyses, an independent North American dataset was used, the New Hampshire
117  Birth Cohort Study, New Hampshire, USA (n=293), GSE71678. Samples from the replication
118  dataset were kept independent from the discovery cohort during preprocessing and analysis,
119  analogous methods were used in both cohorts.

120

121 Verification of sample sex and identity

122 In both the discovery and replication cohorts, two approaches were used to verify that the sex
123 chromosomal complement of each sample corresponded to the sample sex as annotated in the
124 metadata. First, samples were subjected to hierarchical clustering on DNAme f3 values (a metric
125  ranging from 0 to 1 reflecting percent methylation) from only CpGs mapping to the X and Y
126  chromosomes (n=11,648). Two major clusters corresponding to male (XY) and female (XX)

127  samples were observed. Subsequently, samples were clustered using only the 3 values associated
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128  with five CpGs in the X inactivation centre, which reflects the X chromosome complement as
129  these probes are proportionally methylated to the number of chromosomes silenced by XCI (10).

130  Again, two major groups of samples were observed: samples annotated as female fell into one

131  cluster that we deemed “XX”, while samples annotated as male fell into the second, deemed the

132 “X” cluster as this check gives no information about Y chromosome complement. Samples were

133 confirmed to be male or female if both sex chromosome clustering checks agreed with sex as
134  annotated in the sample metadata.

135

136  Additionally, all samples were confirmed to be genetically unique using the “ewastools” R

137  package (30). Two samples were found to be genetic duplicates in the replication cohort; after
138  confirming by clustering on beta values from the 65 rs probes, these samples were both excluded
139  from downstream analyses. Following sex and identity verification, the 65 rs genotyping probes
140  on the 450K array and 11,648 CpGs mapping to the X and Y chromosomes were removed from
141  both the discovery and replication datasets.

142

143 Data processing and ancestry estimation

144 All samples from the discovery cohort (n=585) were subjected to routine filtering and

145  normalization as described in Yuan et al. 2019 (28). Briefly, CpGs removed included those

146  targeted by non-specific probes (31,32), known placental-specific non-variable CpGs (range of
147 B values < 0.05 between the 10"-90™ centile in all samples in this cohort) (33), and those with
148  poor quality data (detection P value > 0.01 or bead count < 3 in more than 1% of samples) (34).
149  Data were normalized by the normal exponential out-of-band (noob) and beta mixture quantile

150 (BMIQ) normalization methods from the R packages “wateRmelon” and “minfi”, respectively
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151  (35). Samples were assigned values in three continuous ancestry coordinates, reflecting the

152 probability of each sample being similar to 1000 Genomes Project populations of African, Asian,
153 and European descent (28). Following the development of PIaNET, probes targeting

154  polymorphic loci were also removed from this cohort (31,32), as were samples born before term
155 (<37 weeks gestation) and/or affected by preeclampsia; this left 324,104 autosomal CpGs in 341
156  samples available for sex-specific DNAme analysis.

157

158  The replication cohort was processed similarly; first, samples were restricted to those born >37
159  weeks of gestation, no other pregnancy complications affected these samples according to the
160  metadata. Next, ancestry was estimated using PIaNET, all samples were found to be

161  predominantly of European ancestry, as reported in the original publication (21), and filtering
162  was conducted identically to the discovery cohort. To correspond with the original publication of
163  this dataset, functional and noob normalization were performed (21). After filtering and

164  normalization, 341,939 autosomal CpGs in 293 samples remained for replication analyses.

165

166  Global sex-specific DNAme profile analyses

167  In order to study sex differences in global DNAme profiles, mean DNAme [ values by sex at
168 324,104 filtered autosomal loci and 12,329 additional CpGs annotated to autosomal Alu and

169  LINEI repetitive elements were investigated by non-parametric Kruskal-Wallis tests. CpGs in
170  repetitive regions were identified by the overlap of Illumina probe locations and the UCSC hgl19
171  RepeatMasker track (36). The non -filtered dataset (n=473,929 CpGs, 341 samples) was used for
172 this analysis as exclusion of CpGs in repetitive elements is a standard preprocessing step in

173 EWAS. Additionally, sex differences in the proportions of fully methylated (§ > 0.99), highly
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174  methylated ( > 0.90), lowly-methylated (3 < 0.10), and unmethylated ( < 0.01) autosomal CpG
175  sites in the filtered dataset were evaluated by Wilcoxon rank-sum tests.

176

177  To test whether placental cell composition differed by sex, the relative proportions of

178  trophoblast, syncytiotrophoblast, stromal, endothelial, Hofbauer, and nucleated red blood cells in
179  all discovery cohort samples were estimated using the reference-based method implemented in
180  PIaNET (28). Sex differences in cell type proportions were evaluated using a linear model with
181  cell type proportion as the outcome variable, adjusting for gestational age, dataset location of
182  origin (location), and PlaNET-inferred ancestry coordinates 2 and 3, included as continuous

183  additive covariates in the linear model. As the predicted ancestry coordinates are compositional,
184  coordinates 2 and 3 were selected as they had the highest mean values across samples of the 3
185  coordinates.

186

187  Identification of site-specific sex-associated autosomal DNAme

188  Sex-specific autosomal differentially methylated positions (DMPs) were identified in the

189  discovery cohort by linear modelling on log-transformed  values (M-values) using the limma
190  package in R (37); gestational age, dataset of origin (location), and PlaNET coordinates 2 and 3
191  were included as covariates. Sex differences in DNAme [3 values at each individual CpG site

192 were calculated as AP = Average Male 3 — Average Female 3. Multiple test correction was

193  performed with the Benjamini-Hochberg false-discovery rate (FDR) method. In the replication
194  cohort, a similar model was used except that PlaNET-inferred ancestry coordinates were not

195  included in the linear model, as the PlaNET-estimated ancestry of all 293 samples was extremely

196  homogeneous (predominantly European), see Supplementary Figure 1. For all downstream
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197  analysis, DMPs were considered replicated if they satisfied the following criteria in GSE71768:
198  FDR < 0.05 and AB > 0.05 in the same direction as the discovery cohort.

199

200  BLAST analysis for cryptic sex chromosome-associated DNAme

201  Next, DMPs were evaluated for evidence of probe cross hybridization to other genomic loci,
202  especially the sex chromosomes. As described in Chen et al. 2011, command-line nucleotide
203  BLAST (blastn) was performed on the 50 nucleotide probe sequences for all replicated DMPs,
204  searching against four versions of hg19 (in silico bisulfite converted fully methylated and fully
205  unmethylated, both forward and reverse complement) (12). BLAST results representing the
206  intended hybridization targets per the Illumina 450K array manifest were removed from the list
207  of results, remaining sequences were considered non-specific with a BLAST match of at least 40
208  sequential nucleotides and a nucleotide match at position 50. Non-specific DMPs with matches
209  onthe X or Y chromosome were removed from the list of replicated DMPs used in downstream
210  analysis.

211

212 Gene ontology analyses

213 An enrichment analysis of biological process terms from the Gene Ontology collection was

214  conducted on the genes associated with DMPs that replicated in our second cohort using the

215  “gometh” and “goregion” functions from missMethyl, which accounts for potential bias from

216  Illumina arrays measuring DNAme at multiple CpGs per gene (38). Genes associated with all
217 324,104 autosomal CpGs tested for differential DNAme by sex were used as the background set.
218  Gene ontology terms satisfying a threshold of FDR < 0.05 were considered significantly enriched

219  in the geneset associated with the top DMPs.

10
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220

221  Proximity to transcription factor binding motifs

222 DMPs were examined for enrichment in proximity (100bp window with the CpG of interest at
223 the centre) to transcription factor binding motifs from Homo sapiens Comprehensive Model
224 Collection (HOCOMOCO) version 11 as compared to the background list of 324,104 filtered
225  autosomal CpGs; this analysis was conducted using the CentriMo tool for local enrichment

226  analysis from the Multiple Em for Motif Elicitation (MEME) Suite browser tool (39—41). In
227  addition, enrichment for androgen receptor (AR) and estrogen receptor (ER) a and B binding
228  sites within a 100bp window with the CpG of interest at the centre was tested as compared to the
229  input filtered autosomal probe set. Genomic coordinates of AR and ER binding sites were

230  obtained from Wilson et al. 2016 and Grober et al. 2011 (42,43); enrichment was assessed using
231  exact goodness-of-fit tests.

232

233 Relationship between sex-specific DNAme and differentially expressed genes by sex

234  Preprocessed and normalized placental gene expression data was downloaded for GSE75010,
235  collected with the Affymetrix Human Gene 1.0 ST Array (44). Non-preeclamptic samples from
236  this cohort born at or after 37 weeks of gestation were selected for our analyses (n=34, 47%

237  female). The 65 genes covered by the Affymetrix array that overlapped replicated DMPs were
238  tested for differential expression by sex via linear modelling, adjusting for maternal hypertension
239  (yes/no), self-reported ethnicity, and gestational age at birth. Genes were considered

240  differentially expressed by sex at nominal significance (p < 0.10).

241

242 Further characterization of differentially methylated CpG sites

11
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243  Differentially methylated genomic regions (DMRs) were identified using the R package

244  DMRcate with lamba=1000 and C=2 considering all 324,104 autosomal CpGs (45). DMRs were
245  considered significant at an FDR < 0.05 if comprised of at least 3 CpG sites with a mean Af}

246 across the region of > 0.05 in either direction, calculated as AR = Average Male 3 — Average

247  Female . A lower AP was tolerated in this analysis as it was a regional average.

248

249  DNAme loci that were differentially variable methylated positions by sex (DVPs) were identified
250  using the IEVORA function from the “matrixTests” R package, with all 324,104 autosomal

251  CpGs as input (46). This method was selected as it ranks selected features by differential mean
252 DNAme t-test p values to decrease the likelihood of identifying differentially variable positions
253  driven by single sample outliers (46).The cut and cutBfdr thresholds used were 0.05 and 0.001,
254  respectively.

255

256  Sex continuum analysis

257  For a subset of samples from the Vancouver cohort (datasets GSE74738, GSE100197,

258  GSE109567, GSE12887, n=34, 53% female), we had access to extended clinical information
259  beyond the demographics presented in Table 1. These samples were selected from the discovery
260  cohort to investigate associations between various clinical phenotypes and sample score along
261  the first principal component of the 162 DMPs. Relationships between demographic variables
262  and sample scores along the first principal component (PC1) were assessed by linear modelling,
263  with PCI score as the outcome variable and each clinical variable used as a predictor in

264  independent models. Categorical variables informative across all samples included 450K array

265  row, chip, and batch, positive maternal serum screen, and delivery type. Continuous variables

12
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266  informative across all samples included gestational age, maternal body mass index, maternal age,
267  birth weight, birthweight standard deviation z-score corrected for infant sex and gestational age,
268  processing time between delivery and placental sampling, and the estimated proportion of major
269  placental cell types estimated using the PIaNET algorithm.

270

271  RESULTS

272  Genome-wide measures of DNAme do not differ by placental sex

273  To investigate whether female (XX) and male (XY) term placentae had different global DNAme
274  profiles, we tested for an association between sex and genome-wide DNAme using all autosomal
275  CpGs in the filtered dataset (n=324,104). Neither the overall mean 3 value nor the proportions of
276  highly methylated (> 0.90), fully methylated (> 0.99), or lowly methylated (< 0.10) and

277  unmethylated (< 0.01) autosomal CpGs differed by sex in this cohort. Repetitive elements are
278  frequently interrogated as surrogates for global DNAme as they comprise roughly 30% of all
279  genomic nucleotides, as well as 30% of CpG dinucleotides (47). However, sex was not

280  significantly associated with mean DNAme at Alu or LINE1 repetitive elements (Kruskal Wallis
281  p>0.05).

282

283  DNAme profiles obtained from bulk tissue such as whole blood, buccal swab, and placenta

284  reflect the proportion-weighted composite methylomes of all contributing cell types. When

285  studying bulk tissue DNAme, it is important to consider how sampling procedures and/or

286  biology may alter relative cell type proportions in a biological sample, and how this may be

287  reflected in results (48). We used the reference-based PIaNET algorithm to estimate the relative

288  proportions of major placental cell types (trophoblasts, syncytiotrophoblasts, stromal cells,

13
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289  Hofbauer cells (placental macrophages), and endothelial cells), and found that the relative cell
290  type proportions did not differ by placental sex (Figure 1).

291

292  Male placentae show higher DNAme at a subset of autosomal loci

293 A linear model was fitted on M-values to test for differential DNAme by sex in the filtered

294  dataset (n=324,104 autosomal CpGs), adjusting for gestational age at birth, dataset, and inferred
295  genetic ancestry. The number of sex-associated CpG sites at various statistical (FDR) and

296  biological (APB) thresholds were considered to evaluate the extent to which autosomal DNAme
297  profiles in the placenta are affected by sex (Table 2).

298

299  To focus on CpGs more likely to be reproducible in future studies (27), CpGs were considered
300 significantly differentially methylated by sex if they satistied an FDR < 0.05, and an absolute AP
301 > 0.10 between males and females. In total, 166 sex-associated differentially methylated

302  positions (DMPs) fit these stringent criteria, of which 92% were more highly methylated in male
303  samples than in females, a pattern that was observed across all thresholds considered (Figure 1,
304  Table 2). See Supplementary Table 1 for the results of all investigated autosomal CpGs.

305

306 Table 2. Results of linear modelling for sex-specific autosomal DNAme.

AB>0 AB > 0.05 AB > 0.10 AB > 0.20
FDR < 0.05 24,715 (0.74) 2,942 (0.87) 166 (0.92) 4 (1.00)
FDR < 0.01 14,108 (0.80) 2,682 (0.88) 166 (0.92) 4 (1.00)

307  Number of significantly differentially methylated autosomal positions at various statistical and biological thresholds
308 are shown. FDR indicates the Benjamini-Hochberg false discovery rate, AR refers to the difference in DNAme 3
309 value (male-female) and indicates the biological effect size between the sexes. The numbers in brackets indicate the

310  proportion of sites at each threshold level that are more highly methylated in male placentae.

14
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311
312  We hypothesized that some DMPs may contribute to larger regions of correlated sex-specific

313  DNAme, as several of the DMPs overlapped the same genes and genomic regions. To test this,
314  we performed differentially methylated region (DMR) analysis in the discovery cohort.

315  Significant DMRs were identified based on criteria of FDR < 0.05, spanning at least 3 CpGs, and
316  having a mean AP > 0.05 across the region, a lower A} was utilized in DMR analysis than in
317 DMP analysis, as it reflected the average DNAme [ of all composite CpGs. Eighty-seven DMRs
318  comprised of 435 CpGs satisfied these criteria. The 87 DMRs ranged in size from 36 to 3306
319  Dbase pairs (mean 890 base pairs) and were comprised of an average of 5 CpGs per DMR; these
320 regions were on average 6.3% differentially methylated between the sexes. Of the 87 DMRs, 29
321  (33%) included one or more of the 166 identified DMPs, and conversely, 46 of the 166 DMPs
322 (28%) were part of DMRs. It is likely that most of these DMPs are part of local regions of

323  differential DNAme, but that the array coverage is not sufficient for their detection. Genes

324  overlapping sex-specific DMRs included several from the chemokine ligand CCL family (2, 11,
325  13), the keratin KRT family (6, 74), the LCE family (1B, 6A), the SPRR family (1A, 2A, 2C, 4),
326  and the ZNF family (423, 300), including ZNF300 and ZNF423, see Figure 2. SERPINA6

327  overlapped a DMR more highly methylated in male samples. For a list of all identified DMRs,
328  see Supplementary Table 2.

329

330 [ INSERT FIGURE 1 ]

331  Figure 1. Sex differences in autosomal DNAme patterns by placental sex.

332 (A) Estimated cell type proportions by sex in the discovery cohort, estimated using the R

333 package PlaNET. Cell type proportions do not significantly differ by sex (p>0.05). (B) Volcano

334  plot of all 324,104 autosomal CpG sites in the discovery cohort. Thresholds of statistical and

15
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335  biological significance are depicted by horizontal (FDR < 0.01) and vertical (AB > 0.10)

336 intercepts. Significantly differentially methylated autosomal CpG sites by sex (FDR <0.01, AB >
337  0.10) are highlighted in colour to indicate direction of sex-biased DNAme. CpG sites in yellow
338  have significantly higher average male DNAme at these thresholds, red sites exhibit higher

339  female DNAme. CpG sites not significantly differentially methylated by sex at these thresholds
340  are in grey. Each point represents a single CpG site, A= Pavgmale- Pavgfemale. The most

341  differentially methylated CpG sites are annotated with associated genes names. (C) The number
342 of differentially methylated (FDR<0.05) CpG sites at various AP thresholds; DMPs that are more
343 highly methylated in male samples are indicated in red, DMPs more highly methylated in female
344  samples are indicated in orange. (D) Percentage of DMPs at various AP thresholds that replicate
345  (FDR<0.05, AB same direction) in GSE71678, colored by sex with higher DNAme. (E) For all
346  DMPs at the AP thresholds considered, the percentage of DMPs with higher male DNAme.

347

348  More highly variable DNAme loci in female placentae

349  In addition to differences in mean DNAme at individual CpGs (DMPs), the DNAme variability
350 may also vary by sex (DVPs). We undertook a DVP analysis in this study as part of a

351 comprehensive characterization of sex differences in the placental DNA methylome, as to our
352 knowledge no previous placental DVP studies have been reported, including related to sex.

353  Differential variability in DNAme is an intriguing molecular feature often identified in cancer,
354  which has many molecular correlates to successful placentation (49). A total of 3,148 significant
355 (FDR <0.001) DVPs were identified between the sexes, the majority of which were more highly
356  variable in female samples than in male samples (n=3,170, 82%). Although no biological

357  processes were significantly overrepresented in the gene set associated with these DVPs, the 6
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358 nominally significant (p < 0.05) biological processes associated with DVPs between the sexes
359  were related to cornification and keratinization, as well as neurological processes such as axon
360  guidance, cerebral cell migration, glial cell-derived neurotrophic factor receptor signaling,

361  negative regulation of neuron apoptosis, and dopamine uptake in synaptic transmission.

362 Interpreting gene ontology enrichment analysis results in the placenta is difficult, though, as
363  functional gene annotations provided in public databases are not placenta-specific, and genes in
364  the placenta may function differently than in other tissues. Additionally, 19 of the DVPs were
365 also DMPs (FDR < 0.05 and AB > 0.10) including CpG sites in the SPONI gene, see Figure 2.

366  The results of the differential variability analysis are available in Supplementary Table 3.

367

368  Replication of sex differences in DNAme

369 In EWAS studies, it is important to evaluate the robustness of any findings in an independent
370  dataset to increase the likelihood of true positive findings. For replication, linear modelling was
371  conducted to identify DMPs by sex in an independently processed Illumina 450K dataset,

372 GSE71678 (n=293, 47% female). Because differences in DNAme (AP) are related to both

373  biological and technical variables, and can vary for technical reasons alone by as much as 0.03-
374 0.05, we used a less stringent AP threshold to define replication (27,33). Of the 166 DMPs

375  identified in the discovery cohort, 98% (n=163) replicated at an FDR < 0.05 and AP > 0 in the
376  same direction as observed in the discovery cohort, see Figure 1.

377

378  Genomic cross-reactivity of probes underlying sex-specific DNAme

379  DNAme at CpGs targeted by Illumina’s DNAme microarray is measured by 50 nucleotide

380  probes that may cross-hybridize to off-target autosomal and sex chromosomal loci, and therefore
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381  have the potential to yield false positive results for sex-specific autosomal DNAme (12). To

382  exclude the possibility that the sex-specific autosomal DNAme observed in this study was the
383  result of sex chromosome cross-reactivity, we BLAST-ed the probe sequences associated with
384  the replicated 163 DMPs against the hg19 human reference genome. We assessed all BLAST
385  results matching greater than 40 nucleotides of the probe body with >90% sequence identity, and
386  overlapping the 50" nucleotide position (the CpG, hybridization at this nucleotide required for
387  single base extension and fluorescence detection). Chen et al. and Price et al. used similar criteria
388  define potential cross-hybridization (31,32), although we chose to tolerate sequence matches

389  with gaps in the interest of discovering even low-probability cross-reactivity to the sex

390  chromosomes, as other studies have shown that 50-mer microarray probes may cross-hybridize
391  to unintended regions with as little as 75-80% sequence identity if as few as 14 contiguous

392  nucleotides match (50).

393

394 At these thresholds, only one probe showed evidence for possible cross reactivity to the sex

395  chromosomes: cg02325951, which underlies a CpG site in the gene body of FOXN3. In the

396  ProbeSeqA target sequence for this probe, 43 nucleotides match a region on the p arm of the X
397  chromosome, approximately 1kb upstream of HSD17B10 (chrX: 53467618-53467660). As we
398  could not confidently determine whether the sex-specific DNAme observed at this CpG could be
399  attributed to the intended genomic target (chr14: 89878619-89878668), we chose to exclude this
400  CpG from downstream analyses of replicated hits (Supplementary Figure 2). This probe has

401  previously been reported to be differentially methylated by sex in the placenta (13,14).

402

403  Characterization of autosomal sex-specific DMPs
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404  The remaining 162 replicated and BLAST-ed DMPs were subsequently investigated for

405  biological meaning. We observed no enrichment of specific genomic region locations (gene

406  bodies, promoters, intragenic regions), on any particular autosomal chromosome, or for their
407  position relative to CpG islands (located in CpG islands, shores, or shelves). Gene ontology

408  analysis revealed significant enrichment for 10 biological process terms, which could be largely
409  divided into two categories, the first related to chemokines/chemotaxis and immune function
410  (chemotaxis; eosinophil, monocyte, and lymphocyte chemotaxis; chemokine-mediated signaling;
411  cellular response to interleukin-1), and the second related to epithelial barrier function (peptide
412 cross-linking, keratinocyte differentiation, keratinization, and cornification).

413

414  Association with gene expression and transcription factor binding sites

415  We then tested whether the 65 genes associated with the 162 DMPs displayed sex-biased

416  expression patterns. Of these 65 genes, only 8 were significantly differentially expressed

417  between male and female placentae (p < 0.10), however this cohort of uncomplicated term

418  placentae was small and therefore lacked statistical power (n=34 samples, 47% female). One
419  such differentially expressed gene was ZNF300, which harbored a promoter DMP more highly
420  methylated in males, and was more highly expressed in female placentae. ZNF300 has been

421  previously reported to be more highly expressed in 46,XX human placentas (16).

422

423 Changes to DNAme at transcription factor binding motifs genome-wide can affect the efficiency
424  of TF binding, either positively or negatively depending on the transcription factor, and may thus
425 interact with gene expression patterns (51). Binding motifs for six transcription factors were

426  significantly overrepresented within 100 nucleotide windows around the top DMPs (adjusted P
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427  value <0.05 and CentriMo E-value < 1). These included motifs for AHR, ATF3, GMEB2,

428  ZBT14, and two binding motifs for the KAISO protein (encoded by ZBTB33), see Table 3.

429  ZBTB33 is located on the X chromosome (Xq24), while the other transcription factors are

430  encoded by autosomal genes. These transcription factors AHR, ATF3, GMEB2, ZBTB33, and
431  ZBTBI14 were confirmed to be robustly expressed in the term placenta using dataset GSE75010,
432  all five were more highly expressed than the median expression log2 counts-per-million of all
433 placentally-expressed transcripts.

434

435 Table 3. Transcription factor binding motifs overrepresented within 100bp of the top 162 DMPs.

Motif ID Coding Gene Chromosome Consensus Seq E-value  adj P value
AHR HUMAN.H11MO.0.B AHR 7 DTYGCGTGM 0.00 5.60E-14
ATF3 HUMAN.HI1MO.0.A ATF3 1 GGTSACGTGAB 0.04 5.30E-05
GMEB2 HUMAN.H11MO.0.D GMEB?2 20 NBKTACGTVRN 0.00 2.50E-08
KAISO HUMAN.HI1IMO.0.A ZBTB33 X SARRYCTCGCGAGAV 0.00 9.30E-09
KAISO HUMAN.H11MO.1.A ZBTB33 X TMTCGCGAGAN 0.00 1.30E-06
ZBT14 HUMAN.H11MO.0.C ZBTB14 18 GGAGCGCGC 0.09 1.20E-04

436 Consensus sequences are indicated with IUPAC nucleotide codes. E values refer to the central enrichment test

437 statistic employed by CentriMo, indicating the likelihood for motif enrichment near the DMP.

438

439  We further tested whether the 162 DMPs were enriched for proximity to ER o and 3 and AR
440  binding sites, as molecular sex differences can arise in general from the action of either sex
441  chromosomes or sex hormones (1). We found no enrichment for ER o/ or AR binding sites
442  within 200 base pair windows of the top DMPs, centered around the CpG of interest. However,

443  there were two DMPs that overlapped AR and ER 3 binding sites, respectively. An intergenic
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444  CpG site on chromosome 8 overlapped an AR binding site, while a CpG site in the body of
445  SPONI overlapped an ER f binding site, see Figure 2.

446

447 [ INSERT FIGURE 2 ]

448  Figure 2. Scatterplots of sex-differentially methylated regions and probes in key genes.

449  (A) Differentially methylated region spanning 5 CpGs in ZNF300 in chromosome 5, male

450  samples are indicated in red, females in orange; the CpG coordinates along chromosome 5 are
451  indicated on the X axis, while DNA methylation 3 values for each sample are plotted along the Y
452  axis. CpG sites that are also significantly differentially variable (DVP) are indicated by circular
453  scatter points. Below is the gene model from the UCSC Genome Browser track with the CpG
454  positions indicated. (B) A differentially methylated region in ZNF423, coordinates along

455  chromosome 16 are indicated on the X axis. C) A significantly differentially methylated CpG
456  site in the gene body of SPONI1, this site overlaps an estrogen receptor § binding site.

457

458  Limited overlap of DMPs with previous studies

459  To contextualize the results of this study in the existing literature, we considered the overlap
460  between DMPs identified as sex-associated in this study at an FDR < 0.05 (n=24,715) and two
461  similar previous placental DNAme studies (Table 4) (13,14). Due to different preprocessing
462  criteria, and the fact that both previous studies relied on probes common to the 27k and 450k
463  Illumina DNAme array platforms, not all identified DMPs in these studies were covered by
464  probes in our dataset, and thus we restricted to comparing those that were. There was no overlap
465  between DMPs found in our study and the 17 DMPs from Martin et al. (2017) (13), which only

466  included preterm births <28 weeks of gestational age. However, 84 of the 335 (255) DMPs and
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467  154/335 genes identified by Mayne et al. 2017 were also identified as part of our 166 DMPs
468  (14).
469

470 Table 4. Overlap of placental autosomal differentially methylated CpGs reported in this study with previous

471 literature.

Study Martin et al. 2017 Mayne et al. 2017
Sample size (n, % female) 84 (69%) 62 (56%)
Gestational age (mean weeks) 25.5 >37
Autosomal DMPs (n) 91 420
Autosomal DMPs with higher male 3 (%) 83% 100%
Autosomal DMP probes covered in this study (n) 17/91 335/420
Overlap with present study

FDR<0.05, Ap>0.10 (n=162) 0/17 0/335

FDR<0.05, no AB (n=24,715) 0/17 84/335

Genes at FDR<0.05 (n=6,733) 0/17 154/335

472 Due to differences in probe filtering, not all DMPs reported in previous studies are covered by probes in the filtered
473 dataset of 324,104 autosomal CpGs used here. As such, overlap was only considered at CpGs reported in both the
474 previous studies and the current study. Accordingly, 17/91 DMPs reported by Martin et al. fit this critera, and

475  335/420 DMPs from Mayne et al..

476

477  Combined effect of sex-specific DNAme at DMPs

478  To evaluate the combined effect of differential methylation at the 162 DMPs, we performed

479  principal components analysis on the § values associated with these sites in all samples.

480  Although both PC1 (37.1% variance) and PC2 (4.76% variance) were significantly associated
481  with sample sex (ANOVA p < 0.05, respectively), rather than samples forming clearly delineated
482  “male” and “female” clusters in PC space, they were instead distributed across PC1 in a

483  continuum of sex, see Figure 3.

484
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485  As sex biases are observed in the frequency and severity of many pregnancy complications, we
486  hypothesized that a sample’s position along this continuum of sex (PC1) may be associated with
487  sex-specific clinical features, such as birthweight. Using a subset of 34 samples from the

488  discovery cohort for which we had extended metadata, we tested for a relationship between PC1
489  score and the following variables: positive maternal serum screen, delivery type, gestational age
490  at birth, maternal body mass index, maternal age, birthweight standard deviation z-score adjusted
491  for infant sex and gestational age, and the estimated proportion of major placental cell types

492  estimated using the PIaNET algorithm. We also tested for associations with potential technical
493  confounders including sample processing time after delivery and 450k array row, chip, and

494  batch. When considering both sexes together, no clinical or technical characteristics informative
495  across all samples were significantly associated with sample position along PC1. However, when
496  stratifying analyses by sex, maternal age was significantly positively associated with PC1 score
497  in males (higher maternal age in towards the male end of the continuum), while birthweight

498  standard deviation was significantly positively associated with PC1 score in female samples

499  (higher birthweight standard deviation toward the female end of the continuum).

500

501 [ INSERT FIGURE 3 ]

502  Figure 3. Principal components analysis of DNAme at the 162 significantly sex-differentially
503  methylated CpGs. (A) Density plot of male (M, red curve) and female (F, yellow curve) samples
504  along the first principal component. Principal components analysis was conducted on the

505  discovery cohort based on the DNAme 3 values at the 162 sex-associated DMPs. (B) Scatterplot
506  of principal component 1 versus principal component 2 of the discovery cohort., male (M)

507  samples are plotted in red, females (F) in yellow. (C) Significant associations between clinical
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508  variables and the first principal component in a subset of 34 samples with extended metadata. R?
509 and p values are reported for each significant variable. Yellow arrow indicates female-only
510  significant association, red arrow indicates male-only significant association. PC: principal
511  component.

512

513 We also leveraged the principal components analysis to further investigate the relationship

514  between gestational age and sex chromosome complement with patterns of DNAme at the top
515  differentially methylated loci. Twenty four second trimester and early third trimester samples
516  (21-32 weeks), including three with 45,X chromosome complements were projected into the
517  PCA space associated with the 162 differentially methylated CpG sites in the discovery cohort.
518  The younger gestational age male and female samples still formed a sex continuum, but were
519  localized to the top half of the plot, indicating that PC2 is associated with gestational age

520  (p<2.2e-16). The 45,X samples were found to localize to the ‘male’ side of the first principal
521  component within this cluster of younger GA samples, see Supplementary Figure 4.

522

523  DISCUSSION

524  We undertook this study to identify the extent to which the human placenta exhibits true patterns
525  of sex-specific autosomal DNA methylation, after rigorously accounting for probe cross-

526  reactivity to the sex chromosomes. By compiling a dataset profiling DNAme in 341 term

527  placentae, we identified, replicated, and analyzed the biological significance of sex-associated
528  placental autosomal DNAme. There was no evidence for sex differences in placental cell type
529  proportions underlying autosomal DNAme sex differences, nor was there a significant difference

530  in global mean DNAme level by sex. Turning to individual CpG sites, we identified 162 DMPs
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531 across all autosomes that showed robust DNAme differences by placental sex with no evidence
532 for cross-reactivity to the sex chromosomes. Functionally, these DMPs were enriched to be in or
533 near genes associated with biological process gene ontology terms related to chemokines or

534  chemotaxis and immune function or epithelial barrier function.

535

536  Of'the 162 sex-associated DMPs identified, >90% were more highly methylated in male

537  placental samples than in female samples, and this trend held true at all biological and statistical
538  thresholds considered. Interestingly, EWAS of somatic tissues have revealed the opposite

539  pattern, across studies the majority of somatic sex-associated DMPs are more highly methylated
540  in female samples (52). This has been reported in studies of blood (53,54), buccal swab (53),
541  prefrontal cortex (55), pancreatic islets (56), and also in a meta-analysis of 36 somatic tissues
542 (52). It is interesting to see the opposite trend in placenta (more DMPs with higher male

543  DNAme), but perhaps not surprising, as this pattern was previously reported in a study of

544  placental autosomal DNAme (13). Additionally, a study of placental DNAme by whole-genome
545  oxidative bisulfite sequencing identified that male placentae are on the order of 1-2% more

546  highly methylated overall than females (57); although we saw no significant difference in array-
547  wide average DNAme by sex, this could be related to the uneven probe distribution of the 450K
548  array, which are concentrated in functionally relevant areas (58). While the underlying cause of
549  such a pattern in unclear, our investigation into a limited sample of placentae with a 45,X

550  karyotype may suggest a role for X chromosome dosage. Studies of sex chromosome

551 aneuploidies have revealed extensive influences of X chromosome dosage on DNAme profiles
552 autosomal loci, for example in females affected by Turner syndrome and males affected by

553  Klinefelter syndrome (59,60). Additionally, as it has been proposed that X chromosome
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554  inactivation may be distinct (less complete) in the human placenta as compared to somatic

555  tissues (61), It is possible that the placental inactive X may interact differently with autosomal
556  loci than in somatic tissues.

557

558 In interpreting the biological significance of the 162 sex-associated DMPs, the genes overlapping
559  these loci were enriched for biological process gene ontology terms related to chemokines and
560  chemotaxis, as well as to the process of keratinization. This may suggest that the placenta

561  mediates sex differential immune function and/or placental trophoblast structure or function

562  during gestation, as genes from the KRT or keratin gene family are often used as cell-surface
563  markers of placental trophoblasts (62), the most abundant placental cell type (63). Several genes
564  from the ZNF family also overlapped DMPs and DMRs. ZNF423 and ZNF 300, specifically,
565  overlap DMPs that are more highly methylated in male samples, and are both DNA-binding

566  Kriippel-like C2H2 zinc finger transcription factors (64). ZNF300 has been reported to be more
567  highly expressed in female placentae in a study of first trimester conceptuses (16), this is

568  consistent with the higher male DNAme in the ZNF300 promoter we observe here (Figure 2).
569  ZNF423 was recently reported to regulate networks of gene co-expression (co-expression

570  modules) in the human placenta that are conserved across gestation (15). Along with the ENF'I
571  gene, ZNF423 regulated the most highly conserved placental co-expression module between
572 humans and mice, suggesting the importance of ZNF423 in the regulation of patterns of placental
573  gene expression. To our knowledge, sex differences in placental DNAme of ZNF423 have not
574  previously been reported, nor were sex differences in the ZNF423 co-expression module

575  reported. The sex-specific DNAme observed in this study across ZNF423 could suggest that the

576  conserved placental co-expression module identified by Buckberry et al. may be regulated in a
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577  sex-specific manner. For the plots shown in Figure 2, the location of all CpG sites shown

578 aligned with the RefGene and ChromHMM tracks from the UCSC Human Genome Browser

579  (65) are available in Supplementary Figure 3.

580

581  To understand the extent to which our DMPs were related to sex differences in placental gene
582  expression, we investigated placental microarray expression data for the 65 genes overlapping
583  the 162 DMPs identified. Although 12% of the 65 genes overlapping the 162 DMPs showed sex-
584  specific placental expression, the majority were not significantly differentially expressed by

585  placental sex. This is may be related to the small sample size of the gene expression cohort

586  utilized (n=34), the role of additional factors beyond DNAme in regulating gene expression, and
587  the possibility of alternative splicing and sex-specific isoform expression, which would not be
588  captured in microarray analysis (66). Additionally, sex differences in DNAme at these 162

589  DMPs may be involved in regulating the expression of genes beyond those they overlap, which
590  would not have been captured in this candidate gene expression analysis.

591

592  Both sex chromosome complement and relative sex hormone concentration can influence sex
593  differences during gestation, as the conceptus harbors a sex chromosome complement and fetal
594  testosterone begins to be produced by both sexes in the mid-first trimester (67). In the absence of
595  amniotic fluid hormone measurements, we cannot comment extensively on the role fetal sex

596  hormones play in establishing the DNAme profiles at these DMPs. However, DNAme profiles in
597  female 45,X placental samples appeared more male-like in principal components analysis of the
598 162 DMPs, suggesting X chromosome complement may be associated with sex differences in

599  placental autosomal DNAme. A further link between DMP DNAme profiles and the sex
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600  chromosomes was found in the enrichment for overlap with KAISO protein binding motifs.

601  KAISO is a transcription factor encoded by the X-linked ZBTB33 gene, and has been reported to
602  repress gene expression by binding methylated DNA (68). The fact that ZBTB33 is X-linked may
603  imply the existence of interactions between the sex chromosomal and autosomal loci in the

604  placenta. Furthermore, we found no association of differential DNAme with nearby ER or AR
605  binding sites, making it less likely that hormone effects underly these differences.

606

607  Another outcome of our principal components analysis was the ability to observe associations
608  between DNAme profiles at the 162 DMPs and sample demographic characteristics.

609 Interestingly, we found that across the first principal component, in male samples increased

610 maternal age was significantly associated with falling toward the male extreme of the

611  continuum, while amongst females increased birthweight standard deviation was associated with
612  the female end of the continuum. While maternal age has been positively associated with

613  increased risk of preeclampsia development, we are not aware of sex differences in preeclampsia
614  risk by maternal age (69). Conversely, birthweight standard deviation is a metric that is

615 calculated using sex- and gestational age-adjusted growth curves, and as such is independent of
616  both sex and gestational age. Although birthweight standard deviation was not expected to and
617  did not differ significantly by sex in these cases, within the female samples a higher birthweight
618  standard deviation was associated with those samples localizing toward the female extreme of
619  PCI1. While there are known sex differences in average birthweight, with males tending to be
620  born heavier than females, to our knowledge this is the first report suggesting that placental

621  molecular features may interact with intra-sex birthweight distributions.

622
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623  In comparing the DMPs discovered in this study to findings previously reported in the human
624  placenta (13,14) we observed limited overlap, although all of the 85 DMPs from our study

625  overlapped with previous reports were differentially methylated in the same direction by sex as
626  previously reported. Limited overlap may partially relate to cohort size, as the cohort used in this
627  study is larger than any used previously (341 samples versus 62 and 84 samples), increasing our
628  power to detect true positive sex differences. Despite imperfect overlap with previous studies, we
629  observed a high degree of DMP reproducibility between our discovery and replication cohorts,
630  suggesting that the 162 DMPs identified here show consistent sex differences in placental

631  autosomal DNA.

632

633  We acknowledge several limitations of our findings. First, because the discovery cohort utilized
634  is largely of European and East Asian ancestry, and the replication dataset is comprised

635  exclusively of European ancestry samples (21), our results may not generalize to other ancestral
636  populations. This is a limitation applying to nearly every large-scale epigenome or genome-wide
637  association study (70,71), and inclusion of samples of diverse ancestry should be considered in
638  the construction of future cohorts. Second, although enriched for coverage of functional genomic
639  regions and RefSeq genes, the Illumina 450K array does not provide coverage of all genomic
640  CpGs, specifically in non-coding regions. Higher-resolution technologies such as the Illumina
641  EPIC array or whole-genome bisulfite sequencing can address this limitation. Further, we could
642  not directly examine the relationship between placental DNAme and fetal sex hormone levels in
643  amniotic fluid. We acknowledge that by term, both sex chromosome complement and sex

644  hormone levels have had ample opportunity to exert their effects, and thus we cannot disentangle

645  which patterns of sex-specific DNAme observed may be related to each.
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646

647 PERSPECTIVES & SIGNIFICANCE

648  In summary, we find that autosomal sex differences in DNAme exist in the human placenta, and
649  in contrast to somatic tissues the majority of placental autosomal sex-differentially methylated
650  CpG sites are more highly methylated in male samples. Additionally, patterns of DNAme at

651  these CpG sites suggest that male (XY) and female (XX) placenta vary continuously, rather than
652  discretely, at these autosomal loci. These results are intended to establish a baseline for sex

653  differences existing in the uncomplicated term placenta’s autosomal methylome, and we

654  anticipate that they will be useful to contextualize results of analyses from the placentae of

655  complicated pregnancies, especially those complications with sex-biased phenotypes such as
656  preterm birth and early-onset preeclampsia

657

658 CONCLUSIONS

659  Overall, our study reports high-confidence and large-effect size autosomal sex-associated DMPs
660 in the human placenta, and identifies several key features of these loci that suggest their potential
661  relevance to sex differences observed in normative and complicated human gestations. It remains
662  to be determined how these patterns of sex-specific placental DNAme arise, and what their

663  functional implications are. We hope our findings facilitate future investigation of sex

664  differences in placental molecular features as a means to investigating the causes and

665  consequences of sex differences in pregnancy.
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Figure 3
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