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Summary

Paternal obesity has been implicated in adult-onset metabolic disease in offspring. However, the molecular
mechanisms driving these paternal effects and the developmental processes involved remain poorly
understood. One underexplored possibility is the role of paternally driven gene expression in placenta
function. To address this, we investigated paternal high-fat diet-induced obesity in relation to sperm
epigenetic signatures, the placenta transcriptome and cellular composition. C57BL6/J males were fed either
a control or high-fat diet for 10 weeks beginning at 6 weeks of age. Males were timed-mated with control-
fed C57BL6/J females to generate pregnancies, followed by collection of sperm, and placentas at
embryonic day (E)14.5. Chromatin immunoprecipitation targeting histone H3 lysine 4 tri-methylation
(H3K4me3) followed by sequencing (ChlP-seq) was performed on sperm to define obesity-associated
changes in enrichment. Paternal obesity corresponded with altered sperm H3K4me3 enrichment at
imprinted genes, and at promoters of genes involved in metabolism and development. Notably, sperm
altered H3K4me3 was localized at placental enhancers and genes implicated in placental development and
function. Bulk RNA-sequencing on placentas detected paternal obesity-induced sex-specific changes in
gene expression associated with hypoxic processes such as angiogenesis, nutrient transport and imprinted
genes. Paternal obesity was also linked to placenta development; specifically, a deconvolution analysis
revealed altered trophoblast cell lineage specification. These findings implicate paternal obesity-effects on
placenta development and function as one mechanism underlying offspring metabolic disease.
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51 1 Introduction

52 The placenta is an extraembryonic organ that regulates fetal growth and development, and contributes
53 to long-term adult health (Regnault, Galan, Parker, & Anthony, 2002). Placental defects can result in
54  obstetrical complications such as pre-eclampsia, stillbirth, preterm birth and fetal growth restriction
55 (Brosens, Pijnenborg, Vercruysse, & Romero, 2011). Intrauterine growth restriction (IUGR) in turn, is
56 associated with a heightened risk for adult-onset cardiometabolic diseases, coronary heart disease and
57  stroke, supporting a placental role in long-term health of offspring (Brodszki, Lanne, Marsal, & Ley, 2005;
58  Crispi et al., 2010; Cruz-Lemini et al., 2016; Eriksson, Kajantie, Thornburg, & Osmond, 2016; Menendez-
59  Castro, Rascher, & Hartner, 2018; Mierzynski et al., 2016; Morsing, Liuba, Fellman, Marsal, & Brodszki,
60 2014, Sarvari et al., 2017). Despite the many adverse pregnancy outcomes involving placental defects, the
61 molecular and cellular factors that impact placental development are poorly understood (Naismith & Cox,
62 2021; Perez-Garcia et al., 2018). Until recently, most studies on the origins of placental pathology have
63  focused on maternal factors. For example, placental insufficiency occurs in 10 to 15% of pregnancies, and
64 underlying causes include advanced maternal age (Ales, Druzin, & Santini, 1990; Torous & Roberts, 2020;
65 Wu et al., 2019), hypertension (Krielessi et al., 2012), obesity (Delhaes et al., 2018; Lutsiv, Mah, Beyene,
66 & McDonald, 2015; Maclinnis, Woolcott, McDonald, & Kuhle, 2016; Mission, Marshall, & Caughey, 2015;
67 Sohlberg, Stephansson, Chnattingius, & Wikstrom, 2012), cigarette smoking (Pintican, Poienar, Strilciuc, &
68 Mihu, 2019), drug and alcohol use, and medications (Sebastiani et al., 2018). However, emerging studies,
69 indicate that the paternal preconception environment including diet and obesity also play a critical role in
70 placental development and offspring health (Binder et al., 2015; Binder, Hannan, & Gardner, 2012; Jazwiec
71  etal., 2022; Lambrot et al., 2013).

72 The placenta is a complex tissue arising from the differentiation of distinct cell subtypes important
73 for its functions. In the mouse, the cells that give rise to the placenta, the trophectoderm cell lineage, first
74 appear in the pre-implantation blastocyst at embryonic day 3.5 (E3.5). Blastocyst implantation commences
75 at E4.5, triggering a cascade of paracrine, endocrine and immune-related events that participate in
76 endometrial decidualization. Cells of the trophectoderm overlying the embryonic inner cell mass serve as a
77  source of multipotent trophoblast stem cells (TSCs) that diversify as a result of spatially and epigenetically
78 regulated transcriptional cascades, giving rise to specialized trophoblast-subtypes. The first placental fate
79  segregation is between the extraembryonic ectoderm (EXE) and ectoplacental cone (EPC). Cells of the
80 EPC in direct contact with the decidua give rise to the cells with invasive and endocrine capacity, including
81 trophoblast giants (TGCs), glycocen trophoblast (GlyT), and spongiotrophoblast (SpT). Cells of the chorion
82  will produce two layers of fused, multinucleate syncytiotrophoblast (SynT-I and SynT-Il) and sinusoidal
83 TGCs. From EB8.5, the embryonic allantois becomes fused with the chorion, permitting invagination of
84 mesoderm-derived angiogenic progenitors that form the basis of the placental vascular bed (Hemberger,
85 Hanna, & Dean, 2020). Together, these cells form a transportive interface, the placental labyrinth zone,
86  which is functionally critical for sustaining fetal growth throughout gestation (Rossant & Cross, 2001;
87 Simmons & Cross, 2005). Interhemal transfer between maternal and fetal circulation commences at E10.5,
88 and by E12.5 all terminally differentiated cell types of the mature placenta are present.

89 Genetic studies of placental development using mouse mutants have identified key genes for
90 development, differentiation, maintenance and function (Perez-Garcia et al., 2018; Rossant & Cross, 2001).
91 For example, homeobox transcription factors are required for trophoblast lineage development (e.g. Cdx2,
92 Eomes) (Chawengsaksophak, James, Hammond, Koéntgen, & Beck, 1997; Chen, Wang, Gong, Khoo, &
93 Leach, 2013; Ciruna & Rossant, 1999; Kunath, Strumpf, & Rossant, 2004; Russ et al., 2000), and
94 maintenance of SPT requires Ascl2 and Egfr (Guillemot et al., 1995; Guillemot, Nagy, Auerbach, Rossant,
95 & Joyner, 1994; Sibilia & Wagner, 1995; Tanaka, Gertsenstein, Rossant, & Nagy, 1997; Threadgill et al.,
96  1995).

97 Genomic imprinting refers to monoallelic gene expression that is dependent on whether the gene
98 was inherited maternally or paternally (Ferguson-Smith, Cattanach, Barton, Beechey, & Surani, 1991). The
99 expression of imprinted genes is regulated by DNA methylation, acting in concert with chromatin
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100 modifications, such as histone H3 lysine 4 tri-methylation (H3K4me3) and histone H3 lysine 9 di-methylation
101  (H3K9me2) (Dindot, Person, Strivens, Garcia, & Beaudet, 2009; McEwen & Ferguson-Smith, 2010; Wen
102 et al., 2008). There exists 228 imprinted genes in humans and 260 in mice; many are strongly expressed
103 in the placenta (Coan, Burton, & Ferguson-Smith, 2005; Morison, Ramsay, & Spencer, 2005; Tucci et al.,
104  2019; Wang, Miller, Harman, Antczak, & Clark, 2013). Disruption of placental imprinting is associated with
105  aberrant fetal growth, preeclampsia and IUGR (McMinn et al., 2006; Monk, 2015; Zadora et al., 2017).
106 Notably, genetic manipulation studies have determined that the paternal genome is essential for
107 extraembryonic and trophoblast development, and paternally expressed genes dominate placenta gene
108 expression (S. C. Barton, Adams, Norris, & Surani, 1985; Sheila C. Barton, Surani, & Norris, 1984; J.
109  McGrath & Solter, 1986; James McGrath & Solter, 1984; Surani, Barton, & Norris, 1984; Wang et al., 2013)
110 The connection between paternal gene expression and placenta development has led to a growing
111 interest in the role of paternal factors in placental development and function and offspring health (Wang et
112 al., 2013). In mice, we demonstrated that paternal folate deficiency was associated with an altered sperm
113 epigenome, differential gene expression in the placenta, and abnormal fetal development (Lambrot et al.,
114  2013). In other mouse models, advanced paternal age and toxicant exposure have been linked to altered
115 placental imprinting and reduced placental weight (Denomme et al., 2020; Ding, Mokshagundam, Rinaudo,
116 Osteen, & Bruner-Tran, 2018). In human studies, recurrent pregnancy loss is associated with increased
117  seminal reactive oxygen species (ROS) and sperm DNA damage (Jayasena et al., 2019). Male partner
118 metabolic syndrome and being overweight have been associated with an increased risk for pre-eclampsia
119 and negative preghancy outcomes (Lin, Gu, & Huang, 2022; Murugappan et al., 2021). Animal models
120  suggest that pregnancy complications that have been associated with paternal metabolic complications
121  may be a consequence of placental dysfunction. Indeed, in mice, paternal obesity was linked to alterations
122 in placental DNA methylation, aberrant allocation of cell lineage to trophectoderm (TE), hypoxia, abnormal
123  vasculature, increased expression of inflammatory factors and impaired nutrient transporters (Binder et al.,
124 2015, 2012; Jazwiec et al., 2022). These findings support the hypothesis that paternal factors impact
125 placental development and can have negative effects on pregnancy outcomes. To explore the relationship
126 between paternal obesity, the sperm epigenome and offspring health we previously profiled H3K4me3, a
127 gene-activating epigenetic mark, in mouse sperm from sires fed a high-fat diet (HFD) (Pepin, Lafleur,
128  Lambrot, Dumeaux, & Kimmins, 2022). There was an association between HFD-induced obesity, altered
129  sperm H3K4me3, and metabolic dysfunction in offspring. However, there remains a gap in our mechanistic
130 understanding of the connection between the sperm epigenome and offspring metabolism. Interestingly, a
131 significant portion of genes with altered H3K4me3 in sperm after HFD were related to placental formation
132 and function.

133 In the current study, we test the hypothesis that obesity-associated changes in sperm H3K4me3
134  drives aberrant gene expression during placental formation leading to placental dysfunction, and abnormal
135 offspring metabolic phenotypes. To test this hypothesis, sperm was collected from obese sires and
136 placentas from obese-sired pregnancies. Obesity-altered H3K4me3 in sperm occurred at placenta-specific
137 enhancers and the placental transcriptome was altered in a sex-specific manner. Changes in gene
138 expression included genes critical for placental functions that support fetal and organ system development.
139 A deconvolution analysis revealed changes in the placental lineage specification comparable with
140 pathological changes observed in placental defects that are associated with adult-onset cardiometabolic
141  diseases (Aliee & Theis, 2021; Chu et al., 2019a; Cuffe et al., 2014; Han et al., 2018). Comparative analysis
142 between placental transcriptomic profiles from our paternal HFD-induced obesity model with that of a
143 hypoxia-induced fetal growth restriction model, revealed common placental defects across the two models
144 (Chu et al., 2019a) consistent with our previous work that sire-obesity induces placental hypoxia (Jazwiec
145 et al., 2022). This study revealed that paternal obesity was linked with transcriptomic and cellular defects
146 in the placenta and may drive developmental origins of cardiometabolic disease in offspring. Confirmation
147  of such paternal effects in humans are needed.
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148 2 Results

149 2.1 High-fat diet-induced obesity alters the sperm epigenome at regions implicated in metabolism,
150 cellular stress and placentation

151 Figure 1 describes the previously phenotypically characterized paternal HFD-induced obesity mouse
152  model used in this study (Jazwiec et al., 2022). Of note, it differs from our previous model (Pepin et al.,
153  2022) by mouse sub-strain (C57BL/6J vs C57BL/6NCrl), research setting, timing of diet exposure (at 6 vs
154 3 weeks of age), and the control diet (chow vs low-fat diet). This difference in experimental design allows
155  to test the robustness of our previous results linking HFD with alteration of sperm H3K4me3. This study
156 also newly examines functional genomic regions in relation to the placenta cell composition and
157  transcriptomic profile including imprinted genes, placenta enhancers and transcription factor binding motifs.
158 Sperm from CON- and HFD-fed sires was profiled using ChiP-seq targeting H3K4me3 (n=3 per
159 dietary group, Table S1). A total of 35,184 regions in sperm were enriched for H3K4me3 (Fig. S1 A;
160  Methods), of which 28,279 were also detected in our previous study (Pepin et al., 2022). H3K4me3 profiles
161  were highly concordant across samples which demonstrate the robustness of our profiling approach (Fig.
162  S1 B). Principal component analysis on counts at sperm H3K4me3-enriched regions revealed separation
163 of samples along Principal Component 1 (PC1) according to dietary treatment, after trimmed Mean of M-
164  values (TMM) normalization and batch adjustment (Fig. S1 C). The top 5% regions (n=1,760) contributing
165 to PC1 were considered the most sensitive to HFD-induced obesity and were selected for downstream
166 analysis (Fig. S1 C, Fig. 2). Despite differences in experimental design and animal models, we found a
167  significant overlap in regions showing differential H3K4me3 (deH3K4me3) from both studies (128
168 overlapping regions, Fisher's exact test P=2.2e-16, Fig. S1 D). Additionally, there were similarities in terms
169 of enriched processes between both lists of deH3K4me3 regions overlapping promoters - in particular
170  metabolic and neurodevelopmental pathways (Fig S1 E, Table S2, Supp file 1). Consistent with our previous
171  study, the majority of obesity-associated regions showed an increase in enrichment for H3K4me3 (n=1,257
172 versus n=503, 71.4%, Fig. 2 A-B). Regions losing H3K4me3 showed moderate H3K4me3-enrichment in
173 CON sperm, with predominantly low CpG density, whereas regions gaining H3K4me3 showed low-to-
174 moderate enrichment with mainly high CpG density (Fig. 2 C). Regions not impacted by diet showed high
175 H3K4me3 enrichment in CON sperm, with low and high CpG density (Fig. 2 C). Consistent with our previous
176  study, regions losing H3K4me3 were predominantly located >5 kilobase (kb) from the transcription start site
177 (TSS), likely in intergenic spaces (Fig. 2 D i). Regions gaining H3K4me3 in HFD sperm were located near
178  the TSS (within 1 kb), likely at promoter regions (Fig. 2 D ii). Obesity-associated deH3K4me3 regions
179 overlapping promoters were found at genes involved in metabolic processes, cellular stress responses,
180  vasculature development, and placentation (Fig. 2 E i-ii, Tables S3-4). Examples of genes showing
181 deH3K4me3 in sperm include, Cbx7 (Chromobox protein homolog 7; a component of the polycomb
182 repressive complex 1, involved in transcriptional regulation of genes including the Hox gene family), Prdx6
183 (Peroxiredoxin 6; an antioxidant enzyme involved in cell redox regulation by reducing molecules such as
184  hydrogen peroxide and fatty acid hyperoxides), and Slc19al (Solute carrier family 19 member 1 or folate
185 transporter 1; a folate organic phosphate antiporter involved in the regulation of intracellular folate
186  concentrations) (Fig 2F). We identified deH3K4me3 in HFD-sperm at Igf2 (Fig. 2 F ii — Insulin-like growth
187  factor 2), a paternally-expressed imprinted gene with an essential role in promoting cellular growth and
188 proliferation in the placenta. Importantly 1gf2 function has been related to metabolic disease and obesity
189  (Kadakia & Josefson, 2016; Livingstone & Borai, 2014; reviewed in St-Pierre et al., 2012). Other imprinted
190  genes with deH3K4me3 included the homeodomain-containing transcription factor Otx2 (involved in brain
191 and sense organs development), and the voltage-gated potassium channel Kcngl gene (required for
192  cardiac action potential).

193
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194 2.2 Differentially enriched H3K4me3 in HFD sperm occurred at enhancers involved in placenta
195 development, and at transcription factor binding sites

196 We previously showed that changes in sperm H3K4me3 associate with altered embryonic gene
197 expression (Lismer, Dumeaux, et al., 2021). To gain functional insight into how deH3K4me3 in sperm may
198 impact embryonic gene expression, we assessed the association between deH3K4me3 and tissue-specific
199 and embryonic enhancers. Notably, deH3K4me3 localized at enhancers implicated in gene regulation of
200 the testes, placenta, and embryonic stem cells (Fig. S2 A-B) (Shen et al., 2012). Interestingly, when
201  searching for closest genes potentially regulated by placenta-specific enhancers, 3 were paternally-
202  expressed imprinted genes (Tucci et al., 2019). These included the transmembrane protein Tmem174, the
203 zinc finger protein Plagll (a suppressor of cell growth), and the growth factor Pdgfb (a member of the protein
204  family of platelet-derived and vascular endothelial growth factors; plays essential roles in embryonic
205  development, cellular proliferation and migration).

206 Since H3K4me3 often localizes to promoters and can serve in the recruitment of transcription factors
207 (TFs) (Cano-Rodriguez et al.,, 2016; Lauberth et al., 2013), we asked whether deH3K4me3 were
208 significantly enriched in known TF binding site locations across the genome. Changes in H3K4me3 at these
209  specific locations in sperm could impact embryonic gene expression — for example TFs, such as Foxal,
210  maintain an open chromatin state from the sperm to the embryo on the paternal chromatin (Jung et al.,
211 2019, 2017). To explore this possibility, we searched for known TF binding motifs enriched in deH3K4me3
212 regions in sperm (Methods). The regions that gained H3K4me3 were significantly enriched for 202 TF
213  binding motifs (P<0.05, binomial statistical test, g-value<0.05; Fig. 3 A and Supp file 2) (Heinz et al., 2010)
214  whereas regions that had reduced H3K4me3 were not significantly enriched for TF binding motifs (g-
215  value>0.05). Of the top 10 motifs enriched at regions with increased H3K4me3 signal in HFD-sperm, these
216 genomic sequences were predicted to be bound by TFs belonging to the ETS, THAP, and ZF motif families
217  (P<le-10, g-value<0.0001; Fig. 3A). Interestingly, changes in sperm DNA methylation upon HFD feeding
218  has been previously reported, and ETS motifs have been found to be DNA-methylation sensitive, including
219  in spermatogonial stem cells (Domcke et al., 2015; Dura et al., 2022; Lea et al., 2018; Yin et al., 2017).
220  Strikingly, Spl, a pregnancy-specific TF associated with recurrent miscarriage, was found to be among the
221  top TF-associated motif hits (P=1e-16, g-value<0.0001) in regions gaining H3K4me3 in sperm from obese
222  sires (Tang et al., 2021). Furthermore, another TF of interest enriched at regions gaining H3K4me3 in HFD
223 sperm is the Activating Transcription Factor 7 (Atf7; p-value=1e-3, g-value=0.0044, Supplemental File 3).
224  Of note, this TF has been associated with oxidative stress-induced epigenetic changes in male germ cells
225  in a mouse model of low-protein diet (Yoshida et al., 2020).

226 Taken together we have shown there is consistency in the impacts of HFD on sperm H3K4me3 and
227 in this model we extended our findings with a deeper functional analysis. Namely we identified novel
228  functional genomic regions including enhancers, imprinted genes and transcription factor binding sites with
229  altered H3K4me3 that are likely connected to paternal transmission of metabolic disease in offspring.

230

231

232 2.3 Placental gene expression is altered by paternal high-fat diet-induced obesity in a sex-specific

233 manner

234  As deH3K4me3 in sperm was located at genes involved in placental formation (Fig. 2 E and Pepin et al.,
235 2022), we assessed whether paternal obesity was associated with changes in gene expression of the
236  placenta. We isolated RNA from E14.5 placentas derived from CON- or HFD-fed sires and performed RNA-
237 sequencing (RNA-seq), yielding high quality data (Spearman correlation coefficient >0.89; Fig. S3 A-C). In
238 response to paternal obesity, we detected 2,035 and 2,365 differentially expressed genes (DEGSs) in female
239 and male placentas, respectively (Fig. 4 A-B). These dysregulated genes were significantly enriched in
240 pathways related to placental function, such as cholesterol, vitamin and protein transport, transcriptional
241 and mRNA splicing processes, angiogenesis, and organ growth (Fig. 4 C-D, Tables S5-6). Perhaps
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242 reflecting the brain-placenta axis (Hemberger, Hanna, & Dean, 2020; Rosenfeld, 2021), other significantly
243 enriched processes were implicated in brain and neuron development (Rosenfeld, 2021). Given that correct
244 imprinted gene expression is critical for development, particularly of the placenta, it is noteworthy that in
245  HFD-sired placentas 23 and 28 imprinted genes were differentially expressed in female and male placentas,
246  respectively (Fig. 4 E-F).

247 Of note, although a significant number of DEGs overlapped between female and male placentas
248  (n=359, Fisher's exact test P=1.5e-19; Fig. S3 D i), 82% of female DEGs and 85% of male DEGs were
249 uniquely de-regulated, indicating sex-specific placental responses to paternal obesity. The findings are
250  concordant with previous studies which observed sex-specific effects of paternal factors on offspring
251  metabolism (Binder et al., 2015; Claycombe-Larson, Bundy, & Roemmich, 2020; Glavas et al., 2021;
252  Jazwiec et al., 2022). This suggests some sexually dimorphic responses may originate in utero due to
253 differences in placental development and function. To assess the link between sperm H3K4me3 and the
254 placental transcriptome, we overlapped deH3K4me3 at promoters (n=508) with DEGs in the placenta, and
255 identified 45 and 48 DEGs in female and male placentas, respectively (Fig. S3 D ii-iii). Next, we assessed
256 deH3K4me3 in sperm at putative placenta-specific enhancers in relation to placenta DEGs. We identified
257 139 putative enhancers with increased H3K4me3 and 46 with reduced H3K4me3 in HFD-sperm (Fig. S2
258  A-B). We then focused the analysis on the predicted genes (200 kb range) regulated by these putative
259 enhancers (Heintzman et al., 2007; Shen et al., 2012), and defined 18 genes that were DEG in female and
260 19 in male placentas (Fig. S3 D iv-v). Taken together these findings show there was minor overlap between
261 genome regulatory regions bearing deH3K4me3 and placenta DEGs. This may reflect the terminally
262 differentiated state and heterogenous nature of the placenta at E14.5. Greater correspondence between
263  sperm deH3K4me3 may have been observed if we had analyzed gene expression earlier in development
264  when H3K4me3 in sperm may have a greater influence on gene expression in the first embryonic lineage
265 of the placenta, the TE from PND 3.5. Indeed, we previously found by in silico analysis that there was a
266  significant overlap between sperm and TE H3K4me3, and TE gene expression (Pepin et al., 2022). It is
267 also worth considering that placenta profiles in this study are from bulk homogenates of whole placenta
268  which represent a heterogeneous mixture of cell types. Bulk tissue RNA-seq measures average gene
269 expression across these molecularly diverse cell types in distinct cellular states and the identification of
270  DEGs can therefore be confounded by cell composition.

271

272 2.4 Deconvolution analysis of bulk RNA-seq reveals paternal obesity alters placental cellular
273 composition

274 To assess whether there were changes in placental cellular composition associated with paternal
275  obesity, we performed a deconvolution analysis on our bulk RNA-seq data (Fig. S4) (Aliee & Theis, 2021)
276 using a single-cell RNA-sequencing dataset that matched the samples’ developmental stage (E14.5) and
277  mouse strain (C57BL/6J) (Han et al., 2018). Of the 28 different cell types identified (Han et al., 2018) (Table
278  S7; Fig. S4 A), we detected 15 cell types in our deconvolved placenta bulk RNA-seq data (Fig. 5 A and Fig.
279 S5 A). The bulk placenta profiles were enriched for 3 trophoblast, 1 stroma and 1 endothelial cell subtypes
280 (Figure 5A). Two of the three trophoblast cell types belonged to the spongiotrophoblast (SPT) lineage
281  including the invasive SPT cells and SPT cells molecularly defined by highly-expressing 11-
282  hydroxysteroid dehydrogenase type 2 (Hsd11b2). Paternal obesity was associated with changes in both
283  SPT cell populations (Fig. 5A); we detected a significant decrease in invasive SPT cell relative abundance
284 in female placentas (P=0.02; Fig. 5 A) and an increase in high-Hsd11b2 SPT cells in both male and female
285 placentas (P=0.01 and P=0.06, respectively; Fig. 5 A). These changes in SPT cellular composition
286 indicated by this analysis upon paternal HFD-induced obesity could contribute to adult-onset metabolic
287 dysfunction in offspring sired by obese males as observed in previous studies (Jazwiec et al., 2022; Pepin
288  etal., 2022).
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289 To further identify gene expression changes associated with paternal obesity we performed similar
290 differential gene expression analysis for male and female placentas but adjusted for estimated cell-type
291 proportions (Fig. S6 A-F). We first encoded cell-type composition using the top 4 and 3 principal
292  components identified by PCA (Fig. S6 A, B, D and E). As expected, cell types contributing the most to the
293 sample variances for both male and female placentas included the most abundant cell types — namely
294 invasive SPT and spiral artery TGCs, and decidual stromal cells, and endodermal cells (Fig. S6 C and F).
295  After adjustment for placental cellular composition, we detected de-regulated genes in female (n=423
296 DEGS) and male placentas (n=1,487 DEGs, Fig. 5 B-C, Fig. S6 G-H), respectively. There were similarities
297 between the bulk RNA-Seq and deconvoluted analysis in that there was overlap of DEGs detected before
298 and after adjusting for cell-type proportions (Fig. S6 G-H). This differential gene expression analysis
299  accounting for cellular composition provides insight into how paternal obesity may impact placental
300 development and function.

301

302 2.5 Hypoxic and paternal obese-sired placentas show common transcriptomic deregulation and cell-type
303 composition changes

304 Placentas derived from obese sires, like hypoxic placentas, exhibit changes in gene expression and

305 altered angiogenesis, vasculature, and development (Binder et al., 2015, 2012; Jazwiec et al., 2022; Lin et
306 al., 2022; McPherson et al., 2015; Mitchell et al., 2017). Hypoxia is a tightly regulated process during
307 placental development which is essential for proper vascular formation. To determine whether paternal
308 obese-sired placentas resemble transcriptomic and pathological phenotypes of hypoxic placentas, we
309 compared our HFD placenta RNA-seq data to a hypoxia-induced IUGR mouse model RNA-seq data set
310 (Chu et al., 2019a). We conducted differential gene expression analysis of the RNA-seq data from the IUGR
311 mouse model using the same parameters as the obese-sired placenta analysis. Because this dataset did
312  notinclude a sufficient number of female placenta samples, we focused the analysis on male samples only
313 (n=5 control, n=5 hypoxic placentas). This differential analysis identified 1,935 DEGs in hypoxic placentas
314 (Fig. S7 A-C). Likewise, we applied our deconvolution analysis described above to this bulk RNA-seq data
315 from hypoxic placentas and detected the same principal cell types as those detected in our samples; a totall
316 of 17 different cell types were detected (Fig. 6A, Fig. S7D). Remarkably, the proportion values for each
317  individual cell types were highly comparable across the placenta from the HFD sire model and the hypoxia
318 mouse models (Fig. 6B). Similar to placentas derived from obese sires, hypoxic placentas showed a
319 significant decrease in invasive SPT cell abundance (p=0.003, Fig. 6 A). Hypoxic placentas also showed a
320 significant increase in progenitor trophoblast (Gjb3-high), primitive endoderm (PE) lineage (Gkn2-high),
321  erythroblast (Hbb-y-high), and endodermal (Afp-high) cells, compared to control (p=0.000004, p=0.01,
322  p=0.000003, p=0.005, respectively; Fig. 6A). Overall, the trends for directionality of changes in specific
323 cellular abundances were consistent across the two mouse models (Fig. 6B).

324 Next, we sought to similarly investigate how much the observed changes in cellular composition
325  within hypoxic tissues might contribute to the differential gene expression observed between conditions.
326  Principal component analysis on placental cellular proportion values revealed a separation of samples
327 between the control and hypoxic placentas (Fig. S7 E). Similar to the analysis of HFD-placentas, we used
328  the top principal components (n=4 explaining 98.8% of the sample cell proportion variance) to adjust the
329 differential expression analysis for cellular composition (Fig. S7 F). Similarly to placentas derived from HFD-
330 fed sires, the cell types contributing the most to sample variance included the invasive SPT cells,
331 endodermal cells (Afp-high), decidual stromal cells, and (Fig. S7 G). Additionally, erythroblast cells (Hbb-y-
332 high) and spiral artery TGCs also strongly contributed to sample variance (Fig. S7 G). Accounting for cell-
333 type proportions allowed for the detection of 1,477 DEGs associated with hypoxia and growth restriction
334 (Fig. 6C), of which 356 overlapped with those initially detected before cellular composition adjustment (24%;
335 Fig. S7 H). These data suggest that like paternal obesity-induced placental de-regulated genes, differential
336 gene expression in hypoxic placentas is partly driven by changes in cellular composition.
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337 Importantly, after adjusting for cell-type proportions, 207 of the paternal-obesity-induced dysregulated
338 genes in male placentas were also found to be differentially expressed in hypoxic placentas (Fisher’'s exact
339  test P=5.1e-16; Fig. 6 D). A key gene, supporting this similarity in the molecular pathology of hypoxic
340 placenta and obese sired placenta was the dysregulation of the imprinted gene Igf2. Collectively, our
341 comparative analyses of placental transcriptomic data from both models indicate that paternal obesity, like
342 gestational hypoxia, induces pathological and molecular consequences that are hallmarks of placental
343 defects, and may elicit serious pregnancy complications like preeclampsia.

344 3 Discussion

345 Paternal health and environmental exposures impact the establishment of the sperm epigenome and are
346 associated with altered development of the placenta, embryo, and offspring health. However, the molecular
347  and cellular mechanisms underlying paternal obesity effects on offspring are still unclear. Our findings build
348 on prior knowledge to show that paternal obesity alters sperm chromatin, specifically H3K4me3, in
349  connection with widespread changes in the placental transcriptome. We provide a significant advance
350 towards understanding the cellular and molecular drivers at the level of the sperm epigenome and placenta
351  transcriptome that could underlie paternally-induced placental pathogenesis, growth impeded embryo
352  development and adult-onset metabolic phenotypes.

353 We further observed that paternal HFD-induced obesity alters the placental transcriptome in a sex-
354  specific manner. There is strong evidence demonstrating sex disparity in metabolic phenotypes and
355 cardiometabolic disease risks (reviewed in Tramunt et al., 2020). These sex-specific effects are thought to
356 be driven by sex chromosomes, hormonal factors, the gut microbiome, as well as differential fetal
357 programming across sex in response to pre-conception and in utero exposures (reviewed in Sandovici,
358 Fernandez-Twinn, Hufnagel, Constancia, & Ozanne, 2022). Here, our findings suggest some of the post-
359 natal metabolic disturbances observed in paternally-induced offspring sexually dimorphic phenotypes are
360 established in the placenta. Interestingly, some of the de-regulated genes included imprinting genes. These
361 genes are epigenetically controlled and inherited in a parent-of-origin manner, and the placenta is a key
362 organ for imprinted gene function (Wood & Oakey, 2006). According to the conflict hypothesis, maternally
363 imprinted genes (paternally expressed) support fetal growth, whereas paternally imprinted genes
364 (maternally expressed) restrict fetal growth (Bressan et al., 2009; Haig & Graham, 1991; Moore & Haig,
365 1991). Some of the dysregulated imprinted genes we identified have been implicated in placental defects
366 and pregnancy complications. For example, deletion of the gene Htra3 (identified here as a DEG in female
367 placentas) in mice has been implicated in IJUGR owing to the disorganization of placental labyrinthine
368 capillaries and thereby affecting offspring growth trajectories postnatally (Y. Li, Salamonsen, Hyett, Costa,
369 & Nie, 2017). The maternally expressed gene Copg?2 (identified here as a DEG in female placentas) has
370 been associated with pregnancies with small for gestational age infants (Kappil et al., 2015). Loss of the
371 paternally expressed gene Snx14 in mice (identified here as a DEG in female placentas) causes severe
372  placental pathology involving aberrant SynT differentiation, leading to mid-gestation embryonic lethality
373 (Bryant et al., 2020). The paternally expressed gene Zdbf2 (DEG in male placentas) has been implicated
374 in reduced fetal growth in mice, associated with altered appetite signals in the hypothalamic circuit (Glaser
375 et al., 2022). Placental deficiency of the paternally expressed gene Slc38a2 (identified here as a DEG in
376 male placentas) leads to fetal growth restriction in mice (Vaughan et al., 2021). Lastly, mice deficient for
377  the paternally expressed transcriptional co-repressor Tle3 (identified here as a DEG in male placentas)
378 show abnormal placental development including TGC differentiation failure, resulting in fetal death
379 (Gasperowicz, Surmann-Schmitt, Hamada, Otto, & Cross, 2013). Importantly, disrupting the expression of
380 asingle imprinted gene can result in placental defect and consequently compromise fetal health or survival.
381 Itis therefore likely that the differential expression of imprinted genes detected in female and male placentas
382 as a result of paternal obesity could at least partly explain metabolic phenotypes observed in this mouse
383  model (Jazwiec et al., 2022; Pepin et al., 2022).
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384 We identified changes in sperm H3K4me3 associated with paternal obesity, some of which were
385 enriched for transcription factor binding sites. This could in turn alter TF functions. This phenomenon has
386 been described in a mouse model of paternal low-protein diet, where oxidative stress-induced
387 phosphorylation of the Atf7 TF was suggested to impede its DNA-binding affinity in germ cells, leading to a
388 decrease in H3K9me2 at target regions (Yoshida et al., 2020). As in the low-protein diet model, oxidative
389 stress is a hallmark of obesity and increased levels of reactive oxygen species have been observed in
390 testes of diet-induced obesity mouse models and linked to impaired embryonic development (T. Fullston et
391 al., 2012; Lane et al., 2014; Mitchell et al., 2011). These findings provide avenues for further investigation
392 such as whether epigenetic changes on paternal alleles may impact TF binding during early
393  embryogenesis.

394 The identification of alterations of cell type proportion must be considered within the limitations of
395 a deconvolution analysis. This analysis only provides estimates of cell-type relative within a heterogeneous
396 tissue. This allowed us to adjust for the effect of differences in cell-type composition, but exact cell-type
397 composition and their specific gene expression changes need to be validated by single-cell approaches
398 such as single-cell RNA-seq or spatial transcriptomics. Furthermore, even though we used a reference
399 dataset which included cells representative of placental tissues, the detection capacity of this approach is
400 limited for low-abundant cell types, such as blood cells, immune cells, and inflammatory cells, which would
401 be highly informative of placental pathological states. For example, aberrant abundance of decidual
402 inflammatory cells, such as natural killer (NK) cells, have been linked to the pathogenesis of preeclampsia
403  (Aneman et al., 2020; Bachmayer, Rafik Hamad, Liszka, Bremme, & Sverremark-Ekstrom, 2006; Du et al.,
404  2022; Milosevic-Stevanovic et al., 2016; Williams, Bulmer, Searle, Innes, & Robson, 2009). Incidentally, it
405 was previously shown that paternal diet-induced obesity is associated with placental inflammation
406 (Claycombe-Larson et al., 2020; Jazwiec et al., 2022). Interestingly, many GO terms related to inflammatory
407 processes were enriched in the obesity-induced deH3K4me3 in sperm (Fig. 2E, Table S3-4, and Pepin et
408  al., 2022), suggesting sperm deH3K4me3 might be partly influencing placental inflammation. However due
409  to the low representation of immune cells in the data set this could not be assessed.

410

411 3.1 Speculation and perspectives

412 Many of the DEGs in the paternal obese-sired placentas were involved in the regulation of the heart
413 and brain. This is in line with paternal obesity associated to the developmental origins of neurological,
414  cardiovascular, and metabolic disease in offspring (Andescavage & Limperopoulos, 2021; Binder et al.,
415 2015, 2012; Chambers et al., 2016; Cropley et al., 2016; de Castro Barbosa et al., 2016; T. Fullston et al.,
416  2012; Tod Fullston et al., 2013; Grandjean et al., 2015; Huypens et al., 2016; Jazwiec et al., 2022; Mitchell
417 etal, 2011; Ng et al., 2010; Pepin et al., 2022; Perez-Garcia et al., 2018; Terashima et al., 2015; Thornburg
418  etal.,2016; Thornburg & Marshall, 2015; Ueda et al., 2022; Wei et al., 2014). The brain-placenta and heart-
419 placenta axes refer to their developmental linkage to the trophoblast which produces various hormones,
420 neurotransmitters, and growth factors that are central to brain and heart development (Parrettini, Caroli, &
421  Torlone, 2020; Rosenfeld, 2021). This is further illustrated in studies where placental pathology is linked to
422  cardiovascular and heart abnormalities (Andescavage & Limperopoulos, 2021; Thornburg et al., 2016;
423 Thornburg & Marshall, 2015). For example, in a study of the relationship between placental pathology and
424 neurodevelopment of infants, possible hypoxic conditions were a significant predictor of lower Mullen
425 Scales of Early Learning (Ueda et al., 2022). A connecting factor between the neural and cardiovascular
426 phenotypes is the neural crest cells which make a critical contribution to the developing heart and brain
427 (Hemberger et al., 2020; Perez-Garcia et al., 2018). Notably, neural crest cells are of ectodermal origin
428  which arises from the TE (Prasad, Charney, & Garcia-Castro, 2019), which is in turn governed by paternally-
429 driven gene expression. It is worth considering the routes by which TE dysfunction may be implicated in
430 the paternal origins of metabolic and cardiovascular disease. First, altered placenta gene expression
431  beginning in the TE could influence the specification of neural crest cells which are a developmental
432 adjacent cell lineage in the early embryo. TE signaling to neural crest cells could alter their downstream
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433 function. Second, altered trophoblast endocrine function will influence cardiac and neurodevelopment
434  (Hemberger et al., 2020).

435 In line with these possible routes to developmental origins of obesity and metabolic disease,
436 paternal obesity was associated with altered trophoblast lineage specification. During placentation, invasive
437 SPT have the ability to migrate and invade the maternal-fetal interface and replace maternal vascular
438 endothelial cells, a critical step for maternal arterial remodeling to facilitate low resistance high volume blood
439  flow to the fetus (Silva & Serakides, 2016). Consequently, improper trophoblastic invasion has been linked
440  to various obstetrical complications, including premature birth, fetal growth restriction, pre-eclampsia and
441  placenta creta (Barrientos et al., 2017; Duzyj et al., 2018; O'Tierney-Ginn & Lash, 2014). Paternal obesity
442 also induced changes in trophoblast expressing the glucocorticoid metabolizing enzyme Hsd11b2. In the
443  placenta, Hsd11b2 is responsible for the conversion of cortisol into its inactive form, cortisone, which limits
444  fetal exposure to maternal glucocorticoid levels. Interestingly, de-regulation of Hsd11b2 has been observed
445  in rodent fetal growth restriction models (Chu et al., 2019a; Cuffe et al., 2014; S. et al., 2016). These
446 aberrant cellular composition profiles suggest that paternal factors, such as diet, can induce functional
447 changes in the placenta that mirror placental defects associated with adult-onset cardiometabolic
448  phenotypes.

449 Next, it will be important to assess earlier developmental time points to determine when and how these
450 effects originate. Indeed, studies have shown that paternal diet-induced obesity alters preimplantation
451 development, such as cellular allocation to TE versus ICM lineages (Binder et al., 2012). Investigating
452 multiple and earlier time points would help reveal the dynamic trajectory of paternally-induced deregulated
453 transcriptomic and epigenetic signatures which might be at the origin of adult-onset disease. Translating
454  these findings to humans would be beneficial to better understand the paternal preconception contribution
455  to placental health. This is of particular relevance, given that although most obstetrical complications are
456 thought to be rooted in the placenta, in many cases placental defects are only detected in late gestation
457  and the etiology of these defects are oftentimes idiopathic (Hemberger et al., 2020; Regnault et al., 2002).
458  There are no established guidelines or clinical procedures that predict pregnancy complications and
459 placental defects associated with paternal factors. The connections we report here between paternal effects
460 and the placental transcriptome open new avenues for the development of epigenome-based sperm
461 diagnostics that could be used to predict pregnancy pathologies and the developmental origins of adult
462  disease.

463 4  Methods

464 4.1 Resource availability

465 4.1.1 Lead contact

466 Further information and requests for resources and reagents should be directed to and will be fulfilled by
467  the Lead Contacts, D. Sloboda (sloboda@mcmaster.ca) and S. Kimmins (sarah.kimmins@mecgdill.ca).
468 4.1.2 Materials availability

469  This study did not generate new unigue reagents.

470 4.1.3 Data and code availability

471  The sperm H3K4me3 ChlIP-Seq and placenta RNA-Seq data generated in this study are deposited at GEO
472  under the SuperSeries GSE207326.

473 4.2 Experimental model and subject details

474 421 Animals husbandry and dietary treatment

475  Animal experiments were conducted at the McMaster University Central Animal Facility, approved by the
476  Animal Research Ethics Board, and in accordance with the Canadian Council on Animal Care guidelines.
477 Six-week-old C57BL/6J male mice were randomly allocated to either the control (n=8; CON; standard chow
478  diet, Harlan 8640, Teklad 22/5 Rodent Diet; 17% kcal fat, 54% kcal carbohydrates, 29% kcal protein, 3
479  kcal/g) or high-fat diet (n=16; HFD; Research Diets Inc., D12492; 20% kcal protein, 20% kcal
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480  carbohydrates, 60% kcal fat, 5.21 kcal/g) group, for 10-12 weeks. All animals had free access to water and
481  food ad libitum, housed in the same room which was maintained at 25°C on a controlled 12-hour/12-hour
482 light/dark cycle. After the diet intervention, male mice were housed with one or two virgin C57BL/6J females
483  overnight. To confirm mating, females were examined the following morning, and the presence of a
484  copulatory plug was referred to as embryonic day 0.5 (E0.5). Females confirmed as pregnant were
485  individually housed throughout gestation and fed a standard chow diet (Harlan 8640, Teklad 22/5 Rodent
486 Diet). Pregnant females (n=4 CON; n=5 HFD) were sacrificed at E14.5 by cervical dislocation to collect
487  placenta samples for RNA-seq. One male and one female placenta samples per dam were collected.
488  Placenta were cutin half, with one half snap frozen in liquid nitrogen and kept at -80°C until RNA extraction.
489 CON- and HFD-fed male mice were sacrificed at 4-5 months of age via cervical dislocation, and sperm was
490  collected.

491 4.3 Methods details

492  43.1 Spermisolation

493 Sperm was collected at necropsy from paired caudal epididymides as previously described (Hisano et al.,
494  2013; Lismer, Lambrot, Lafleur, Dumeaux, & Kimmins, 2021; Pepin et al., 2022). Caudal epididymides were
495  cutin 5 mL of Donners medium (25 mM NaHCOs, 20 mg ml** BSA, 1 mM sodium pyruvate, 0.53% vol/vol
496  sodium DL-lactate in Donners stock), and spermatozoa were allowed to swim out by agitating the solution
497 for 1 hour at 37°C. Sperm cells were collected by passing the solution through a 40-um strainer (Fisher
498  Scientific, #22363547) followed by three washes with phosphate-buffered saline (PBS). The sperm pellet
499  was cryopreserved at -80°C in freezing medium (Irvine Scientific, cat. #90128) until used for the chromatin
500 immunoprecipitation.

501

502 4.3.2 Chromatin Immunoprecipitation, library preparation, and sequencing

503 Chromatin immunoprecipitation experiment was performed as previously described (Hisano et al., 2013;
504  Lismer, Lambrot, et al., 2021; Pepin et al., 2022). In brief, samples were thawed on ice and washed with
505 phosphate-buffered saline. Spermatozoa were counted under a microscope using a hemocytometer and
506 12 million cells were used per experiment. Sperm from 2-7 male mice were pooled per sample (Table S1).
507 We used 1 M dithiothreitol (DTT, Bio Shop, cat #3483-12-3) to decondense the chromatin and N-
508 ethylmaleimide (NEM) was used to quench the reaction. Cell lysis was performed with a lysis buffer (0.3M
509  sucrose, 60mM KCI, 15mM Tris-HCI pH 7.5, 0.5mM DTT, 5mM McGI2, 0.1mM EGTA, 1% deoxycholate
510 and 0.5% NP40). DNA digestion was performed in aliquots containing 2 million spermatozoa (6 aliquots
511 per sample), with micrococcal nuclease (MNase,15 units per tube; Roche, #10107921001) in an MNase
512 buffer (0.3 M sucrose, 85 mM Tris-HCI pH 7.5, 3mM MgClz and 2 mM CacClz) for 5 minutes at 37°C. The
513 reaction was stopped with 5 mM EDTA. Supernatants of the 6 aliquots were pooled back together for each
514  sample after a 10 minutes centrifugation at maximum speed. A 1X solution of protease inhibitor (complete
515  Tablets EASYpack, Roche, #04693116001) was added to each tube. Magnetic beads (DynaBeads, Protein
516 A, Thermo Fisher Scientific, #10002D) used in subsequent steps were pre-blocked in 0.5% Bovine Serum
517  Albumin (BSA, Sigma Aldrich, #BP1600-100) solution for 4 hours at 4°C. Pre-clearing of the chromatin was
518 done with the pre-blocked beads for 1 hour at 4°C. Magnetic beads were allowed to bind with 5 ug of
519 antibody (Histone H3 Lysine 4 trimethylation; H3K4me3; Cell Signaling Technology, cat. #9751) by
520 incubating for 8 hours at 4°C. The pre-cleared chromatin was pulled down with the beads-antibody
521 suspension overnight at 4°C. Beads-chromatin complexes were subjected to 3 rounds of washes; one wash
522  with a low-salt buffer (50 mM Tris-HCI pH 7.5, 10 mM EDTA, 75 mM NaCl) and two washes with a high-
523 salt buffer (50 mM Tris-HCI pH 7.5, 10 mM EDTA, 125 mM NacCl). Elution of the chromatin was done in two
524  steps with 250 pL (2 x 125 pL) of elution buffer (0.1 M HaHCO3, 0.2% SDS, 5 mM DTT) by shaking the
525 solution at 400 rpm for 10 minutes at 65°C, vortexing vigorously, and transferring the eluate in a clean tube.
526  The eluate was subjected to an RNase A (5 pL, Sigma Aldrich, #10109169001) treatment shaking at 400
527 rpm for 1 hour at 37°C, followed by an overnight Proteinase K (5 pL , Sigma Aldrich, #P2308) treatment
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528 at 55°C. The ChIP DNA Clean and Concentrator (Zymo Research, #D5201) kit was used following the
529  manufacturer’s protocol to purify the eluted DNA with 25 L of the provided elution buffer. Libraries were
530 prepared and sequenced at the McGill University and Génome Québec Innovative Centre, with single-end
531 100 base-pair reads on the illumina HiSeq 2500 sequencing platform (n=3 pooled samples per diet group,
532  Table S1).

533

534  4.3.3 RNA extraction, library preparation and sequencing

535 Extraction of RNA from placentas was performed using the RNeasy Mini Kit (Qiagen, cat. #74104) following
536  the manufacturer’s protocol. In brief, 10-20 mg of frozen placenta were cut on dry ice. Samples were lysed
537 inadenaturing buffer and homogenized with homogenizer pestles. Lysates were centrifuged, supernatants
538 transferred into a clean tube, and 70% ethanol was added to lysates. An additional DNase digestion step
539  was performed to avoid DNA contamination. Spin columns were washed twice, and total RNA was eluted
540  with 30 pL of RNase-free water. Libraries were prepared and sequenced at the McGill Genome Centre with
541 paired-end 100 base-pair reads on the illumina NovaSeq 6000 sequencing platform (n=4 per sex per diet
542  group).

543

544  4.3.4 Pre-processing

545 4.3.41 Sperm ChlIP-Sequencing data

546 Pre-processing of the data was performed as previously described (Pepin et al., 2022). Sequencing reads
547  were trimmed using the Trimmomatic package (version 0.36) on single-end mode filtering out adapters and
548 low-quality reads (parameters: ILLUMINACLIP:2:30:15 LEADING:30 TRAILING:30) (Bolger, Lohse, &
549 Usadel, 2014). Reads were aligned to the mouse genome assembly (Mus Musculus, mm10) with Bowtie2
550 (version 2.3.4) (Salzberg, 2013). SAMtools (version 1.9) was used to filter out unmapped reads and
551 Perlcode to remove reads with more than 3 mismatches (H. Li et al., 2009). BAM coverage files (BigwWig)
552  files were created with deeptools2 (version 3.2.1) (parameters: -of bigwig -bs 25 -p 20 --normalizeUsing
553 RPKM -e 160 --ignoreForNormalization chrX) (Ramirez et al., 2016).

554

555 4.3.42 Placenta RNA-Sequencing data

556 Sequencing data was pre-processed as previously described (Pepin et al., 2022). Sequencing reads were
557  trimmed with Trim Galore (version 0.5.0) in paired-end mode to remove adapters and low-quality reads
558 (parameters: --paired --retain_unpaired --phred33 --length 70 -q 5 --stringency 1 -e 0.1) (Krueger, 2015).
559 Reads were aligned to the mouse reference primary assembly (GRCm38) with hisat2 (version 2.1.0,
560 parameters -p 8 --dta) (Kim, Langmead, & Salzberg, 2016). The generated SAM files were converted into
561 BAM format and sorted by genomic position with SAMtools (version 1.9) (H. Li et al., 2009). Stringtie
562 (version 2.1.2) was used to build transcripts and calculate their abundances (parameters: -p 8 -e -B -A)
563 (Pertea et al., 2015).

564

565 4.3.4.3 Publicly available datasets

566 Raw files for bulk RNA-sequencing in control and hypoxic placentas (n=7 and 8, respectively) were
567 downloaded from the National Centre for Biotechnology Information (NCBI) with the Sequencing Read
568  Archive (SRA) Toolkit (NCBI SRA: SRP137723) (Chu et al., 2019b). Files were pre-processed as described
569 above for RNA-sequencing on single-end mode.

570 Processed files with raw counts for single-cell RNA-sequencing data from E14.5 mouse placenta were
571  downloaded from NCBI (GEO: GSE108097) and metadata matrix and cluster annotations were
572 downloaded from https://figshare.com/s/865e694ad06d5857db4b (Han et al., 2018).

573

13


https://figshare.com/s/865e694ad06d5857db4b
https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

574 4.4 Quantification and statistical analysis

575 4.4.1 Visualization, statistical, and bioinformatic analyses

576 Bioinformatic data analyses were conducted using R (version 4.0.2) (Team, 2018) and Python (version
577 3.7.4) (Van Rossum, Guido; Drake, 2009). Figures were generated using the R package ggplot2 (version
578  3.3.3) (Wickham, 2016) and the Python package seaborn (version 0.9.0) (Waskom, 2021). Statistical
579  analysis were conducted using R version 4.0.2 (Team, 2018). For all statistical tests, a p-value less than
580 0.05 was considered significant. To assess significance of overlap between different sets of genes, a
581 Fisher’'s exact test was performed using the fisher.test function from the stats package (version 4.0.2), and
582  the numbers that were used to assess statistical significance were those found in the common universe
583 (background) of both lists being compared. To assess differences in cell type proportions across
584  experimental groups, a beta regression was performed using betareg function from the betareg package
585  (version 3.1-4) (Ferrari & Cribari-Neto, 2004).

586 4.4.2 Sperm ChIP-Sequencing data

587 ChiIP-sequencing data was processed and analyzed as previously described (Pepin et al., 2022). Using
588 csaw (version 1.22.1), sequencing reads were counted into 150 base-pair windows along the genome, and
589  those with a fold-change enrichment of 4 over the number of reads in 2,000 base-pair bins were considered
590 as genomic regions enriched with H3K4me3 in sperm (Lun & Smyth, 2016). Enriched windows less than
591 100 base-pair apart were merged allowing a maximum width of 5,000 base-pair (n=35,186 merged enriched
592  regions in total). Reads were counted in those defined regions, and those with a mean count below 10
593 across samples were filtered out (conferring a total of n=35,184 regions). Read counts within enriched
594 regions were normalized with TMM and corrected for batch effects arising from experimental day, using the
595  svapackage (version 3.36.0) (Leek, Johnson, Parker, Jaffe, & Storey, 2012; Zhang, Parmigiani, & Johnson,
596 2020). Spearman correlation heatmaps were generated using corrplot (version 0.88) and mean-average
597  (MA) plots with graphics packages (Taiyun, Wei, Simko, 2021).

598  To detect the obesity-sensitive regions, Principal Component Analysis (PCA) was performed. We selected
599 the top 5% regions contributing the separation of samples according to diet group along Principal
600 Component 1 (PC1), conferring a total of 1,760 regions associated with dietary treatment. Those regions
601  were split according to directionality change based on positive and negative log. fold-change values
602 (increased versus decreased enrichment in high-fat diet group, respectively) from the median normalized
603 counts of each group. The selected obesity-sensitive regions were visualized with Pheatmap (version
604 1.0.12) (Kolde, 2019). Profile plots were generated using deeptools (Ramirez et al., 2016). The distance
605 from the nearest transcription start site (TSS) from each selected region was calculated and visualized with
606  chipenrich (version 2.12.0) (Welch et al., 2014). The genes for which their promoters overlapped the
607 detected obesity-sensitive regions were used in the Gene Ontology (GO) analysis using topGO (version
608  2.40.0) with Biological Process ontology category and Fisher's exact test (weightO1Fisher algorithm) to test
609 enrichment significance (Alexa, Rahnenfihrer, & Lengauer, 2006). A weightO1Fisher p-value below 0.05
610 was considered significant. Genome browser snapshots of examples of detected obesity-sensitive regions
611  were generated using trackplot (Pohl & Beato, 2014). Annotations for tissue-specific enhancers were
612  downloaded from ENCODE (Shen et al.,, 2012) (GEO: GSE29184) and genome coordinates were
613 converted from the mm9 to the mm10 mouse assembly using the liftOver function from the rtracklayer
614 package (version 1.48.0) (Lawrence, Gentleman, & Carey, 2009). To determine the corresponding genes
615 that could be regulated by tissue-specific enhancers, we scanned the landscape surrounding putative
616 enhancer genomic coordinates, and selected the nearest gene located less than 200 kb away, given that
617 enhancers interact with promoters located within the same domain (Heintzman et al., 2007; Shen et al.,
618 2012). To retrieve the gene annotations, we used the function annotateTranscripts with the annotation
619 database TxDb.Mmusculus.UCSC.mm10.knownGene (version 3.10.0) and the annotation package
620 org.Mm.eg.db (version 3.11.4) from the bumphunter package (version 1.30.0) (Aryee et al., 2014; Jaffe et
621 al., 2012). From the same package, the function matchGenes was used to annotate the putative tissue-
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622 specific enhancer genomic coordinates with the closest genes. Annotations for transposable elements and
623 repeats were obtained from annotatr (version 1.14.0) (Cavalcante & Sartor, 2017) and RepeatMasker
624  (https://www.repeatmasker.org/). Upset plots were generated using the UpSetR package (version 1.4.0)
625 (Conway, Lex, & Gehlenborg, 2017). The motif analysis was performed using HOMER (version 4.10.4)
626  (Heinz et al., 2010), with the binomial statistical test and standard parameters. VISEAGO (version 1.2.0)
627 (Brionne, Juanchich, & Hennequet-Antier, 2019) was used for visualization, semantic similarity and
628 enrichment analysis of gene ontology (Fig. S1 I). Gene symbols and annotations were obtained from the
629 org.Mm.eg.db database for the Mus Musculus species. The Biological Process ontology category was used,
630 and statistical significance was assessed with a Fisher's exact test with the classic algorithm. A p-value
631 less than 0.01 was considered significant. Enriched terms are clustered by hierarchical clustering based on
632  Wang's semantic similarity distance and the ward.D2 aggregation criterion.

633

634 4.4.3 Placenta RNA-Sequencing data

635  Placenta bulk RNA-sequencing data from this study and from (Chu et al., 2019b) was processed and
636  analyzed using the same approach, as previously described (Pepin et al., 2022). In brief, transcripts with
637 low read counts were filtered out (mean count<10), for a total of 47,268 and 49,999 transcripts detected in
638 male and female placentas, respectively, and 32,392 transcripts in placentas from (Chu et al., 2019b).
639  Differential analysis was conducted with DESeq2 (version 1.28.1) (Love, Huber, & Anders, 2014a). For the
640  data generated in this study, we included the batch information (RNA extraction day) and dietary group in
641  the design formula and performed a stratified analysis by running male and female samples separately (Fig.
642 S3 B-C). For the data generated in (Chu et al., 2019b), only male samples were analyzed given there was
643 not a sufficient number of female samples, and we included the experimental group in the formula.
644  Independent hypothesis weighting (IHW, version 1.16) (Ignatiadis, Klaus, Zaugg, & Huber, 2016) was used
645  for multiple testing correction and prioritization of hypothesis testing. We performed a gene-level analysis
646  at single-transcript resolution using the Lancaster method (aggregation package, version 1.0.1) (Yi,
647 Pimentel, Bray, & Pachter, 2018). This method aggregates p-values from individual transcript to detect
648 differentially expressed genes based on changes at the transcript level. A p-value less than 0.05 was
649  considered significant.

650  For visualization, variance stabilized transcript counts were used without blind dispersion estimation (Love,
651 Huber, & Anders, 2014b). Spearman correlation heatmaps were plotted with corrplot (version 0.88) (Taiyun,
652  Wei, Simko, 2021) with samples clustered by hierarchical clustering. Transcripts coding for detected
653 differentially expressed genes were visualized with pheatmap (version 1.0.12) (Kolde, 2019), with samples
654 clustered with hierarchical clustering and transcripts by k-means clustering (h kmeans=2). Gene ontology
655  analysis was performed as described above for the sperm ChIP-seq data. For the genomic imprinting
656 analysis, the list of known mouse imprinted genes was retrieved from (Tucci et al., 2019).

657

658 4.4.4 Deconvolution analysis

659  We used single-cell RNA-sequencing datasets from mouse E14.5 placenta from to deconvolute our bulk
660 RNA-sequencing data (Han et al., 2018). The following Python packages were used: seaborn (version
661  0.9.0) (Waskom, 2021), numpy (version 1.17.2) (Harris et al., 2020), pandas (version 0.25.2) (Mckinney,
662  2010), pickle (version 4.0) (Van Rossum, 2020), scanpy (version 1.8.2) (Wolf, Angerer, & Theis, 2018),
663 scipy (version 1.7.3) (Virtanen et al., 2020), and autogenes (version 1.0.4) (Aliee & Theis, 2021). The pyplot
664 module was loaded from the matplotlib library (version 3.4.2) (Hunter, 2007). The deconvolution analysis
665  was performed following the AutoGeneS package’s available code (version 1.0.4) (Aliee & Theis, 2021). In
666 brief, single-cell counts were log normalized and the 4,000 most highly variable genes were selected. A
667 principal component analysis was performed (Fig. S4 A) and the cell types previously annotated in (Han
668 et al., 2018) were visualized (Fig. S4 B). The means of each centroids for each cell type cluster was used
669 for optimization and feature selection. AutoGeneS uses a multi-objective optimization approach to select
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670 marker genes. In this process, a search algorithm explores a set of optimal solutions (commonly called
671 Pareto-optimal solutions) and evaluates the objective functions (in this case, correlation and distance
672 between the cell-type specific clusters; Fig. S4 C-D). This optimization technique allows to select the 400
673 marker genes (Fig. S4 E). Lastly, the Nu-support vector machine (Nu-SVR) regression model (Pedregosa
674  etal, 2011) was used to estimate the cell-type proportions for the bulk RNA-seq data from this study and
675  from (Chu etal., 2019b). The estimated cell-type proportions were visualized as box plots for each cell type.
676  The cell-types with percent abundance values of zero across all samples were excluded. Statistical
677  significance across experimental groups was assessed with beta regression on the cell-types that had a
678  median relative abundance of at least 1.5%.

679

680 4.45 Placenta RNA-Sequencing differential analysis with cell-type proportion adjustment

681  To adjust for cell-type proportions in the differential analysis, while reducing the number of covariates in the
682 model, and to account for dependence between the cell-type proportions, a principal component analysis
683  was performed with the deconvolved cell type proportions using the prcomp function from R’s base
684  statistics. The top 3 or 4 principal components were selected to capture most of the sample variance (Fig.
685 S6 A and D, Fig. S7 E). The differential analysis described above was repeated, with the selected principal
686 components added as covariates in the design formula to form the cell-type adjusted model.

687 5 Acknowledgements

688  We thank the team from Genome Quebec for the sequencing of the ChIP-seq experiment, and the team
689  from the Applied Genomics Innovation Core of the McGill Genome Centre for the sequencing of the RNA-
690  seq experiment.

691 6  Author Contributions
692 PAJ developed the murine model and provided the tissue samples. ASP performed the experiments,

693 developed methodology, curated data, performed the formal analysis, visualization, and writing of the
694  original draft. SK provided supervision, conceptualization, funding acquisition, and writing of the manuscript.
695 VD advised and provided oversight of the data and statistical analysis. DMS provided supervision,
696 conceptualization, and funding acquisition. PAJ, DMS and VD reviewed and edited the manuscript. SK is
697 a Canada Research Chair in Epigenomics, Reproduction and Development and funding for this study is
698  provided by the Canadian Institutes of Health Research grants to SK (DOHaD Team grant 358654 and
699  Operating 350129) and grant (CIHR Team grant 146333; Operating 175293) to DMS. ASP is supported by
700  scholarships from the McGill University Faculty of Medicine and Health Sciences, the Desjardins
701 Foundation, and the McGill Centre for Research in Reproduction and Development.

702 7 Declaration of interests
703  The authors declare no competing interest.

704 8 References
705  Ales, K. L., Druzin, M. L., & Santini, D. L. (1990). Impact of advanced maternal age on the outcome of

706 pregnancy. Surgery, Gynecology & Obstetrics, 171(3), 209-216.

707  Alexa, A., Rahnenfiihrer, J., & Lengauer, T. (2006). Improved scoring of functional groups from gene
708 expression data by decorrelating GO graph structure. Bioinformatics, 22(13), 1600-1607.

709 https://doi.org/10.1093/bioinformatics/btl140

710  Aliee, H., & Theis, F. J. (2021). AutoGeneS: Automatic gene selection using multi-objective optimization
711 for RNA-seq deconvolution. Cell Systems, 12(7), 706-715.e4.

712 https://doi.org/https://doi.org/10.1016/j.cels.2021.05.006

713  Andescavage, N. N., & Limperopoulos, C. (2021). Placental abnormalities in congenital heart disease.
714 Translational Pediatrics, 10(8), 2148-2156. https://doi.org/10.21037/tp-20-347

715  Aneman, l., Pienaar, D., Suvakov, S., Simic, T. P., Garovic, V. D., & McClements, L. (2020). Mechanisms
716 of Key Innate Immune Cells in Early- and Late-Onset Preeclampsia. Frontiers in Immunology, 11,

16


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

717 1864. https://doi.org/10.3389/fimmu.2020.01864

718  Aryee, M. J., Jaffe, A. E., Corrada-Bravo, H., Ladd-Acosta, C., Feinberg, A. P., Hansen, K. D., & Irizarry,
719 R. A. (2014). Minfi: a flexible and comprehensive Bioconductor package for the analysis of Infinium
720 DNA methylation microarrays. Bioinformatics, 30(10), 1363-1369.

721 https://doi.org/10.1093/bioinformatics/btu049

722 Bachmayer, N., Rafik Hamad, R., Liszka, L., Bremme, K., & Sverremark-Ekstrom, E. (2006). Aberrant
723 uterine natural killer (NK)-cell expression and altered placental and serum levels of the NK-cell
724 promoting cytokine interleukin-12 in pre-eclampsia. American Journal of Reproductive Immunology
725 (New York, N.Y.: 1989), 56(5-6), 292—301. https://doi.org/10.1111/j.1600-0897.2006.00429.x

726  Barrientos, G., Pussetto, M., Rose, M., Staff, A. C., Blois, S. M., & Toblli, J. E. (2017). Defective

727 trophoblast invasion underlies fetal growth restriction and preeclampsia-like symptoms in the stroke-
728 prone spontaneously hypertensive rat. Molecular Human Reproduction, 23(7), 509-519.

729 https://doi.org/10.1093/molehr/gax024

730 Barton, S. C., Adams, C. A., Norris, M. L., & Surani, M. A. H. (1985). Development of gynogenetic and
731 parthenogenetic inner cell mass and trophectoderm tissues in reconstituted blastocysts in the

732 mouse. Journal of Embryology and Experimental Morphology, VOL. 90, 267—-285.

733 Barton, Sheila C., Surani, M. A. H., & Norris, M. L. (1984). Role of paternal and maternal genomes in
734 mouse development. Nature, 311(5984), 374-376. https://doi.org/10.1038/311374a0

735 Binder, N. K., Beard, S. A., Kaitu’'U-Lino, T. J., Tong, S., Hannan, N. J., & Gardner, D. K. (2015). Paternal
736 obesity in a rodent model affects placental gene expression in a sex-specific manner. Reproduction,
737 149(5), 435-444. https://doi.org/10.1530/REP-14-0676

738  Binder, N. K., Hannan, N. J., & Gardner, D. K. (2012). Paternal Diet-Induced Obesity Retards Early

739 Mouse Embryo Development, Mitochondrial Activity and Pregnancy Health. PLoS ONE, 7(12).

740 https://doi.org/10.1371/journal.pone.0052304

741 Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic : a flexible trimmer for lllumina sequence
742 data. Bioinformatics, 30(15), 2114—2120. https://doi.org/10.1093/bioinformatics/btul70

743  Bressan, F. F., De Bem, T. H. C., Perecin, F., Lopes, F. L., Ambrosio, C. E., Meirelles, F. V., & Miglino, M.
744 A. (2009). Unearthing the Roles of Imprinted Genes in the Placenta. Placenta, 30(10), 823—834.
745 https://doi.org/10.1016/j.placenta.2009.07.007

746  Brionne, A., Juanchich, A., & Hennequet-Antier, C. (2019). ViISEAGO: A Bioconductor package for

747 clustering biological functions using Gene Ontology and semantic similarity. BioData Mining, 12(1),
748 1-13. https://doi.org/10.1186/s13040-019-0204-1

749 Brodszki, J., Lanne, T., Marsal, K., & Ley, D. (2005). Impaired vascular growth in late adolescence after
750 intrauterine growth restriction. Circulation, 111(20), 2623—-2628.

751 https://doi.org/10.1161/CIRCULATIONAHA.104.490326

752  Brosens, I., Pijnenborg, R., Vercruysse, L., & Romero, R. (2011). The “Great Obstetrical Syndromes” are
753 associated with disorders of deep placentation. American Journal of Obstetrics and Gynecology,
754 204(3), 193-201. https://doi.org/10.1016/j.ajog.2010.08.009

755  Bryant, D., Seda, M., Peskett, E., Maurer, C., Pomeranz, G., Ghosh, M., ... Stanier, P. (2020). Diverse
756 species-specific phenotypic consequences of loss of function sorting nexin 14 mutations. Scientific
757 Reports, 10(1), 13763. https://doi.org/10.1038/s41598-020-70797-2

758  Cano-Rodriguez, D., Gjaltema, R. A. F., Jilderda, L. J., Jellema, P., Dokter-Fokkens, J., Ruiters, M. H. J.,
759 & Rots, M. G. (2016). Writing of H3K4Me3 overcomes epigenetic silencing in a sustained but

760 context-dependent manner. Nature Communications, 7(1), 12284.

761 https://doi.org/10.1038/ncomms12284

762 Cavalcante, R. G., & Sartor, M. A. (2017). annotatr: genomic regions in context. Bioinformatics (Oxford,
763 England), 33(15), 2381-2383. https://doi.org/10.1093/bioinformatics/btx183

764  Chambers, T. J. G., Morgan, M. D., Heger, A. H., Sharpe, R. M., & Drake, A. J. (2016). High-fat diet

765 disrupts metabolism in two generations of rats in a parent-of-origin specific manner. Scientific

766 Reports, 6, 1-11. https://doi.org/10.1038/srep31857

767 Chawengsaksophak, K., James, R., Hammond, V. E., Kéntgen, F., & Beck, F. (1997). Homeosis and
768 intestinal tumours in Cdx2 mutant mice. Nature, 386(6620), 84—87.

769 https://doi.org/10.1038/386084a0

770  Chen, Y., Wang, K., Gong, Y. G., Khoo, S. K., & Leach, R. (2013). Roles of CDX2 and EOMES in human
771 induced trophoblast progenitor cells. Biochemical and Biophysical Research Communications,

772 431(2), 197-202. https://doi.org/10.1016/j.bbrc.2012.12.135

17


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

773  Chu, A,, Casero, D., Thamotharan, S., Wadehra, M., Cosi, A., & Devaskar, S. U. (2019a). The Placental

774 Transcriptome in Late Gestational Hypoxia Resulting in Murine Intrauterine Growth Restriction
775 Parallels Increased Risk of Adult Cardiometabolic Disease. Scientific Reports, 9(1), 1243.

776 https://doi.org/10.1038/s41598-018-37627-y

777  Chu, A, Casero, D., Thamotharan, S., Wadehra, M., Cosi, A., & Devaskar, S. U. (2019b). The Placental
778 Transcriptome in Late Gestational Hypoxia Resulting in Murine Intrauterine Growth Restriction
779 Parallels Increased Risk of Adult Cardiometabolic Disease. Scientific Reports, 9(1), 1-15.

780 https://doi.org/10.1038/s41598-018-37627-y

781  Ciruna, B. G., & Rossant, J. (1999). Expression of the T-box gene Eomesodermin during early mouse
782 development. Mechanisms of Development, 81(1-2), 199—203. https://doi.org/10.1016/s0925-
783 4773(98)00243-3

784  Claycombe-Larson, K. G., Bundy, A. N., & Roemmich, J. N. (2020). Paternal high-fat diet and exercise
785 regulate sperm miRNA and histone methylation to modify placental inflammation, nutrient

786 transporter mMRNA expression and fetal weight in a sex-dependent manner. Journal of Nutritional
787 Biochemistry, 81, 108373. https://doi.org/10.1016/j.jnutbio.2020.108373

788  Coan, P. M., Burton, G. J., & Ferguson-Smith, A. C. (2005). Imprinted genes in the placenta--a review.
789 Placenta, 26 Suppl A, S10-20. https://doi.org/10.1016/j.placenta.2004.12.009

790 Conway, J. R, Lex, A., & Gehlenborg, N. (2017). UpSetR: an R package for the visualization of

791 intersecting sets and their properties. Bioinformatics, 33(18), 2938—-2940.

792 https://doi.org/10.1093/bioinformatics/btx364

793 Crispi, F., Bijnens, B., Figueras, F., Bartrons, J., Eixarch, E., Le Noble, F., ... Gratacos, E. (2010). Fetal
794 growth restriction results in remodeled and less efficient hearts in children. Circulation, 121(22),
795 2427-2436. https://doi.org/10.1161/CIRCULATIONAHA.110.937995

796 Cropley, J. E., Eaton, S. A., Aiken, A., Young, P. E., Giannoulatou, E., Ho, J. W. K,, ... Suter, C. M.

797 (2016). Male-lineage transmission of an acquired metabolic phenotype induced by grand-paternal
798 obesity. Molecular Metabolism, 5(8), 699—708. https://doi.org/10.1016/j.molmet.2016.06.008

799  Cruz-Lemini, M., Crispi, F., Valenzuela-Alcaraz, B., Figueras, F., Sitges, M., Bijnens, B., & Grataco6s, E.
800 (2016). Fetal cardiovascular remodeling persists at 6 months in infants with intrauterine growth
801 restriction. Ultrasound in Obstetrics & Gynecology : The Official Journal of the International Society
802 of Ultrasound in Obstetrics and Gynecology, 48(3), 349—356. https://doi.org/10.1002/uog.15767
803  Cuffe, J. S. M., Walton, S. L., Singh, R. R., Spiers, J. G., Bielefeldt-Ohmann, H., Wilkinson, L., ... Moritz,
804 K. M. (2014). Mid- to late term hypoxia in the mouse alters placental morphology, glucocorticoid
805 regulatory pathways and nutrient transporters in a sex-specific manner. The Journal of Physiology,
806 592(14), 3127-3141. https://doi.org/10.1113/jphysiol.2014.272856

807  de Castro Barbosa, T., Ingerslev, L. R., Alm, P. S., Versteyhe, S., Massart, J., Rasmussen, M., ... Barrés,
808 R. (2016). High-fat diet reprograms the epigenome of rat spermatozoa and transgenerationally
809 affects metabolism of the offspring. Molecular Metabolism, 5(3), 184-197.

810 https://doi.org/10.1016/j.molmet.2015.12.002

811  Delhaes, F., Giza, S. A., Koreman, T., Eastabrook, G., McKenzie, C. A., Bedell, S., ... de Vrijer, B. (2018).
812 Altered maternal and placental lipid metabolism and fetal fat development in obesity: Current

813 knowledge and advances in non-invasive assessment. Placenta, 69(January), 118-124.

814 https://doi.org/10.1016/j.placenta.2018.05.011

815 Denomme, M. M., Parks, J. C., McCallie, B. R., McCubbin, N. I., Schoolcraft, W. B., & Katz-Jaffe, M. G.
816 (2020). Advanced paternal age directly impacts mouse embryonic placental imprinting. PloS One,
817 15(3), e0229904. https://doi.org/10.1371/journal.pone.0229904

818 Dindot, S. V, Person, R., Strivens, M., Garcia, R., & Beaudet, A. L. (2009). Epigenetic profiling at mouse
819 imprinted gene clusters reveals novel epigenetic and genetic features at differentially methylated
820 regions. Genome Research, 19(8), 1374-1383. https://doi.org/10.1101/gr.089185.108

821 Ding, T., Mokshagundam, S., Rinaudo, P. F., Osteen, K. G., & Bruner-Tran, K. L. (2018). Paternal

822 developmental toxicant exposure is associated with epigenetic modulation of sperm and placental
823 Pgr and Igf2 in a mouse model. Biology of Reproduction, 99(4), 864—876.

824 https://doi.org/10.1093/biolre/ioy111

825 Domcke, S., Bardet, A. F., Adrian Ginno, P., Hartl, D., Burger, L., & Schibeler, D. (2015). Competition
826 between DNA methylation and transcription factors determines binding of NRF1. Nature, 528(7583),
827 575-579. https://doi.org/10.1038/nature16462

828  Du, M., Wang, W., Huang, L., Guan, X., Lin, W., Yao, J., & Li, L. (2022). Natural killer cells in the

18


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

829 pathogenesis of preeclampsia: a double-edged sword. The Journal of Maternal-Fetal & Neonatal
830 Medicine : The Official Journal of the European Association of Perinatal Medicine, the Federation of
831 Asia and Oceania Perinatal Societies, the International Society of Perinatal Obstetricians, 35(6),
832 1028-1035. https://doi.org/10.1080/14767058.2020.1740675

833  Dura, M., Teissandier, A., Armand, M., Barau, J., Lapoujade, C., Fouchet, P., ... Bourc’his, D. (2022).
834 DNMT3A-dependent DNA methylation is required for spermatogonial stem cells to commit to

835 spermatogenesis. Nature Genetics, 54(4), 469-480. https://doi.org/10.1038/s41588-022-01040-z
836  Duzyj, C. M., Buhimschi, I. A., Laky, C. A., Cozzini, G., Zhao, G., Wehrum, M., & Buhimschi, C. S. (2018).
837 Extravillous trophoblast invasion in placenta accreta is associated with differential local expression
838 of angiogenic and growth factors: a cross-sectional study. BJOG : An International Journal of

839 Obstetrics and Gynaecology, 125(11), 1441-1448. https://doi.org/10.1111/1471-0528.15176

840 Eriksson, J. G., Kajantie, E., Thornburg, K., & Osmond, C. (2016). Prenatal and maternal characteristics
841 and later risk for coronary heart disease among women. European Journal of Preventive Cardiology,
842 23(4), 385—-390. https://doi.org/10.1177/2047487315595314

843 Ferguson-Smith, A. C., Cattanach, B. M., Barton, S. C., Beechey, C. V, & Surani, M. A. (1991).

844 Embryological and molecular investigations of parental imprinting on mouse chromosome 7. Nature,
845 351(6328), 667—670. https://doi.org/10.1038/351667a0

846 Ferrari, S., & Cribari-Neto, F. (2004). Beta Regression for Modelling Rates and Proportions. Journal of
847 Applied Statistics, 31(7), 799-815. https://doi.org/10.1080/0266476042000214501

848 Fullston, T., Palmer, N. O., Owens, J. A., Mitchell, M., Bakos, H. W., & Lane, M. (2012). Diet-induced
849 paternal obesity in the absence of diabetes diminishes the reproductive health of two subsequent
850 generations of mice. Human Reproduction, 27(5), 1391-1400.

851 https://doi.org/10.1093/humrep/des030

852 Fullston, Tod, Teague, E. M. C. O., Palmer, N. O., Deblasio, M. J., Mitchell, M., Corbett, M., ... Lane, M.
853 (2013). Paternal obesity initiates metabolic disturbances in two generations of mice with incomplete
854 penetrance to the F2 generation and alters the transcriptional profile of testis and sperm microRNA
855 content. FASEB Journal, 27(10), 4226—4243. https://doi.org/10.1096/fj.12-224048

856  Gasperowicz, M., Surmann-Schmitt, C., Hamada, Y., Otto, F., & Cross, J. C. (2013). The transcriptional
857 co-repressor TLE3 regulates development of trophoblast giant cells lining maternal blood spaces in
858 the mouse placenta. Developmental Biology, 382(1), 1-14.

859 https://doi.org/https://doi.org/10.1016/j.ydbio.2013.08.005

860  Glaser, J., Iranzo, J., Borensztein, M., Marinucci, M., Gualtieri, A., Jouhanneau, C., ... Bourc’his, D.

861 (2022). The imprinted Zdbf2 gene finely tunes control of feeding and growth in neonates. ELife, 11,
862 €65641. https://doi.org/10.7554/eLife.65641

863  Glavas, M. M., Lee, A. Y., Miao, I., Yang, F., Mojibian, M., O’'Dwyer, S. M., & Kieffer, T. J. (2021).

864 Developmental Timing of High-Fat Diet Exposure Impacts Glucose Homeostasis in Mice in a Sex-
865 Specific Manner. Diabetes, 70(12), 2771-2784. https://doi.org/10.2337/db21-0310

866  Grandjean, V., Fourré, S., De Abreu, D. A. F., Derieppe, M. A., Remy, J. J., & Rassoulzadegan, M.

867 (2015). RNA-mediated paternal heredity of diet-induced obesity and metabolic disorders. Scientific
868 Reports, 5(June), 1-9. https://doi.org/10.1038/srep18193

869 Guillemot, F., Caspary, T., Tilghman, S. M., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., ... Nagy, A.
870 (1995). Genomic imprinting of Mash2, a mouse gene required for trophoblast development. Nature
871 Genetics, 9(3), 235-242. https://doi.org/10.1038/ng0395-235

872  Guillemot, F., Nagy, A., Auerbach, A., Rossant, J., & Joyner, A. L. (1994). Essential role of Mash-2 in
873 extraembryonic development. Nature, 371(6495), 333—336. https://doi.org/10.1038/371333a0

874 Haig, D., & Graham, C. (1991). Genomic imprinting and the strange case of the insulin-like growth factor
875 Il receptor. Cell, 64(6), 1045—-1046. https://doi.org/10.1016/0092-8674(91)90256-x

876  Han, X., Wang, R., Zhou, Y., Fei, L., Sun, H.,, Lai, S., ... Guo, G. (2018). Mapping the Mouse Cell Atlas by
877 Microwell-Seq. Cell, 172(5), 1091-1107.e17. https://doi.org/10.1016/j.cell.2018.02.001

878 Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R., Virtanen, P., Cournapeau, D., ... Oliphant,
879 T. E. (2020). Array programming with NumPy. Nature, 585(7825), 357-362.

880 https://doi.org/10.1038/s41586-020-2649-2

881 Heintzman, N. D., Stuart, R. K., Hon, G., Fu, Y., Ching, C. W., Hawkins, R. D., ... Ren, B. (2007). Distinct
882 and predictive chromatin signatures of transcriptional promoters and enhancers in the human

883 genome. Nature Genetics, 39(3), 311-318. https://doi.org/10.1038/ng1966

884 Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y. C., Laslo, P., ... Glass, C. K. (2010). Simple

19


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

885 combinations of lineage-determining transcription factors prime cis-regulatory elements required for
886 macrophage and B cell identities. Molecular Cell, 38(4), 576-589.

887 https://doi.org/10.1016/j.molcel.2010.05.004

888 Hemberger, M., Hanna, C. W., & Dean, W. (2020). Mechanisms of early placental development in mouse
889 and humans. Nature Reviews Genetics, 21(1), 27—-43. https://doi.org/10.1038/s41576-019-0169-4
890 Hisano, M., Erkek, S., Dessus-Babus, S., Ramos, L., Stadler, M. B., & Peters, A. H. F. M. (2013).

891 Genome-wide chromatin analysis in mature mouse and human spermatozoa. Nature Protocols,
892 8(12), 2449-2470. https://doi.org/10.1038/nprot.2013.145

893 Hunter, J. D. (2007). Matplotlib: A 2D Graphics Environment. Computing in Science & Engineering, 9(3),
894 90-95. https://doi.org/10.1109/MCSE.2007.55

895  Huypens, P., Sass, S., Wu, M., Dyckhoff, D., Tschop, M., Theis, F., ... Beckers, J. (2016). Epigenetic
896 germline inheritance of diet-induced obesity and insulin resistance. Nature Genetics, 48(5), 497—
897 499. https://doi.org/10.1038/ng.3527

898  Ignatiadis, N., Klaus, B., Zaugg, J. B., & Huber, W. (2016). Data-driven hypothesis weighting increases
899 detection power in genome-scale multiple testing. Nature Methods, 13(7), 577-580.

900 https://doi.org/10.1038/nmeth.3885

901 Jaffe, A. E., Murakami, P., Lee, H., Leek, J. T., Fallin, M. D., Feinberg, A. P., & Irizarry, R. A. (2012).

902 Bump hunting to identify differentially methylated regions in epigenetic epidemiology studies.

903 International Journal of Epidemiology, 41(1), 200—209. https://doi.org/10.1093/ije/dyr238

904  Jayasena, C. N., Radia, U. K., Figueiredo, M., Revill, L. F., Dimakopoulou, A., Osagie, M., ... Rai, R.

905 (2019). Reduced Testicular Steroidogenesis and Increased Semen Oxidative Stress in Male

906 Partners as Novel Markers of Recurrent Miscarriage, 169, 161-169.

907 https://doi.org/10.1373/clinchem.2018.289348

908 Jazwiec, P. A., Patterson, V. S., Ribeiro, T. A., Yeo, E., Kennedy, K. M., Mathias, P. C. F., ... Sloboda, D.
909 M. (2022). Paternal obesity induces placental hypoxia and sex-specific impairments in placental
910 vascularization and offspring metabolismt. Biology of Reproduction, ioac066.

911 https://doi.org/10.1093/biolre/ioac066

912 Jung, Y. H., Kremsky, ., Gold, H. B., Rowley, M. J., Punyawai, K., Buonanotte, A., ... Corces, V. G.

913 (2019). Maintenance of CTCF- and Transcription Factor-Mediated Interactions from the Gametes to
914 the Early Mouse Embryo. Molecular Cell, 75(1), 154-171.e5.

915 https://doi.org/10.1016/j.molcel.2019.04.014

916  Jung, Y. H., Sauria, M. E. G,, Lyu, X., Cheema, M. S., Ausio, J., Taylor, J., & Corces, V. G. (2017).

917 Chromatin States in Mouse Sperm Correlate with Embryonic and Adult Regulatory Landscapes. Cell
918 Reports, 18(6), 1366—1382. https://doi.org/10.1016/j.celrep.2017.01.034

919  Kadakia, R., & Josefson, J. (2016). The Relationship of Insulin-Like Growth Factor 2 to Fetal Growth and
920 Adiposity. Hormone Research in Paediatrics, 85(2), 75-82. https://doi.org/10.1159/000443500

921  Kappil, M. A., Green, B. B., Armstrong, D. A., Sharp, A. J., Lambertini, L., Marsit, C. J., & Chen, J. (2015).
922 Placental expression profile of imprinted genes impacts birth weight. Epigenetics, 10(9), 842—849.
923 https://doi.org/10.1080/15592294.2015.1073881

924  Kim, D., Langmead, B., & Salzberg, S. L. (2016). HISAT: a fast spliced aligner with low memory

925 requirements, 12(4), 357—-360. https://doi.org/10.1038/nmeth.3317.HISAT

926  Kolde, R. (2019). pheatmap: Pretty Heatmaps. R package. Retrieved from https://cran.r-

927 project.org/package=pheatmap

928 Krielessi, V., Papantoniou, N., Papageorgiou, |., Chatzipapas, I., Manios, E., Zakopoulos, N., & Antsaklis,
929 A. (2012). Placental Pathology and Blood Pressure’s Level in Women with Hypertensive Disorders
930 in Pregnancy. Obstetrics and Gynecology International, 2012, 684083.

931 https://doi.org/10.1155/2012/684083

932 Krueger, F. (2015). Trim galore. A Wrapper Tool around Cutadapt and FastQC to Consistently Apply
933 Quality and Adapter Trimming to FastQ Files, 516, 517.

934 Kunath, T., Strumpf, D., & Rossant, J. (2004). Early trophoblast determination and stem cell maintenance
935 in the mouse--a review. Placenta, 25 Suppl A, S32-8. https://doi.org/10.1016/j.placenta.2004.01.015
936  Lambrot, R., Xu, C., Saint-Phar, S., Chountalos, G., Cohen, T., Paquet, M., ... Kimmins, S. (2013). Low
937 paternal dietary folate alters the mouse sperm epigenome and is associated with negative

938 pregnancy outcomes. Nature Communications, 4. https://doi.org/10.1038/ncomms3889

939  Lane, M., Mcpherson, N. O., Fullston, T., Spillane, M., Sandeman, L., Kang, X., & Zander-fox, D. L.

940 (2014). Oxidative Stress in Mouse Sperm Impairs Embryo Development , Fetal Growth and Alters

20


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

941 Adiposity and Glucose Regulation in Female Offspring. PLoS ONE, 9(7), 1-9.

942 https://doi.org/10.1371/journal.pone.0100832

943 Lauberth, S. M., Nakayama, T., Wu, X., Ferris, A. L., Tang, Z., Hughes, S. H., & Roeder, R. G. (2013).
944 H3K4me3 interactions with TAF3 regulate preinitiation complex assembly and selective gene

945 activation. Cell, 152(5), 1021-1036. https://doi.org/10.1016/j.cell.2013.01.052

946  Lawrence, M., Gentleman, R., & Carey, V. (2009). rtracklayer: an R package for interfacing with genome
947 browsers. Bioinformatics, 25(14), 1841-1842. https://doi.org/10.1093/bioinformatics/btp328

948 Lea, A. J., Vockley, C. M., Johnston, R. A., Del Carpio, C. A., Barreiro, L. B., Reddy, T. E., & Tung, J.
949 (2018). Genome-wide quantification of the effects of DNA methylation on human gene regulation.
950 ELife, 7, e37513. https://doi.org/10.7554/eLife.37513

951  Leek, J. T., Johnson, W. E., Parker, H. S., Jaffe, A. E., & Storey, J. D. (2012). The sva package for

952 removing batch effects and other unwanted variation in high-throughput experiments.

953 Bioinformatics (Oxford, England), 28(6), 882—883. https://doi.org/10.1093/bioinformatics/bts034
954 Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., ... Durbin, R. (2009). The Sequence
955 Alignment/Map format and SAMtools. Bioinformatics (Oxford, England), 25(16), 2078—2079.

956 https://doi.org/10.1093/bioinformatics/btp352

957 Li, Y., Salamonsen, L. A., Hyett, J., Costa, F. da S., & Nie, G. (2017). Maternal HtrA3 optimizes placental
958 development to influence offspring birth weight and subsequent white fat gain in adulthood.

959 Scientific Reports, 7(1), 4627. https://doi.org/10.1038/s41598-017-04867-3

960 Lin, J., Gu, W., & Huang, H. (2022). Effects of Paternal Obesity on Fetal Development and Pregnancy
961 Complications: A Prospective Clinical Cohort Study. Frontiers in Endocrinology, 13.

962 https://doi.org/10.3389/fendo.2022.826665

963  Lismer, A., Dumeau, V., Lafleur, C., Lambrot, R., Amour, J. B., Lorincz, M. C., ... Lorincz, M. C. (2021).
964 Histone H3 lysine 4 trimethylation in sperm is transmitted to the embryo and associated with diet-
965 induced phenotypes in the offspring Article Histone H3 lysine 4 trimethylation in sperm is transmitted
966 to the embryo and associated with diet-induce. Developmental Cell, 1-16.

967 https://doi.org/10.1016/j.devcel.2021.01.014

968  Lismer, A., Lambrot, R., Lafleur, C., Dumeaux, V., & Kimmins, S. (2021). ChlP-seq protocol for sperm
969 cells and embryos to assess environmental impacts and epigenetic inheritance. STAR Protocols,
970 2(2), 100602. https://doi.org/https://doi.org/10.1016/j.xpro.2021.100602

971 Livingstone, C., & Borai, A. (2014). Insulin-like growth factor-II: its role in metabolic and endocrine

972 disease. Clinical Endocrinology, 80(6), 773—781. https://doi.org/10.1111/cen.12446

973 Love, M. I., Huber, W., & Anders, S. (2014a). Moderated estimation of fold change and dispersion for
974 RNA-seq data with DESeq2. Genome Biology, 15(12), 550. https://doi.org/10.1186/s13059-014-
975 0550-8

976  Love, M. I., Huber, W., & Anders, S. (2014b). Moderated estimation of fold change and dispersion for
977 RNA-seq data with DESeq2. Genome Biology, 15(12), 1-21. https://doi.org/10.1186/s13059-014-
978 0550-8

979  Lun,A.T.L., &Smyth, G. K. (2016). csaw: a Bioconductor package for differential binding analysis of
980 ChlP-seq data using sliding windows. Nucleic Acids Research, 44(5), e45.

981 https://doi.org/10.1093/nar/gkv1191

982  Lutsiv, O., Mah, J., Beyene, J., & McDonald, S. D. (2015). The effects of morbid obesity on maternal and
983 neonatal health outcomes: a systematic review and meta-analyses. Obesity Reviews : An Official
984 Journal of the International Association for the Study of Obesity, 16(7), 531-546.

985 https://doi.org/10.1111/0br.12283

986  Maclnnis, N., Woolcott, C. G., McDonald, S., & Kuhle, S. (2016). Population Attributable Risk Fractions of
987 Maternal Overweight and Obesity for Adverse Perinatal Outcomes. Scientific Reports, 6, 22895.
988 https://doi.org/10.1038/srep22895

989  McEwen, K. R., & Ferguson-Smith, A. C. (2010). Distinguishing epigenetic marks of developmental and
990 imprinting regulation. Epigenetics & Chromatin, 3(1), 2. https://doi.org/10.1186/1756-8935-3-2

991 McGrath, J., & Solter, D. (1986). Nucleocytoplasmic interactions in the mouse embryo. Journal of

992 Embryology and Experimental Morphology, 97(SUPPL.), 277-290.

993 McGrath, James, & Solter, D. (1984). Completion of mouse embryogenesis requires both the maternal
994 and paternal genomes. Cell, 37(1), 179-183. https://doi.org/10.1016/0092-8674(84)90313-1

995 Mckinney, W. (2010). Data Structures for Statistical Computing in Python. In Proceedings of the 9th

996 Python in Science Conference (Vol. 1, pp. 56—61).

21


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

997  McMinn, J., Wei, M., Schupf, N., Cusmai, J., Johnson, E. B., Smith, A. C., ... Tycko, B. (2006).

998 Unbalanced placental expression of imprinted genes in human intrauterine growth restriction.

999 Placenta, 27(6-7), 540-549. https://doi.org/10.1016/j.placenta.2005.07.004
1000  McPherson, N. O., Bell, V. G., Zander-Fox, D. L., Fullston, T., Wu, L. L., Robker, R. L., & Lane, M. (2015).
1001 When two obese parents are worse than one! Impacts on embryo and fetal development. American
1002 Journal of Physiology-Endocrinology and Metabolism, 309(6), E568—E581.
1003 https://doi.org/10.1152/ajpendo.00230.2015
1004  Menendez-Castro, C., Rascher, W., & Hartner, A. (2018). Intrauterine growth restriction - impact on
1005 cardiovascular diseases later in life. Molecular and Cellular Pediatrics, 5(1), 4.
1006 https://doi.org/10.1186/s40348-018-0082-5
1007  Mierzynski, R., Dluski, D., Darmochwal-Kolarz, D., Poniedziatek-Czajkowska, E., Leszczynska-Gorzelak,
1008 B., Kimber-Trojnar, Z., ... Oleszczuk, J. (2016). Intra-uterine Growth Retardation as a Risk Factor of
1009 Postnatal Metabolic Disorders. Current Pharmaceutical Biotechnology, 17(7), 587-596.
1010 https://doi.org/10.2174/1389201017666160301104323
1011  Milosevic-Stevanovic, J., Krstic, M., Radovic-Janosevic, D., Popovic, J., Tasic, M., & Stojnev, S. (2016).
1012 Number of decidual natural killer cells & macrophages in pre-eclampsia. The Indian Journal of
1013 Medical Research, 144(6), 823-830. https://doi.org/10.4103/ijmr.IJMR_776_15
1014  Mission, J. F., Marshall, N. E., & Caughey, A. B. (2015). Pregnancy risks associated with obesity.
1015 Obstetrics and Gynecology Clinics of North America, 42(2), 335—-353.
1016 https://doi.org/10.1016/j.09c.2015.01.008
1017  Mitchell, M., Bakos, H. W., & Lane, M. (2011). Paternal diet-induced obesity impairs embryo development
1018 and implantation in the mouse. Fertility and Sterility, 95(4), 1349-1353.
1019 https://doi.org/10.1016/j.fertnstert.2010.09.038
1020  Mitchell, M., Strick, R., Strissel, P. L., Dittrich, R., McPherson, N. O., Lane, M., ... El Hajj, N. (2017). Gene
1021 expression and epigenetic aberrations in F1-placentas fathered by obese males. Molecular
1022 Reproduction and Development, 84(4), 316—328. https://doi.org/10.1002/mrd.22784
1023  Monk, D. (2015). Genomic imprinting in the human placenta. American Journal of Obstetrics &
1024 Gynecology, 213(4), S152-S162. https://doi.org/10.1016/j.ajog.2015.06.032
1025  Moore, T., & Haig, D. (1991). Genomic imprinting in mammalian development: a parental tug-of-war.
1026 Trends in Genetics : TIG, 7(2), 45-49. https://doi.org/10.1016/0168-9525(91)90230-N
1027 Morison, I. M., Ramsay, J. P., & Spencer, H. G. (2005). A census of mammalian imprinting. Trends in
1028 Genetics : TIG, 21(8), 457—-465. https://doi.org/10.1016/j.tig.2005.06.008
1029  Morsing, E., Liuba, P., Fellman, V., Marsal, K., & Brodszki, J. (2014). Cardiovascular function in children
1030 born very preterm after intrauterine growth restriction with severely abnormal umbilical artery blood
1031 flow. European Journal of Preventive Cardiology, 21(10), 1257-1266.
1032 https://doi.org/10.1177/2047487313486044
1033  Murugappan, G., Li, S., Leonard, S. A., Winn, V. D., Druzin, M. L., & Eisenberg, M. L. (2021). Association
1034 of preconception paternal health and adverse maternal outcomes among healthy mothers. American
1035 Journal of Obstetrics & Gynecology MFM, 3(5). https://doi.org/10.1016/j.ajogmf.2021.100384
1036  Naismith, K., & Cox, B. (2021). Human placental gene sets improve analysis of placental pathologies and
1037 link trophoblast and cancer invasion genes. Placenta, 112, 9-15.
1038 https://doi.org/https://doi.org/10.1016/j.placenta.2021.06.011
1039 Ng, S.-F,, Lin, R. C. Y., Laybutt, D. R., Barres, R., Owens, J. A., & Morris, M. J. (2010). Chronic high-fat
1040 diet in fathers programs B-cell dysfunction in female rat offspring. Nature, 467(7318), 963—966.
1041 https://doi.org/10.1038/nature09491
1042  O'Tierney-Ginn, P. F., & Lash, G. E. (2014). Beyond pregnancy: modulation of trophaoblast invasion and
1043 its consequences for fetal growth and long-term children’s health. Journal of Reproductive
1044 Immunology, 104-105, 37—-42. https://doi.org/https://doi.org/10.1016/}.jri.2014.04.002
1045 Oksanen, J., Kindt, R., Legendre, P., O'Hara, B., Stevens, M. H. H., Oksanen, M. J., & Suggests, M.
1046 (2007). The vegan package. Community Ecology Package, 10(631-637), 719.
1047  Parrettini, S., Caroli, A., & Torlone, E. (2020). Nutrition and Metabolic Adaptations in Physiological and
1048 Complicated Pregnancy: Focus on Obesity and Gestational Diabetes. Frontiers in Endocrinology,
1049 11. https://doi.org/10.3389/fendo0.2020.611929
1050  Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., ... Duchesnay, E. (2011).
1051 Scikit-Learn: Machine Learning in Python. J. Mach. Learn. Res., 12(null), 2825-2830.

1052  Pepin, A.-S., Lafleur, C., Lambrot, R., Dumeaux, V., & Kimmins, S. (2022). Sperm histone H3 lysine 4 tri-

22


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1053 methylation serves as a metabolic sensor of paternal obesity and is associated with the inheritance
1054 of metabolic dysfunction. Molecular Metabolism, 59, 101463.

1055 https://doi.org/https://doi.org/10.1016/j.molmet.2022.101463

1056 Perez-Garcia, V., Fineberg, E., Wilson, R., Murray, A., Mazzeo, C. |., Tudor, C., ... Hemberger, M. (2018).
1057 Placentation defects are highly prevalent in embryonic lethal mouse mutants. Nature, 555(7697),
1058 463-468. https://doi.org/10.1038/nature26002

1059  Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T.-C., Mendell, J. T., & Salzberg, S. L. (2015).
1060 StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nature

1061 Biotechnology, 33(3), 290-295. https://doi.org/10.1038/nbt.3122

1062  Pintican, D., Poienar, A. A., Strilciuc, S., & Mihu, D. (2019). Effects of maternal smoking on human

1063 placental vascularization: A systematic review. Taiwanese Journal of Obstetrics & Gynecology,
1064 58(4), 454—459. https://doi.org/10.1016/j.tjog.2019.05.004

1065  Pohl, A., & Beato, M. (2014). bwtool: a tool for bigWig files. Bioinformatics, 30(11), 1618—1619.

1066 https://doi.org/10.1093/bioinformatics/btu056

1067 Prasad, M. S., Charney, R. M., & Garcia-Castro, M. I. (2019). Specification and formation of the neural
1068 crest: Perspectives on lineage segregation. Genesis (New York, N.Y. : 2000), 57(1), e23276.

1069 https://doi.org/10.1002/dvg.23276

1070 Ramirez, F., Ryan, D. P., Grining, B., Bhardwaj, V., Kilpert, F., Richter, A. S., ... Manke, T. (2016).
1071 deepTools2: a next generation web server for deep-sequencing data analysis. Nucleic Acids

1072 Research, 44(W1), W160-5. https://doi.org/10.1093/nar/gkw257

1073  Regnault, T. R. H., Galan, H. L., Parker, T. A., & Anthony, R. V. (2002). Placental development in normal
1074 and compromised pregnancies - A review. Placenta, 23(SUPPL. 1).

1075 https://doi.org/10.1053/plac.2002.0792

1076  Rosenfeld, C. S. (2021). The placenta-brain-axis. Journal of Neuroscience Research, 99(1), 271-283.
1077 https://doi.org/10.1002/jnr.24603

1078 Rossant, J., & Cross, J. C. (2001). Placental development: Lessons from mouse mutants. Nature

1079 Reviews Genetics, 2(7), 538-548. https://doi.org/10.1038/35080570

1080 Russ, A. P., Wattler, S., Colledge, W. H., Aparicio, S. A. J. R., Carlton, M. B. L., Pearce, J. J., ... Evans,
1081 M. J. (2000). Eomesodermin is required for mouse trophoblast development and mesoderm

1082 formation. Nature, 404(6773), 95-99. https://doi.org/10.1038/35003601

1083 S.,W.C., June, N., Adrian, T., Dijana, T.,R.,, M. M., A., R.-Z. E., ... C., H. M. (2016). Pravastatin

1084 ameliorates placental vascular defects, fetal growth, and cardiac function in a model of

1085 glucocorticoid excess. Proceedings of the National Academy of Sciences, 113(22), 6265-6270.
1086 https://doi.org/10.1073/pnas.1520356113

1087 Salzberg, B. L. and S. L. (2013). Fast gapped-read alignment with Bowtie 2. Nature Methods, 9(4), 357—
1088 359. https://doi.org/10.1038/nmeth.1923.Fast

1089  Sandovici, I., Fernandez-Twinn, D. S., Hufnagel, A., Constancia, M., & Ozanne, S. E. (2022). Sex

1090 differences in the intergenerational inheritance of metabolic traits. Nature Metabolism.

1091 https://doi.org/10.1038/s42255-022-00570-4

1092  Sarvari, S. I., Rodriguez-Lopez, M., Nufiez-Garcia, M., Sitges, M., Sepulveda-Martinez, A., Camara, O.,
1093 ... Crispi, F. (2017). Persistence of Cardiac Remodeling in Preadolescents With Fetal Growth
1094 Restriction. Circulation. Cardiovascular Imaging, 10(1).

1095 https://doi.org/10.1161/CIRCIMAGING.116.005270

1096  Sebastiani, G., Borras-Novell, C., Casanova, M. A., Pascual Tutusaus, M., Ferrero Martinez, S., Gbmez
1097 Roig, M. D., & Garcia-Algar, O. (2018). The Effects of Alcohol and Drugs of Abuse on Maternal
1098 Nutritional Profile during Pregnancy. Nutrients, 10(8), 1008. https://doi.org/10.3390/nu10081008
1099  Shen, Y., Yue, F., McCleary, D. F., Ye, Z., Edsall, L., Kuan, S, ... Ren, B. (2012). A map of the cis-
1100 regulatory sequences in the mouse genome. Nature, 488(7409), 116-120.

1101 https://doi.org/10.1038/nature11243

1102  Sibilia, M., & Wagner, E. F. (1995). Strain-dependent epithelial defects in mice lacking the EGF receptor.
1103 Science (New York, N.Y.), 269(5221), 234—238. https://doi.org/10.1126/science.7618085

1104  Silva, J. F., & Serakides, R. (2016). Intrauterine trophoblast migration: A comparative view of humans and
1105 rodents. Cell Adhesion & Migration, 10(1-2), 88-110.

1106 https://doi.org/10.1080/19336918.2015.1120397

1107  Sohlberg, S., Stephansson, O., Cnattingius, S., & Wikstréom, A.-K. (2012). Maternal body mass index,
1108 height, and risks of preeclampsia. American Journal of Hypertension, 25(1), 120-125.

23


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1109 https://doi.org/10.1038/ajh.2011.175

1110  St-Pierre, J., Hivert, M.-F., Perron, P., Poirier, P., Guay, S.-P., Brisson, D., & Bouchard, L. (2012). IGF2
1111 DNA methylation is a modulator of newborn’s fetal growth and development. Epigenetics, 7(10),
1112 1125-1132. https://doi.org/10.4161/epi.21855

1113 Surani, M. A. H., Barton, S. C., & Norris, M. L. (1984). Development of reconstituted mouse eggs

1114 suggests imprinting of the genome during gametogenesis. Nature, 308(5959), 548-550.

1115 https://doi.org/10.1038/308548a0

1116  Taiyun, Wei, Simko, V. (2021). R package “corrplot”: Visualization of a Correlation Matrix. Retrieved from
1117 https://github.com/taiyun/corrplot

1118 Tanaka, M., Gertsenstein, M., Rossant, J., & Nagy, A. (1997). Mash2 acts cell autonomously in mouse
1119 spongiotrophoblast development. Developmental Biology, 190(1), 55—-65.

1120 https://doi.org/10.1006/dbio.1997.8685

1121  Tang, H., Pan, L., Xiong, Y., Wang, L., Cui, Y., Liu, J., & Tang, L. (2021). Down-regulation of the Sp1l
1122 transcription factor by an increase of microRNA-4497 in human placenta is associated with early
1123 recurrent miscarriage. Reproductive Biology and Endocrinology, 19(1), 21.

1124 https://doi.org/10.1186/s12958-021-00701-8

1125 Team, R. C. (2018). R: A language and environment for statistical computing. Vienna, Austria: R

1126 Foundation for Statistical Computing.

1127  Terashima, M., Barbour, S., Ren, J., Yu, W., Han, Y., Terashima, M., ... Muegge, K. (2015). Effect of high
1128 fat diet on paternal sperm histone distribution and male offspring liver gene expression Effect of high
1129 fat diet on paternal sperm histone distribution and male offspring liver gene expression,

1130 2294(September 2017), 861-871. https://doi.org/10.1080/15592294.2015.1075691

1131  Thornburg, K. L., Kolahi, K., Pierce, M., Valent, A., Drake, R., & Louey, S. (2016). Biological features of
1132 placental programming. Placenta, 48 Suppl 1(Suppl 1), S47-S53.

1133 https://doi.org/10.1016/j.placenta.2016.10.012

1134  Thornburg, K. L., & Marshall, N. (2015). The placenta is the center of the chronic disease universe.
1135 American Journal of Obstetrics and Gynecology, 213(4 Suppl), S14-S20.

1136 https://doi.org/10.1016/j.ajog.2015.08.030

1137  Threadgill, D. W., Dlugosz, A. A., Hansen, L. A., Tennenbaum, T., Lichti, U., Yee, D., ... Magnuson, T.
1138 (1995). Targeted Disruption of Mouse EGF Receptor: Effect of Genetic Background on Mutant
1139 Phenotype. Science, 269(5221), 230-234. Retrieved from http://www.jstor.org/stable/2888447
1140  Torous, V. F., & Roberts, D. J. (2020). Placentas From Women of Advanced Maternal Age: An

1141 Independent Indication for Pathologic Examination? Archives of Pathology & Laboratory Medicine,
1142 144(10), 1254-1261. https://doi.org/10.5858/arpa.2019-0481-OA

1143  Tramunt, B., Smati, S., Grandgeorge, N., Lenfant, F., Arnal, J.-F., Montagner, A., & Gourdy, P. (2020).
1144 Sex differences in metabolic regulation and diabetes susceptibility. Diabetologia, 63(3), 453-461.
1145 https://doi.org/10.1007/s00125-019-05040-3

1146  Tucci, V., Isles, A. R., Kelsey, G., Ferguson-Smith, A. C., Tucci, V., Bartolomei, M. S., ... Ferguson-Smith,
1147 A. C. (2019). Genomic Imprinting and Physiological Processes in Mammals. Cell, 176(5), 952—965.
1148 https://doi.org/https://doi.org/10.1016/j.cell.2019.01.043

1149 Ueda, M., Tsuchiya, K. J., Yaguchi, C., Furuta-lsomura, N., Horikoshi, Y., Matsumoto, M., ... Itoh, H.
1150 (2022). Placental pathology predicts infantile neurodevelopment. Scientific Reports, 12(1), 2578.
1151 https://doi.org/10.1038/s41598-022-06300-w

1152  Van Rossum, Guido; Drake, F. L. (2009). Python 3 Reference Manual. Scotts Valley, CA: CreateSpace.
1153  Van Rossum, G. (2020). The Python Library Reference, release 3.8.2. Python Software Foundation.
1154  Vaughan, O. R., Maksym, K., Silva, E., Barentsen, K., Anthony, R. V, Brown, T. L., ... Jansson, T. (2021).

1155 Placenta-specific SIc38a2/SNAT2 knockdown causes fetal growth restriction in mice. Clinical

1156 Science (London, England : 1979), 135(17), 2049—-2066. https://doi.org/10.1042/CS20210575

1157  Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., Reddy, T., Cournapeau, D., ... Contributors, S.
1158 1.. (2020). SciPy 1.0: fundamental algorithms for scientific computing in Python. Nature Methods,
1159 17(3), 261-272. https://doi.org/10.1038/s41592-019-0686-2

1160 Wang, X., Miller, D. C., Harman, R., Antczak, D. F., & Clark, A. G. (2013). Paternally expressed genes
1161 predominate in the placenta. Proceedings of the National Academy of Sciences, 110(26), 10705—
1162 10710. https://doi.org/10.1073/pnas.1308998110

1163  Waskom, M. L. (2021). seaborn : statistical data visualization Statement of need. The Journal of Open
1164 Source Software, 6, 1-4. https://doi.org/10.21105/joss.03021

24


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1165 Wei, Y, Yang, C.-R., Wei, Y.-P., Zhao, Z.-A., Hou, Y., Schatten, H., & Sun, Q.-Y. (2014). Paternally

1166 induced transgenerational inheritance of susceptibility to diabetes in mammals. Proceedings of the
1167 National Academy of Sciences, 111(5), 1873-1878. https://doi.org/10.1073/pnas.1321195111

1168  Welch, R. P, Lee, C., Imbriano, P. M., Patil, S., Weymouth, T. E., Smith, R. A,, ... Sartor, M. A. (2014).
1169 ChiIP-Enrich: gene set enrichment testing for ChiP-seq data. Nucleic Acids Research, 42(13), e105—
1170 e105. https://doi.org/10.1093/nar/gku463

1171 Wen, B., Wu, H., Bjornsson, H., Green, R. D., Irizarry, R., & Feinberg, A. P. (2008). Overlapping

1172 euchromatin/heterochromatin- associated marks are enriched in imprinted gene regions and predict
1173 allele-specific modification. Genome Research, 18(11), 1806-1813.

1174 https://doi.org/10.1101/gr.067587.108

1175  Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag. Retrieved
1176 from https://ggplot2.tidyverse.org
1177  Williams, P. J., Bulmer, J. N., Searle, R. F., Innes, B. A., & Robson, S. C. (2009). Altered decidual

1178 leucocyte populations in the placental bed in pre-eclampsia and foetal growth restriction: a

1179 comparison with late normal pregnancy. Reproduction (Cambridge, England), 138(1), 177-184.
1180 https://doi.org/10.1530/REP-09-0007

1181  Wwolf, F. A, Angerer, P., & Theis, F. J. (2018). SCANPY: large-scale single-cell gene expression data
1182 analysis. Genome Biology, 19(1), 15. https://doi.org/10.1186/s13059-017-1382-0

1183  Wood, A. J., & Oakey, R. J. (2006). Genomic imprinting in mammals: emerging themes and established
1184 theories. PLoS Genetics, 2(11), e147. https://doi.org/10.1371/journal.pgen.0020147

1185 Wu, Y, Chen, Y., Shen, M., Guo, Y., Wen, S. W., Lanes, A., ... Hua, X. (2019). Adverse maternal and
1186 neonatal outcomes among singleton pregnancies in women of very advanced maternal age: a
1187 retrospective cohort study. BMC Pregnancy and Childbirth, 19(1), 3. https://doi.org/10.1186/s12884-
1188 018-2147-9

1189 i, L., Pimentel, H., Bray, N. L., & Pachter, L. (2018). Gene-level differential analysis at transcript-level
1190 resolution. Genome Biology, 19(1), 1-24. https://doi.org/10.1186/s13059-018-1419-z

1191  Yin, Y., Morgunova, E., Jolma, A., Kaasinen, E., Sahu, B., Khund-Sayeed, S., ... Taipale, J. (2017).
1192 Impact of cytosine methylation on DNA binding specificities of human transcription factors. Science
1193 (New York, N.Y.), 356(6337). https://doi.org/10.1126/science.aaj2239

1194  Yoshida, K., Maekawa, T., Ly, N. H., Fujita, S. ichiro, Muratani, M., Ando, M., ... Ishii, S. (2020). ATF7-
1195 Dependent Epigenetic Changes Are Required for the Intergenerational Effect of a Paternal Low-
1196 Protein Diet. Molecular Cell, 78(3), 445-458.e6. https://doi.org/10.1016/j.molcel.2020.02.028

1197  Zadora, J., Singh, M., Herse, F., Przybyl, L., Haase, N., Golic, M., ... Izsvak, Z. (2017). Disturbed

1198 Placental Imprinting in Preeclampsia Leads to Altered Expression of DLX5, a Human-Specific Early
1199 Trophoblast Marker. Circulation, 136(19), 1824-1839.

1200 https://doi.org/10.1161/CIRCULATIONAHA.117.028110

1201  Zzhang, Y., Parmigiani, G., & Johnson, W. E. (2020). ComBat-seq: batch effect adjustment for RNA-seq
1202 count data. NAR Genomics and Bioinformatics, 2(3). https://doi.org/10.1093/nargab/Ilgaa078

1203

1204

25


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1205 9 Figures

26


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder fo ﬁs preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpe g unpge
A available under aCC-BY-NC-ND 4.0 International license.
Timed- Placenta collection Sperm collection
mating

o}

CON Q
o T

V/4

8-10 weeks

Sample collecti

RNA-sequencing ChIP-sequencing


https://doi.org/10.1101/2022.08.30.503982
http://creativecommons.org/licenses/by-nc-nd/4.0/

1206
1207
1208
1209
1210
1211
1212
1213

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.503982; this version posted August 31, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fig. 1) Experimental design showing the timeline and methods used to study the consequences of an
obesity-induced altered sperm epigenome on the placenta.

A) Six-week-old C57BL/6J sires were fed either a control or high-fat diet (CON or HFD, respectively) for 8-
10 weeks. Males were then time-mated with CON-fed C57BL/6J females to generate pregnancies.
Pregnant females were sacrificed at embryonic day (E)14.5 and placentas were collected to perform RNA-
sequencing (RNA-seq, n=4 per sex per dietary group). Sires were sacrificed at 5 months of age and sperm
from cauda epididymides was collected for chromatin immunoprecipitation sequencing (ChlP-seq, n=3 per
dietary group) targeting histone H3 lysine 4 tri-methylation (H3K4me3). Created with BioRender.com.
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1214  Fig. 2) H3K4me3 signal profile at obesity-sensitive regions in sperm.

1215  A)Heatmap of log2 normalized counts for obesity-sensitive regions in sperm (n=1,760). Columns (samples)
1216  and rows (genomic regions) are arranged by hierarchical clustering with complete-linkage clustering based
1217 on Euclidean distance. Samples are labeled by batch (grey shades) and by dietary group.

1218  B) Profile plots showing RPKM H3K4me3 counts +/- 3 kilobase around the center of genomic regions with
1219  decreased (i) and increased (ii) H3K4me3 enrichment in HFD-sperm compared to CON-sperm.

1220  C) Scatter plot showing H3K4me3 enrichment (log2 counts) versus CpG density (observed/expected) for
1221  all H3K4me3-enriched regions in sperm (n=35,184, in grey), regions with HFD-induced decreased
1222 H3K4me3 enrichment (n=503, in beige), and regions with increased H3K4me3 enrichment (n=1,257, in
1223 purple). The upper and right panels represent the data points density for CpG density and H3K4me3
1224  enrichment, respectively.

1225 D) Bar plots showing the proportion of peaks for each category of distance from the transcription start site
1226 (TSS) of the nearest gene in kilobase (kb), for obesity-sensitive regions with decreased (i) and increased
1227 (i) H3K4me3 enrichment in HFD-sperm.

1228 E) Gene ontology (GO) analysis for promoters at obesity-sensitive regions with decreased (i) and increased
1229 (i) H3K4me3 enrichment in HFD-sperm. The bubble plot highlights 8 significantly enriched GO terms, with
1230 their -log2(p-value) depicted on the y-axis and with the color gradient. The size of the bubbles represents
1231  the number of significant genes annotated to a specific GO term. Tables S3-4 include the full lists of
1232  significant GO terms.

1233 F) Genome browser snapshots showing genes with altered sperm H3K4me3 at promoter regions (CON
1234  pale purple, HFD dark purple).
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Fig. 3) Enriched motifs at obesity-sensitive regions in sperm.

A) Top 10 significantly enriched known motifs at obesity-sensitive regions with increased H3K4me3
enrichment in HFD-sperm. Motifs are clustered based on sequence similarity with hierarchical clustering.
Branches of the dendrogram tree are color-coded by motif family. The name of the motif is indicated on the
right, with the motif family in parenthesis, and the associated p-value for enrichment significance (binomial
statistical test). The full list of enriched motifs can be found in Supplemental files 2.
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1241  Fig. 4) Paternal obesity alters the F1 placental transcriptome in a sex-specific manner.

1242  A-B) Heatmaps of normalized counts scaled by row (z-score) for transcripts that code for the detected
1243  differentially expressed genes (Lancaster p<0.05) in female (A, n=2,035 genes) and male (B, n=2,365
1244  genes) placentas. Rows are orders by k-means clustering and columns are arranged by hierarchical
1245  clustering with complete-linkage based on Euclidean distances.

1246  C-D) Gene ontology (GO) analysis for differentially expressed genes in female (C) and male (D) placentas.
1247  The bubble plot highlights 8 significantly enriched GO terms, with their -log2(p-value) depicted on the y-
1248  axis and with the color gradient. The size of the bubbles represents the number of significant genes
1249  annotated to a specific enriched GO term. Tables S5-6 include the full lists of significant GO terms.

1250 E-F) Heatmaps of normalized counts scaled by row (z-score) for detected differentially expressed imprinted
1251  genes (Lancaster p<0.05) in female (E, n=23 genes) and male (F, n=28 genes) placentas. Genes are
1252 labeled based on their allelic expression (paternally expressed genes in pale grey, maternally expressed
1253  genes in pale pink). Rows are orders by k-means clustering and columns are arranged by hierarchical
1254  clustering with complete-linkage based on Euclidean distances.
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1255 Fig. 5) Paternal obesity-induced changes in placental cellular composition and differential expression.
1256  A) Boxplots showing sample-specific proportions for the top 5 cell types with highest proportions detected
1257  in the bulk RNA-seq data deconvolution analysis across experimental groups. Beta regression was used
1258 to assess differences in cell-type proportions associated with paternal obesity for each placental sex.
1259  P<0.05 was considered significant.

1260 B-C) Heatmaps of normalized counts scaled by row (z-score) for transcripts that code for the detected
1261  differentially expressed genes (Lancaster p<0.05) in female (B, n=423 genes) and male (C, n=1,487 genes)
1262 placentas, after adjusting for cell-type proportions. Rows are orders by k-means clustering and columns
1263 are arranged by hierarchical clustering with complete-linkage based on Euclidean distances.
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1264 Fig. 6) Hypoxia-induced growth restriction is associated with changes in placental cellular composition and
1265  differential expression.

1266  A) Boxplots showing sample-specific proportions for the top 10 cell types with highest proportions detected
1267 in the bulk RNA-sequencing data deconvolution analysis across experimental groups. Beta regression was
1268 used to assess differences in cell-type proportions associated with hypoxia-induced intrauterine growth
1269  restriction. P<0.05 was considered significant.

1270 B) Pyramid plot showing the median values of cell-type proportions commonly detected in both datasets
1271 assessed. The asterix (*) denote significance (P<0.05) between control versus hypoxia groups or CON M
1272  versus HFD groups, as calculated by beta regression.

1273  C) Heatmap of normalized counts scaled by row (z-score) for transcripts that code for the detected
1274  differentially expressed genes (Lancaster p<0.05, n=1,477 genes) in hypoxic placentas, after adjusting for
1275  cell-type proportions. Rows are orders by k-means clustering and columns are arranged by hierarchical
1276  clustering with complete-linkage based on Euclidean distances.

1277 D) Venn diagrams showing overlap between hypoxia-induced de-regulated genes in an intrauterine growth
1278  restriction model (Chu et al., 2019), with paternal obesity-induced de-regulated genes (this study) in male
1279  placentas.
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1280 10 Supplemental figures
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1281  Fig. S1) Sperm H3K4me3 ChlIP-sequencing data quality and normalization.

1282  A) Histogram showing frequency distributions of read abundances of genome-wide 150 bp windows. The
1283  vertical red line indicates the cut-off where windows with low read counts were filtered out (abundance
1284 below log2(4) fold over 2,000 bp bins). The remaining windows (considered enriched for H3K4me3) which
1285  were less than 100 bp apart were merged allowing a maximum width of 5,000 bp (n=35,184 merged regions
1286  enriched for H3K4me3 in sperm).

1287 B) Spearman correlation heatmap on counts at sperm H3K4me3-enriched genomic regions after TMM
1288 normalization and batch adjustment. Color gradients represent correlation coefficients for each pairwise
1289  comparison.

1290 C) Principal component analysis (PCA) plot for counts in H3K4me3-enriched regions in sperm after
1291  normalization. The top 5% regions contributing to Principal Component 1 (PC1) were selected as those
1292  associated with sample separation according to dietary treatment (E).

1293 D) Venn diagram showing the overlap of detected obesity-sensitive regions from this study (dark grey) and
1294  our previous study (Pepin et al., 2022; pale grey). Significance was tested with a Fisher exact test and the
1295  p-value is shown under the graph.

1296 E) Heatmap showing significant gene ontology (GO) terms clustered based on functional similarity,
1297  comparing enriched biological functions in obesity-sensitive regions located at promoters detected in this
1298  study (top row) and in our previous study (Pepin et al., 2022, bottom row). Columns represent enriched GO
1299 terms ordered by hierarchical clustering based on Wang’s semantic similarity distance and ward.D2
1300 aggregation criterion. The color intensity represents the GO term enrichment significance (-log10 p-value).
1301 Interactive versions of these figures can be found in Supplemental file 1 and the complete lists of
1302  significantly enriched GO terms can be found in Table S2.
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Fig. S2) Obesity-sensitive regions in sperm are found at tissue-specific enhancers important for
development.

A-B) Upset plots showing annotations for tissue-specific enhancers overlapping with deH3K4me3 regions
with decreased enrichment in HFD sperm (A) and increased enrichment in HFD sperm (B).

Horizontal bars on the left sides of each panel represent the number of regions overlapping with each
genomic annotation (set size). Vertical bars on the top of each panel represent the number of regions
belonging to intersecting annotations (intersection size). Intersection sets are represented by connecting
nodes.
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Fig. S3) Placenta RNA-sequencing data quality assessment.

A) Spearman correlation heatmap on variance stabilized transcripts. The color gradient represents the
Spearman correlation coefficient for each sample pairwise comparison.

B-C) Principal Component Analysis (PCA) on variance stabilized transcripts with samples labeled by batch
(B) and experimental group (C).

D) Venn diagrams showing the overlap of paternal obesity-induced de-regulated genes between female
and male placentas (i), with sperm obesity-sensitive regions at promoters (ii and iii), and with the nearest
gene to placental-specific enhancer overlapping sperm deH3K4me3 (iv and v).
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1319 Fig. S4) Cell-type specific marker genes selection using reference mouse E14.5 placenta single-cell RNA-
1320 sequencing dataset.

1321  A) Principal Component Analysis (PCA) plot of 4,346 single cells from mouse E14.5 placenta, with the 28
1322  different cell types previously identified within the placenta (Han et al., 2018). The number of cells annotated
1323  to each cell type can be found in Table S7.

1324  B) The 4,000 most highly variable genes were used for feature selection using a multi-objective optimization
1325  approach with the AutoGeneS package (Aliee & Theis, 2021). The plot shows distance and correlation
1326  values for each Pareto-optimal solution. The red triangle indicates the Pareto-optimal solution used to select
1327  the 400 marker genes which maximizes distance and minimizes correlation values across cell types.
1328 C) Heatmap showing Pearson correlation between each cell-type based on expression values of the
1329  selected marker genes. The color gradient represents the Pearson correlation coefficients. Cell types are
1330 arranged by hierarchical clustering.

1331 D) Expression signatures of marker genes distinguishing the different cell types detected. The heatmap
1332 shows the mean normalized counts per cell type (rows) for the 400 marker genes (columns) as identified
1333 by AutoGeneS (Aliee & Theis, 2021). Rows and columns are arranged by hierarchical clustering.
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Fig. S5) Estimated cell type proportions across experimental groups for male and female E14.5 bulk
placenta tissues derived from CON- and HFD-fed sires.

A) Boxplots showing sample-specific proportions for the remaining cell types detected in the bulk RNA-seq
data deconvolution analysis across experimental groups. Beta regression was used to assess differences
in cell-type proportions associated with paternal obesity for each placental sex. P<0.05 was considered
significant.
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Fig. S6) Principal component analysis (PCA) of estimated cell-type proportions

A-F) Principal component results for female (A-C) and male (D-F) placentas.

A and D) Principal component analysis plot of cell-proportions. Confidence ellipses are drawn around mean
points for each experimental group.

B and E) Scree plots showing percentage of variances explained by each principal component (dimension).
C and F) Variables factor map showing the top cell types contributing to sample variances. The color
gradients on vectors represent the contribution values for each variable (cell type).

G-H) Venn diagrams showing the overlap between the differentially expressed genes in female (G) and
male (H) placentas, before and after adjusting for cell-type proportions.
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1349  Fig. S7) Quality assessment, processing, differential analysis, and deconvolution of RNA-sequencing data
1350 from mouse placenta in a hypoxia-induced intrauterine growth restriction mouse model.

1351 A) Spearman correlation heatmap on variance stabilized transcripts. The color gradient represents the
1352  Spearman correlation coefficient for each sample pairwise comparison.

1353 B) Principal Component Analysis (PCA) on variance stabilized transcripts with samples labeled by
1354  experimental group.

1355 C) Heatmap of normalized counts scaled by row (z-score) for transcripts that code for the detected
1356 differentially expressed genes (Lancaster p<0.05, n=1,935 genes) placentas. Rows are orders by k-means
1357 clustering and columns are arranged by hierarchical clustering with complete-linkage based on Euclidean
1358  distances.

1359 D) Boxplots showing sample-specific proportions for cell types detected in the bulk RNA-sequencing data
1360  deconvolution analysis across experimental groups.

1361 E-G) Principal component analysis of estimated cell-type proportions.

1362 E) Principal component analysis plot of cell-type proportions. Confidence ellipses are drawn around mean
1363  points for each experimental group.

1364 F) Scree plot showing percentage of variances explained by each principal component (dimension).

1365 G) Variables factor map showing the top cell types contributing to sample variances. The color gradients
1366 on vectors represent the contribution values for each variable (cell type).

1367 H) Venn diagram showing the overlap between the differentially expressed genes detected in hypoxic
1368  placentas, before and after adjusting for cell-type proportions.
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1369 11 Supplemental tables and files

1370

1371  Table S1: ChlP-sequencing sample information

1372

1373 Table S2: Significant gene ontology terms enriched in HFD-sperm deH3K4me3 regions at promoters
1374  detected in our previous study and this study, related to Fig S1 E

1375

1376  Table S3: Significant gene ontology terms enriched in HFD-sperm at regions showing a decrease in
1377  H3K4me3 at promoters, related to Fig 2 E i

1378

1379 Table S4: Significant gene ontology terms enriched in HFD-sperm at regions showing an increase in
1380  H3K4me3 at promoters, related to Fig 2 E ii

1381

1382  Table S5: Significant gene ontology terms enriched in differentially expressed genes in female placentas
1383  derived from HFD-sires, related to Fig 4 C

1384

1385  Table S6: Significant gene ontology terms enriched in differentially expressed genes in male placentas
1386  derived from HFD-sires, related to Fig 4 D

1387

1388  Table S7: Reference single-cell RNA-sequencing data information — number of cells per cell type, related
1389 toFig S4

1390

1391

1392  Supplemental file 1: Interactive heatmap for significant gene ontology terms enriched in HFD-sperm
1393  deH3K4me3 regions at promoters detected in our previous study and this study, related to Fig. S1 |
1394

1395 Supplemental file 2: Motif analysis, showing significantly enriched known motifs in regions gaining
1396  H3K4me3 in HFD-sperm, related to Fig 3 A
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