10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

bioRxiv preprint doi: https://doi.org/10.1101/250787; this version posted January 19, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

Identification of rare de novo epigenetic variations in congenital disorders

Mafalda Barbosa"?*, Ricky S. Joshi"", Paras Garg"’, Alejandro Martin-Trujillo’, Nihir Patel’, Bharati
Jadhav', Corey T. Watson', William Gibson’, Kelsey Chetnik®, Chloe Tessereau’, Hui Mei*”, Silvia De
Rubeis®®, Jennifer Reichert*®, Fatima Lopes’, Lisenka E.L.M. Vissers®, Tjitske Kleefstra® Dorothy E.
Grice®°, Lisa Edelmann®, Gabriela Soares'", Patricia Maciel’, Han G. Brunner®'?, Joseph D.

Buxbaum”*®'° Bruce D. Gelb""® Andrew J. Sharp'?

' The Mindich Child Health & Development Institute and the Department of Genetics & Genomic
Sciences, Icahn School of Medicine at Mount Sinai, NY, USA

2 Graduate School of Biomedical Sciences, Icahn School of Medicine at Mount Sinai, NY, USA

3 The Seaver Autism Center for Research and Treatment, lcahn School of Medicine at Mount Sinai,
NY, USA

* School of Theoretical and Applied Sciences, Ramapo College of New Jersey, Mahwah, NJ, USA
® Department of Genetics and Genomic Sciences, Icahn Institute for Genomics and Multiscale
Biology, Icahn School of Medicine at Mount Sinai, NY, USA

6 Department of Psychiatry, Icahn School of Medicine at Mount Sinai, NY, USA

’ Life and Health Sciences Research Institute, School of Medicine, University of Minho; ICVS/3B’s PT
Government Associate Laboratory, Braga/Guimaraes, Portugal

® Radboud University Medical Center, Department of Human Genetics; Donders Institute for Brain,
Cognition and Behaviour, Nijmegen, The Netherlands

° The Division of Tics, OCD and Related Disorders, Department of Psychiatry, and Mindich Child
Health and Development Institute, Icahn School of Medicine at Mount Sinai, NY, USA

' The Friedman Brain Institute, Icahn School of Medicine at Mount Sinai, NY, USA

" Center for Medical Genetics Dr. Jacinto Magalh&es, Porto Hospital Center, Porto, Portugal


https://doi.org/10.1101/250787
http://creativecommons.org/licenses/by-nc-nd/4.0/

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

bioRxiv preprint doi: https://doi.org/10.1101/250787; this version posted January 19, 2018. 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.

12 Maastricht University Medical Center, Department of Clinical Genetics, GROW School for Oncology
and Developmental Biology, Maastricht, the Netherlands
13 Department of Pediatrics, Icahn School of Medicine at Mount Sinai, NY, USA

# Present affiliation: Cardiogenetic Program, GeneDx, Inc., Gaithersburg, MD, USA

Address for correspondence: Andrew J. Sharp, Department of Genetics and Genomic Sciences,
Mount Sinai School of Medicine, Hess Center for Science and Medicine, 1470 Madison Avenue,
Room 8-116, Box 1498, New York, NY 10029 USA. Telephone: +1-212-824-8942, Fax: +1-646-537-

8527, Email: andrew.sharp@mssm.edu

* These authors contributed equally to this work


https://doi.org/10.1101/250787
http://creativecommons.org/licenses/by-nc-nd/4.0/

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

bioRxiv preprint doi: https://doi.org/10.1101/250787; this version posted January 19, 2018. 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.

Abstract

Certain human traits such as neurodevelopmental disorders (NDs) and congenital anomalies (CAs)
are believed to be primarily genetic in origin. With recent dramatic advances in genomic technologies,
genome-wide surveys of cohorts of patients with ND/CAs for point mutations and structural variations
have greatly advanced our understanding of their genetic etiologies’?. However, even after whole
genome sequencing (WGS), a substantial fraction of such disorders remain unexplained®. In contrast,
the possibility that constitutive epigenetic variations (epivariations) might underlie such traits has not
been well explored. We hypothesized that some cases of ND/CA are caused by aberrations of DNA
methylation that lead to a dysregulation of normal genome function. By comparing DNA methylation
profiles from 489 individuals with ND/CAs against 1,534 population controls, we identified
epivariations as a frequent occurrence in the human genome. De novo epivariations were significantly
enriched in cases when compared to controls. RNAseq data from population studies showed that
epivariations often have an impact on gene expression comparable to loss-of-function mutations.
Additionally, we detected and replicated an enrichment of rare sequence mutations overlapping CTCF
binding sites close to epivariations. Thus, some epivariations occur secondary to cis-linked mutations
in regulatory regions, providing a rationale for interpreting non-coding genetic variation. We propose
that epivariations likely represent the causative genomic defect in 5-10% of patients with unexplained
ND/CAs. This constitutes a yield comparable to CNV microarrays, and as such has significant

diagnostic relevance.
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79  Epimutations represent a class of mutational event where the epigenetic status of a genomic locus
80 deviates significantly from the normal state, and can be classified into two main types: primary
81  epimutations are thought to represent stochastic errors in the establishment or maintenance of an
82  epigenetic state, while secondary epimutations are downstream events related to an underlying
83  change in the DNA sequence®. Both secondary and primary epimutations that originate in the
84  germline will be constitutive events found in all cells. In contrast, primary epimutations that occur post-
85 fertilization may result in somatic mosaicism. Constitutive (i.e. non-mosaic) epimutations are known to
86  underlie several genetic disorders that can be identified in blood-derived DNA: 5-15% of patients with
87  hereditary non-polyposis colon cancer present with constitutional MLH7 promoter methylation®, and
88 fragile X syndrome, the most common cause of inherited intellectual disability, results from a
89  secondary epimutation in which hypermethylation of an expanded CGG repeat at the FMR1 promoter
90  causes transcriptional silencing®.
91 We hypothesized that some cases of ND/CA that remain refractory to conventional sequence-
92  based analysis harbor rare epigenetic aberrations (termed epivariations) that that are associated with
93  dysregulation of normal genome function. We studied a cohort comprising 489 individuals with
94  ND/CA: most had been previously tested by CNV microarray, all had undergone exome sequencing,
95 and some had undergone WGS, yet no putatively pathogenic mutations had been identified. Almost
96 90% of the patients had a ND, and 65% also had multiple CAs, the majority being congenital heart
97  defects (CHD) (Supplementary Table 1). We hypothesized that this cohort represented an optimal
98  population in which to search for novel pathogenic epivariations since an underlying genomic
99  abnormality was suspected, but many common environmental and genetic causes of ND/CA had
100  been excluded. Methylation profiling in ND/CA samples was performed with the lllumina Infinium
101  HumanMethylation450 BeadChip (450k array). Profiles in each ND/CA sample were compared
102  individually against a control cohort comprising 1,534 unrelated individuals from four publicly available
103 datasets (GSE36064, GSE40279, GSE42861 and GSE53045). We also searched for epivariations in
104  two cohorts of population controls by comparison against this same set of 1,534 individuals: 117

105  families (GSE56105)" were used to assess the inheritance of epivariations in controls (Supplementary
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106  Table 2); 2,711 unrelated individuals (GSE55763)° were used to assess the frequency of epivariations
107  in the general population (Supplementary Table 3). We utilized a sliding window approach to identify
108 epivariations in each sample, defined as 1kb regions containing 23 probes showing rare outlier

109 methylation absent in the set of 1,534 common control individuals (see Extended Data Fig. 1 and

110  Online Methods section). After stringent quality control, including removal of loci with clusters of poorly
111  hybridizing probes and extensive manual curation to remove technical and batch effects, we identified
112  atotal of 143 epivariations in 114 ND/CA samples (i.e., 23% of the probands tested). Twenty percent
113 of the ND/CA cohort carried one epivariation (n=98), while 3% of the individuals tested presented two
114  or more epivariations (n=16) (Supplementary Table 4 and Extended Data Fig. 2). Using PCR/bisulfite
115  sequencing, we performed orthogonal confirmation for 70 epivariations (Supplementary Table 5),

116  vyielding a 95% true positive rate. Allelic analysis demonstrated that these epivariations represent

117  large methylation changes specifically on one allele, with most showing two clusters of largely

118 methylated and unmethylated reads occurring in approximately equal proportions (Fig. 1).

119

120

121
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Figure 1 | Large gains and losses of DNA methylation identified in patients with ND/CA. Plots A, B and C show 8
values obtained from lllumina 450k array for probands (highlighted in green) and 1,534 controls (shades of grey
corresponding to +1, +1.5 and +2 standard deviations from the population mean, represented by the dashed black line,
dashed grey lines represent controls with outlier methylation levels). A) Recurrent hypomethylation of the imprinted locus of
MEG3 (hg19: chr14:101290194-101294429) in Proband 398 (solid green line) and Proband 146 (dashed green line). The
epivariation in Proband 398 is de novo as both mother (red line) and father (blue line) present methylation profiles similar to
controls. B) Recurrent hypomethylation at the promoter/5’ UTR/first exon of MOV10L1 (hg19: chr22:50528178-50528751)

observed in two unrelated probands: Proband 22 (de novo epivariation) and Proband 117 (inheritance unknown). C)
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131 Hypermethylation of ZNF57 in Proband 381. D) Pedigree and graphical representation of the methyl-seq data consistent with
132 allele-specific nature of a de novo hypermethylation identified in ZNF57 is shown. Each plot shows the methylation pattern
133 for an amplicon, with each row representing a single bisulfite read and each column one CpG in the amplicon. Black circles
134 are methylated CpGs and white circles unmethylated CpGs. Based on the presence of a heterozygous SNP within the DMR
135 (hg19: chr19:2900643), the observed gain of methylation occurs specifically on one allele: each pie chart shows the

136 methylated fraction of reads per CpG.

137

138 Epivariations were identified in population controls, and some also occurred in apparently

139  unaffected parents. Thirty three of the 57 DMRs identified in probands for which we investigated

140 inheritance were also present in one parent, and we identified a total of 719 DMRs in the 3,326 control
141  samples analyzed (Supplementary Tables 2 and 3). Twenty four of the epivarations identified in our
142  cases were also present in one or more of these controls, suggesting either that these DMRs are

143  unrelated to the patient phenotype, or perhaps are associated with incomplete penetrance. However,
144  we observed a 1.2 fold enrichment in the frequency of epivariations in the 489 ND/CA samples when
145 compared to 2,711 population controls (Extended Data Fig. 2), although this does not reach statistical
146  significance (p=0.058, two-sided Fisher’s exact test). Testing of parental samples of 57 ND/CA

147  probands showed that 42% (n=24) of the epivariations were de novo events. When compared to

148  epivariations found in 117 control pedigrees’ (Supplementary Table 2), this represents a 2.8-fold

149  enrichment in the rate of de novo epivariations in cases compared to controls (p=0.007, two-sided

150  Fisher’s exact test) (Fig. 2). Thus, while the pathogenic significance of many epivariations is unclear,
151 the paradigm of de novo mutational events echoes that observed for other classes of genetic mutation
152 (copy number and single nucleotide variation) deemed pathogenic in ND and CHD cohorts®°.

153
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155 Figure 2 | A significant excess of de novo epivariations found in patients with ND/CA. We observed a 2.8 fold
156 enrichment for de novo epivariations in cases (n=24 out of 57) when compared to controls (n6 out of 40) (p=0.007, two-sided

157 Fisher's exact test).

158

159 In addition to their de novo nature, recurrence of mutations found in unrelated patients with a
160 similar phenotype is commonly used as a way of assigning significant evidence for the involvement of
161  a specific gene or locus in disease. We identified 12 recurrent epivariations (Extended Data Fig. 3),
162  i.e., the same methylation change was identified in multiple unrelated probands. Of these, two

163  epivariations encompassed the promoters of genes with known disease associations (MEG3 and

164  FMR1)*", showing our approach successfully detects pathogenic epivariations. A third recurrent

165  epivariation coincides with a locus containing a hypermethylated triplet repeat expansion

166 (FRA10AC1)" although this, and four other recurrent epivariations detected in our disease cohort,
167  were also identified in population controls, suggesting that they are unlikely to be pathogenic. One of
168 the novel recurrent epivariations detected only in our patient cohort was found in two patients with
169 CHD (Probands 22 and 117), and represents a recurrent hypo-methylation defect at the promoter/5’
170  UTR/first exon of MOV 10L1, a gene with an embryonic heart-specific isoform that interacts with the
171 master cardiac transcription factor NKX2.5" (Fig. 1). Finally, using less stringent criteria for identifying
172 DMRs (see Online Methods), we detected methylation defects in 11 probands at 10 imprinted loci'
173  (Extended Data Fig. 4 and Supplementary Table 6), 90% of which occurred de novo. Of note, we

174  observed loss of methylation at two known imprinted loci that have no prior disease associations
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175  (NAAG60/ZNF597 in Probands 6 and 62, and L3MBTL1 in Proband 308), although in both cases similar
176  losses of methylation were also observed in population controls, making the pathogenic significance
177  of loss of imprinting at these loci unclear.

178 Based on previous studies''®

, we hypothesized that some epivariations might occur

179  secondarily to an underlying regulatory sequence mutation. In order to identify mutations disrupting
180 regulatory elements (e.g., transcription factor binding sites) that might underlie the methylation

181  changes observed in our cohort, we performed high-resolution array CGH and targeted DNA

182  sequencing of 50 DMRs and their flanking sequences. We detected rare sequence mutations that co-
183  segregated with epivariations and potentially impact regulatory elements at 24% of the loci tested: six
184  copy number variations (CNVs) (Fig. 3) and seven single nucleotide variations (SNVs). Where

185 inheritance data from parental samples were available, we found that all of these rare CNVs and

186  SNVs segregated with the presence of the DMR, suggesting that the epivariations occurred

187  secondarily to the underlying sequence mutation.

188
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Figure 3 | Detection of rare CNVs by targeted sequencing of epivariations and their flanks. A) Proband 13 carries a
maternally inherited DMR at the KIAA1328/TPGS2 locus. We identified a maternally inherited 2,116 bp duplication that
encompasses the DMR. B) Proband 178 carries a maternally inherited DMR at the COX6B2 locus. We identified maternally
inherited heterozygous 18,387 bp deletion downstream of the DMR. C) Proband 121 carries a maternally inherited DMR at

the PDCD2 locus. We identified a maternally inherited heterozygous 4,061bp deletion flanking the DMR. D) Proband 103
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195 carries a maternally inherited DMR at the NOS3 locus. We identified a maternally inherited heterozygous 487bp deletion

196 located 13,204bp upstream of the DMR.

197

198 Of the rare segregating SNVs detected at DMRs, three were SNVs within the canonical

199  binding sites for CTCF (CCCTC-binding factor), a transcription factor with roles in chromatin

200 organization (Fig. 4), including a de novo SNV that disrupts a CTCF binding motif in association with
201  a de novo epivariation (Proband 70) (Extended Data Fig. 5). In each case, the disrupted CTCF motif
202  was either overlapping, or very close to (separation <1kb), the DMR. This represents a significant
203  enrichment for rare SNVs disrupting CTCF binding sites in the vicinity of epivariations when compared
204  to the same regions in other sequenced samples who did not carry epivariations at these loci

205 (p=0.0015, two-sided Fisher’s exact test), strongly implicating rare cis-linked variants in regulatory
206  sequence as a causative factor underlying some epivariations. Furthermore, given the low frequency
207  of de novo SNVs and epivariations in the genome, it is highly unlikely that a de novo SNV and a de
208  novo epivariation would co-occur at the same locus in an individual by chance, providing additional
209  support that some epivariations represent secondary events caused by disruption of CTCF binding.
210  Using paired methylation and sequence data from 90 individuals studied by the 1000 Genomes

211  project (Supplementary Table 7), we replicated this enrichment for rare SNVs disrupting CTCF

212 binding motifs around epivariations (p=0.049, two-sided Fisher’s exact test), identifying two rare

213 CTCF-disrupting SNVs, one of which co-segregates with the presence of an epivariation in multiple
214  unrelated individuals. Though readily detectable by WGS, there is considerable difficulty in

215  interpreting the functional significance of variants outside of coding regions. Thus, we propose that the
216  use of epigenome profiling represents a complementary approach that can provide a rationale for
217  interpreting non-coding genetic variation.

218
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219
220 Figure 4 | Targeted sequencing of epivariation loci identifies a significant enrichment of rare SNVs within the CTCF
221 canonical binding motif. (A) Hypermethylation in NOS3 (chr7:150704999-150706354) in Proband 103 (outlier in green); In
222 the lower UCSC Genome Browser view, the DMR location is shown as a green bar, and a rare SNV that lies within the

223 CTCF binding motif (blue region within black bar) in this same individual is shown in red. (B) CTCF motif according to

224 ENCODE Factorbook repository. Rare SNVs overlapping this CTCF binding motif were identified in four DMR carriers: 1)
225 Proband 103: SNV (chr7:150705968 G>T), 2) Proband 70: SNV (chr19:295321 C>T), 3) Proband 176: 1bp deletion

226 (chr20:36793857 delT), 4) HapMap samples NA19239, NA19184; NA20296: rs116767319 (chr5:177707147 C>T). (C) 450k
227 array analysis identified a DMR in NA19239, and a rare SNV (rs116767319) within a CTCF binding motif in cis. We tested
228 two other carriers of rs116767319 (NA19184 and NA20296) using allele-specific bisulfite sequencing, and found that both
229 showed methylation on the T allele, thus confirming segregation of the epivariation with SNV. In contrast a sample

230 (NA20375) homozygous for the reference C allele is unmethylated.

231

232 In order to provide insight into the biology and functional consequences of epivariations'’, we
233 performed studies of gene expression, inheritance and tissue conservation using population datasets
234  of DNA methylation (Supplementary Table 8), gene expression (Supplementary Table 9) and

18-21

235  genotype data “ . Using paired RNAseq and DNA methylation data in 90 samples from the 1000

236 Genomes Project, we verified that epivariations encompassing gene promoters were often associated
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237  with large changes in gene expression, with hypomethylation leading to increased expression and
238  hypermethylation to transcriptional repression, consistent with the known repressive effects of

239 promoter DNA methylation (p=9.2x107°, Wilcoxon Rank-Sum test) (Fig. 5)*. We also observed that
240  many hypermethylated epivariations at promoters are associated with complete silencing of one allele
241  (Extended Data Fig. 6), and, thus, have an impact comparable to that of loss-of-function coding

242 mutations.
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245 Figure 5 | Epivariations are frequently associated with large changes in gene expression. We identified epivariations
246 in 90 lymphoblastoid cell lines studied as part of the 1000 Genomes project, and combined these with SNP genotypes and
247 RNAseq data from a total of 462 samples to measure quantitative and allelic effects of epivariations on gene expression. (A)
248 An individual with hypermethylation of the UBE2T promoter (solid green line) compared to 89 other individuals (dashed grey
249 lines) presented (B) the lowest gene expression (green dot on the boxplot) of the cohort. (C) Using heterozygous SNPs

250 within RNAseq reads we observed monoallelic expression of UBEZ2T in the epivariation carrier (outlier highlighted in green).
251 (D) An individual with hypomethylation of the GTSF71 promoter (solid green line) presents (E) the highest level of expression
252 (green dot on the boxplot). (F) Violin plots show that individuals with hypomethylated epivariations at gene promoters show
253 significantly increased expression of that gene, whereas individuals with hypermethylated promoter epivariations show

254 significantly reduced expression of that gene (p=9.2x10'5, Wilcoxon Rank-Sum test). In box plots (B and E), the center line
255 shows the median; box limits indicate the 25" and 75™ percentiles; whiskers extend 1.5 times the interquartile range from the

256 25" and 75" percentiles; outliers are shown as individual points. In the violin plot (F), the white dots show the median; box
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limits indicate the 25" and 75" percentiles; whiskers extend 1.5 times the interquartile range from the 25" and 75"

percentiles.

While epigenetic profiles can vary substantially between cell types®, it is unclear whether
similar cell-specific variability exists for epivariations. To address that, we analyzed cohorts where
methylation profiles were available from multiple different tissues?'. In samples from the GenCord
population, in which methylation data from fibroblasts, B cells and T cells are available, by first
identifying DMRs in T cells, we observed a very strong concordance for outlier methylation at the
same locus in fibroblasts derived from the same individual (Spearman rank correlation of 0.75,
p=1.2x10"%", Wilcoxon Rank-Sum test) (Fig. 6). Similar concordance for outlier methylation at

epivariations was also observed between fibroblasts and B-cells (data not shown).

60
50
40
30
20

T

01 |

Probe rank in 61 fibroblast lines

Probe rank in fibroblasts for  Probe rank in fibroblasts for
T cell hypo-epivariations T cell hyper-epivariations
(T cell losses of methylation) (T cell gains of methylation)

Figure 6 | Epivariations detected in blood cells are conserved in fibroblasts from the same individual. The presence
of outlier methylation changes in T cells is strongly correlated with outlier methylation in fibroblasts from the same individual
(Spearman rank correlation 0.75, p=1 .2x10%", Wilcoxon Rank-Sum test). White dots show the median; box limits indicate the

25" and 75™ percentiles; whiskers extend 1.5 times the interquartile range from the 25" and 75" percentiles.

A similar trend for conservation of epivariations across multiple different post-mortem tissues
was also observed in a second cohort®. Here, epivariations found in blood were nearly all visible in

multiple other somatic tissues sampled from the same individual (Extended Data Fig. 7). Thus, we
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278  conclude that the majority of epivariations are constitutive events found in multiple tissues. This

279  provides confidence that epivariations of relevance for ND/CA can be detected using DNA extracted
280 from readily available sources such as peripheral blood leukocytes.

281 Despite strong evidence that some of the epivariations we observed are secondary events

282  related to the presence of an underlying sequence change (Figs. 3 and 4), we were unable to detect
283  cis-linked sequence mutations associated with the majority of epivariations in our cohort, suggesting
284  that these might represent primary epivariations that arose sporadically. As the mammalian genome
285  undergoes several rounds of demethylation and remethylation during gametogenesis, embryonic and
286  somatic development®, theoretically there is considerable potential for primary epivariations to be

287  reset to the default state. We therefore assessed how often epivariations are stably transmitted

288  between parents and their offspring. Using a large control cohort comprising 117 nuclear families’, we
289  studied the heritability of epivariations between generations, identifying 47 epivariations segregating
290  within these pedigrees. We observed a marked deviation from the expectations of Mendelian

291 inheritance, with only 32 instances of parent-child transmission in 95 informative meioses; significantly
292  fewer than the Mendelian expectation of 47.5 transmissions, (p=0.027, two-sided Fisher’s exact test)
293  (Supplementary Table 2). Therefore, this apparent reduction in heritability indicates that primary

294  epivariations often exhibit non-Mendelian inheritance, and suggests they are frequently reset between
295  generations by epigenetic reprogramming®®?’.

296 Our study shows for the first time that epivariations are a relatively common feature in the

297  human genome, that some are associated with changes in local gene expression, and raises the

298  possibility that they may be implicated in the etiology of developmental disorders. In an era when

299  WGS is being applied to many thousands of human genomes, epivariations represent a class of

300 genetic variation that remains undetectable by purely sequence-based approaches. We anticipate that
301 future studies exploring the relationship between sequence variation and epigenetic state will further
302 illuminate the regulatory architecture of the human genome, providing novel insight into the

303 consequences of non-coding mutations.

304


https://doi.org/10.1101/250787
http://creativecommons.org/licenses/by-nc-nd/4.0/

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

bioRxiv preprint doi: https://doi.org/10.1101/250787; this version posted January 19, 2018. 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.

References

10.

11.

Bamshad, M. J. et al. Exome sequencing as a tool for Mendelian disease gene discovery -
Supplementary information. Nat. Rev. Genet. 12, 745-755 (2011).

Miller, D. T. et al. Consensus Statement: Chromosomal Microarray Is a First-Tier Clinical
Diagnostic Test for Individuals with Developmental Disabilities or Congenital Anomalies. Am. J.
Hum. Genet. 86, 749-764 (2010).

Gilissen, C. et al. Genome sequencing identifies major causes of severe intellectual disability.
Nature 511, 344-347 (2014).

Horsthemke, B. Epimutations in human disease. Curr. Top. Microbiol. Immunol. 310, 45-59
(2006).

Castillejo, A. et al. Prevalence of MLH1 constitutional epimutations as a cause of Lynch
syndrome in unselected versus selected consecutive series of patients with colorectal cancer.
J. Med. Genet. 52, 498-502 (2015).

Willemsen, R., Levenga, J. & Oostra, B. CGG repeat in the FMR1 gene: Size matters. Clin.
Genet. 80, 214-225 (2011).

McRae, A. F. et al. Contribution of genetic variation to transgenerational inheritance of DNA
methylation. Genome Biol. 15, R73 (2014).

Lehne, B. et al. A coherent approach for analysis of the lllumina HumanMethylation450
BeadChip improves data quality and performance in epigenome-wide association studies.
Genome Biol. 16, 37 (2015).

Veltman, J. a & Brunner, H. G. De novo mutations in human genetic disease. Nat. Rev. Genet.
13, 565-75 (2012).

Homsy, J. et al. De novo mutations in congenital heart disease with neurodevelopmental and
other congenital anomalies. 3, 0—4

Sarafidou, T. et al. Folate-sensitive fragile site FRA10A is due to an expansion of a CGG repeat

in a novel gene, FRA10AC1, encoding a nuclear protein. Genomics 84, 69-81 (2004).


https://doi.org/10.1101/250787
http://creativecommons.org/licenses/by-nc-nd/4.0/

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

bioRxiv preprint doi: https://doi.org/10.1101/250787; this version posted January 19, 2018. 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

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

aCC-BY-NC-ND 4.0 International license.

Kagami, M. et al. Deletions and epimutations affecting the human 14q32.2 imprinted region in
individuals with paternal and maternal upd(14)-like phenotypes. Nat. Genet. 40, 237-242
(2008).

Ueyama, T., Kasahara, H., Ishiwata, T., Yamasaki, N. & Izumo, S. Csm, a cardiac-specific
isoform of the RNA helicase Mov1011, is regulated by Nkx2.5 in Embryonic heart. J. Biol.
Chem. 278, 28750-28757 (2003).

Joshi, R. S. et al. DNA Methylation Profiling of Uniparental Disomy Subjects Provides a Map of
Parental Epigenetic Bias in the Human Genome. Am. J. Hum. Genet. 99, 555-566 (2016).
Gronskov, K. et al. Deletions and rearrangements of the H19/IGF2 enhancer region in patients
with Silver-Russell syndrome and growth retardation. J. Med. Genet. 48, 308-311 (2011).
Ligtenberg, M. J. L. et al. Heritable somatic methylation and inactivation of MSH2 in families
with Lynch syndrome due to deletion of the 3’ exons of TACSTD1. Nat. Genet. 41, 112-117
(2009).

Yin, Y. et al. Impact of cytosine methylation on DNA binding specificities of human transcription
factors. Science (80). 356, eaaj2239 (2017).

Auton, A. et al. A global reference for human genetic variation. Nature 526, 68—74 (2015).
Moen, E. L. et al. Genome-wide variation of cytosine modifications between European and
African populations and the implications for complex traits. Genetics 194, 987—996 (2013).
Lappalainen, T. et al. Transcriptome and genome sequencing uncovers functional variation in
humans. Nature 501, 506-511 (2013).

Gutierrez-Arcelus, M. et al. Passive and active DNA methylation and the interplay with genetic
variation in gene regulation. Elife 2013, 1-18 (2013).

Jones PA. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat Rev
Genet. 13, 484-92 (2012).

Lokk K, Modhukur V, Rajashekar B, Martens K, Magi R, Kolde R, Koltsina M, Nilsson TK, Vilo
J, Salumets A, Tonisson N. DNA methylome profiling of human tissues identifies global and

tissue-specific methylation patterns. Genome Biol. 15, r54 (2014).


https://doi.org/10.1101/250787
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/250787; this version posted January 19, 2018. 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.

359 24. Slieker, R. C. et al. Identification and systematic annotation of tissue-specific differentially

360 methylated regions using the Illlumina 450k array. Epigenetics Chromatin 6, 26 (2013).

361 25. Hitchins, M. P. Constitutional epimutation as a mechanism for cancer causality and heritability?
362 Nat. Rev. Cancer 15, 625-34 (2015).

363 26. Miyoshi, N. et al. Erasure of DNA methylation, genomic imprints, and epimutations in a

364 primordial germ-cell model derived from mouse pluripotent stem cells. Proc. Natl. Acad. Sci.
365 113, 9545-9550 (2016).

366 27. Bruno, C. et al. Germline correction of an epimutation related to Silver-Russell syndrome. Hum.
367 Mol. Genet. 24, 3314-3321 (2015).

368

369  Supplementary Information is available in the online version of the paper.

370

371  Acknowledgements: The authors are grateful to the patients and families who participated in this
372 study and to the collaborators who supported patient recruitment. This work was supported by NIH
373  grant HG006696 and research grant 6-FY13-92 from the March of Dimes to A.J.S., grant HL098123
374 to B.D.G. and A.J.S., Gulbenkian Programme for Advanced Medical Education and the Portuguese
375  Foundation for Science and Technology (SFRH/BDINT/51549/2011, PIC/IC/83026/2007,

376 PIC/IC/83013/2007, SFRH/BD/90167/2012, Portugal) to P.M., F.L. and M.B., by the Northern Portugal
377  Regional Operational Programme (NORTE 2020), under the Portugal 2020 Partnership Agreement,
378  through the European Regional Development Fund (FEDER) (NORTE-01-0145-FEDER-000013) to
379 P.M., a Beatriu de Pinos Postdoctoral Fellowship to R.S.J. (2011BP-A00515), and a Seaver

380 Foundation fellowship to S.D.R.. The views expressed are those of the authors and do not necessarily
381 reflect those of the National Heart, Lung, and Blood Institute or the National Institutes of Health.

382  Research reported in this paper was supported by the Office of Research Infrastructure of the

383  National Institutes of Health under award number S100D018522. This work was supported in part
384  through the computational resources and staff expertise provided by Scientific Computing at the Icahn

385 School of Medicine at Mount Sinai.


https://doi.org/10.1101/250787
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/250787; this version posted January 19, 2018. 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.

386

387  Author Contributions: M.B., R.S.J., P.G., H.G.B., J.D.B, B.D.G. and A.J.S. were leading contributors
388 to the design and analysis of this study; M.B., T.K., D.E.G., G.S., P.M., H.G.B, J.D.B, B.D.G

389  contributed with samples of probands and relatives; M.B., D.E.G., S.D.R., J.R., F.L.,, P.M,, LV., T.K,
390 G.S contributed with patient clinical/genetic information; P.G., N.P., B.J., C.T.W. and K.C. wrote and
391 performed bioinformatic analysis; A.M.T. analyzed and validated methylation profiles of imprinted loci;
392  W.G. performed library preparation and capture for targeted sequencing; C.T. contributed for Agilent
393  custom designed aCGH; H.M. and L.E. processed the Agilent custom designed aCGH; M.B. and

394  A.J.S. wrote the manuscript, all authors commented on it.

395

396  Author Information: The authors declare not having competing financial interests. Correspondence

397 and requests for materials should be addressed to A.J.S. (andrew.sharp@mssm.edu).


https://doi.org/10.1101/250787
http://creativecommons.org/licenses/by-nc-nd/4.0/


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



