


 219 

Figure 4 | Targeted sequencing of epivariation loci identifies a significant enrichment of rare SNVs within the CTCF 220 

canonical binding motif. (A) Hypermethylation in NOS3 (chr7:150704999-150706354) in Proband 103 (outlier in green); In 221 

the lower UCSC Genome Browser view, the DMR location is shown as a green bar, and a rare SNV that lies within the 222 

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

ENCODE Factorbook repository. Rare SNVs overlapping this CTCF binding motif were identified in four DMR carriers: 1) 224 

Proband 103: SNV (chr7:150705968 G>T), 2) Proband 70: SNV (chr19:295321 C>T), 3) Proband 176: 1bp deletion 225 

(chr20:36793857 delT), 4) HapMap samples NA19239, NA19184; NA20296: rs116767319 (chr5:177707147 C>T). (C) 450k 226 

array analysis identified a DMR in NA19239, and a rare SNV (rs116767319) within a CTCF binding motif in cis. We tested 227 

two other carriers of rs116767319 (NA19184 and NA20296) using allele-specific bisulfite sequencing, and found that both 228 

showed methylation on the T allele, thus confirming segregation of the epivariation with SNV. In contrast a sample 229 

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

 231 

In order to provide insight into the biology and functional consequences of epivariations17, we 232 

performed studies of gene expression, inheritance and tissue conservation using population datasets 233 

of DNA methylation (Supplementary Table 8), gene expression (Supplementary Table 9) and 234 

genotype data18–21. Using paired RNAseq and DNA methylation data in 90 samples from the 1000 235 

Genomes Project, we verified that epivariations encompassing gene promoters were often associated 236 
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with large changes in gene expression, with hypomethylation leading to increased expression and 237 

hypermethylation to transcriptional repression, consistent with the known repressive effects of 238 

promoter DNA methylation (p=9.2x10-5, Wilcoxon Rank-Sum test) (Fig. 5)22. We also observed that 239 

many hypermethylated epivariations at promoters are associated with complete silencing of one allele 240 

(Extended Data Fig. 6), and, thus, have an impact comparable to that of loss-of-function coding 241 

mutations. 242 

 243 

 244 

Figure 5 | Epivariations are frequently associated with large changes in gene expression. We identified epivariations 245 

in 90 lymphoblastoid cell lines studied as part of the 1000 Genomes project, and combined these with SNP genotypes and 246 

RNAseq data from a total of 462 samples to measure quantitative and allelic effects of epivariations on gene expression. (A) 247 

An individual with hypermethylation of the UBE2T promoter (solid green line) compared to 89 other individuals (dashed grey 248 

lines) presented (B) the lowest gene expression (green dot on the boxplot) of the cohort. (C) Using heterozygous SNPs 249 

within RNAseq reads we observed monoallelic expression of UBE2T in the epivariation carrier (outlier highlighted in green). 250 

(D) An individual with hypomethylation of the GTSF1 promoter (solid green line) presents (E) the highest level of expression 251 

(green dot on the boxplot). (F) Violin plots show that individuals with hypomethylated epivariations at gene promoters show 252 

significantly increased expression of that gene, whereas individuals with hypermethylated promoter epivariations show 253 

significantly reduced expression of that gene (p=9.2x10-5, Wilcoxon Rank-Sum test). In box plots (B and E), the center line 254 

shows the median; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 255 

25th and 75th percentiles; outliers are shown as individual points. In the violin plot (F), the white dots show the median; box 256 
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limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th 257 

percentiles. 258 

 259 

While epigenetic profiles can vary substantially between cell types23, it is unclear whether 260 

similar cell-specific variability exists for epivariations. To address that, we analyzed cohorts where 261 

methylation profiles were available from multiple different tissues21. In samples from the GenCord 262 

population, in which methylation data from fibroblasts, B cells and T cells are available, by first 263 

identifying DMRs in T cells, we observed a very strong concordance for outlier methylation at the 264 

same locus in fibroblasts derived from the same individual (Spearman rank correlation of 0.75, 265 

p=1.2x10-27, Wilcoxon Rank-Sum test) (Fig. 6). Similar concordance for outlier methylation at 266 

epivariations was also observed between fibroblasts and B-cells (data not shown). 267 

 268 

 269 

Figure 6 | Epivariations detected in blood cells are conserved in fibroblasts from the same individual. The presence 270 

of outlier methylation changes in T cells is strongly correlated with outlier methylation in fibroblasts from the same individual 271 

(Spearman rank correlation 0.75, p=1.2x10-27, Wilcoxon Rank-Sum test). White dots show the median; box limits indicate the 272 

25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles. 273 

 274 

A similar trend for conservation of epivariations across multiple different post-mortem tissues 275 

was also observed in a second cohort24. Here, epivariations found in blood were nearly all visible in 276 

multiple other somatic tissues sampled from the same individual (Extended Data Fig. 7). Thus, we 277 
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conclude that the majority of epivariations are constitutive events found in multiple tissues. This 278 

provides confidence that epivariations of relevance for ND/CA can be detected using DNA extracted 279 

from readily available sources such as peripheral blood leukocytes. 280 

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

related to the presence of an underlying sequence change (Figs. 3 and 4), we were unable to detect 282 

cis-linked sequence mutations associated with the majority of epivariations in our cohort, suggesting 283 

that these might represent primary epivariations that arose sporadically. As the mammalian genome 284 

undergoes several rounds of demethylation and remethylation during gametogenesis, embryonic and 285 

somatic development25, theoretically there is considerable potential for primary epivariations to be 286 

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

between parents and their offspring. Using a large control cohort comprising 117 nuclear families7, we 288 

studied the heritability of epivariations between generations, identifying 47 epivariations segregating 289 

within these pedigrees. We observed a marked deviation from the expectations of Mendelian 290 

inheritance, with only 32 instances of parent-child transmission in 95 informative meioses; significantly 291 

fewer than the Mendelian expectation of 47.5 transmissions, (p=0.027, two-sided Fisher’s exact test) 292 

(Supplementary Table 2). Therefore, this apparent reduction in heritability indicates that primary 293 

epivariations often exhibit non-Mendelian inheritance, and suggests they are frequently reset between 294 

generations by epigenetic reprogramming26,27. 295 

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

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

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

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

genetic variation that remains undetectable by purely sequence-based approaches. We anticipate that 300 

future studies exploring the relationship between sequence variation and epigenetic state will further 301 

illuminate the regulatory architecture of the human genome, providing novel insight into the 302 

consequences of non-coding mutations. 303 

 304 

.CC-BY-NC-ND 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/250787doi: bioRxiv preprint first posted online Jan. 19, 2018; 

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


References 305 

 306 

1. Bamshad, M. J. et al. Exome sequencing as a tool for Mendelian disease gene discovery - 307 

Supplementary information. Nat. Rev. Genet. 12, 745–755 (2011). 308 

2. Miller, D. T. et al. Consensus Statement: Chromosomal Microarray Is a First-Tier Clinical 309 

Diagnostic Test for Individuals with Developmental Disabilities or Congenital Anomalies. Am. J. 310 

Hum. Genet. 86, 749–764 (2010). 311 

3. Gilissen, C. et al. Genome sequencing identifies major causes of severe intellectual disability. 312 

Nature 511, 344–347 (2014). 313 

4. Horsthemke, B. Epimutations in human disease. Curr. Top. Microbiol. Immunol. 310, 45–59 314 

(2006). 315 

5. Castillejo, A. et al. Prevalence of MLH1 constitutional epimutations as a cause of Lynch 316 

syndrome in unselected versus selected consecutive series of patients with colorectal cancer. 317 

J. Med. Genet. 52, 498–502 (2015). 318 

6. Willemsen, R., Levenga, J. & Oostra, B. CGG repeat in the FMR1 gene: Size matters. Clin. 319 

Genet. 80, 214–225 (2011). 320 

7. McRae, A. F. et al. Contribution of genetic variation to transgenerational inheritance of DNA 321 

methylation. Genome Biol. 15, R73 (2014). 322 

8. Lehne, B. et al. A coherent approach for analysis of the Illumina HumanMethylation450 323 

BeadChip improves data quality and performance in epigenome-wide association studies. 324 

Genome Biol. 16, 37 (2015). 325 

9. Veltman, J. a & Brunner, H. G. De novo mutations in human genetic disease. Nat. Rev. Genet. 326 

13, 565–75 (2012). 327 

10. Homsy, J. et al. De novo mutations in congenital heart disease with neurodevelopmental and 328 

other congenital anomalies. 3, 0–4 329 

11. Sarafidou, T. et al. Folate-sensitive fragile site FRA10A is due to an expansion of a CGG repeat 330 

in a novel gene, FRA10AC1, encoding a nuclear protein. Genomics 84, 69–81 (2004). 331 

.CC-BY-NC-ND 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/250787doi: bioRxiv preprint first posted online Jan. 19, 2018; 

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


12. Kagami, M. et al. Deletions and epimutations affecting the human 14q32.2 imprinted region in 332 

individuals with paternal and maternal upd(14)-like phenotypes. Nat. Genet. 40, 237–242 333 

(2008). 334 

13. Ueyama, T., Kasahara, H., Ishiwata, T., Yamasaki, N. & Izumo, S. Csm, a cardiac-specific 335 

isoform of the RNA helicase Mov1011, is regulated by Nkx2.5 in Embryonic heart. J. Biol. 336 

Chem. 278, 28750–28757 (2003). 337 

14. Joshi, R. S. et al. DNA Methylation Profiling of Uniparental Disomy Subjects Provides a Map of 338 

Parental Epigenetic Bias in the Human Genome. Am. J. Hum. Genet. 99, 555–566 (2016). 339 

15. Gronskov, K. et al. Deletions and rearrangements of the H19/IGF2 enhancer region in patients 340 

with Silver-Russell syndrome and growth retardation. J. Med. Genet. 48, 308–311 (2011). 341 

16. Ligtenberg, M. J. L. et al. Heritable somatic methylation and inactivation of MSH2 in families 342 

with Lynch syndrome due to deletion of the 3’ exons of TACSTD1. Nat. Genet. 41, 112–117 343 

(2009). 344 

17. Yin, Y. et al. Impact of cytosine methylation on DNA binding specificities of human transcription 345 

factors. Science (80). 356, eaaj2239 (2017). 346 

18. Auton, A. et al. A global reference for human genetic variation. Nature 526, 68–74 (2015). 347 

19. Moen, E. L. et al. Genome-wide variation of cytosine modifications between European and 348 

African populations and the implications for complex traits. Genetics 194, 987–996 (2013). 349 

20. Lappalainen, T. et al. Transcriptome and genome sequencing uncovers functional variation in 350 

humans. Nature 501, 506–511 (2013). 351 

21. Gutierrez-Arcelus, M. et al. Passive and active DNA methylation and the interplay with genetic 352 

variation in gene regulation. Elife 2013, 1–18 (2013). 353 

22. Jones PA. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat Rev 354 

Genet. 13, 484-92 (2012). 355 

23. Lokk K, Modhukur V, Rajashekar B, Märtens K, Mägi R, Kolde R, Koltšina M, Nilsson TK, Vilo 356 

J, Salumets A, Tõnisson N. DNA methylome profiling of human tissues identifies global and 357 

tissue-specific methylation patterns. Genome Biol. 15, r54 (2014). 358 

.CC-BY-NC-ND 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/250787doi: bioRxiv preprint first posted online Jan. 19, 2018; 

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


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

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

25. Hitchins, M. P. Constitutional epimutation as a mechanism for cancer causality and heritability? 361 

Nat. Rev. Cancer 15, 625–34 (2015). 362 

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

primordial germ-cell model derived from mouse pluripotent stem cells. Proc. Natl. Acad. Sci. 364 

113, 9545–9550 (2016). 365 

27. Bruno, C. et al. Germline correction of an epimutation related to Silver-Russell syndrome. Hum. 366 

Mol. Genet. 24, 3314–3321 (2015). 367 

 368 

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

 370 

Acknowledgements: The authors are grateful to the patients and families who participated in this 371 

study and to the collaborators who supported patient recruitment. This work was supported by NIH 372 

grant HG006696 and research grant 6-FY13-92 from the March of Dimes to A.J.S., grant HL098123 373 

to B.D.G. and A.J.S., Gulbenkian Programme for Advanced Medical Education and the Portuguese 374 

Foundation for Science and Technology (SFRH/BDINT/51549/2011, PIC/IC/83026/2007, 375 

PIC/IC/83013/2007, SFRH/BD/90167/2012, Portugal) to P.M., F.L. and M.B., by the Northern Portugal 376 

Regional Operational Programme (NORTE 2020), under the Portugal 2020 Partnership Agreement, 377 

through the European Regional Development Fund (FEDER) (NORTE-01-0145-FEDER-000013) to 378 

P.M., a Beatriu de Pinos Postdoctoral Fellowship to R.S.J. (2011BP-A00515), and a Seaver 379 

Foundation fellowship to S.D.R.. The views expressed are those of the authors and do not necessarily 380 

reflect those of the National Heart, Lung, and Blood Institute or the National Institutes of Health. 381 

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

National Institutes of Health under award number S10OD018522. This work was supported in part 383 

through the computational resources and staff expertise provided by Scientific Computing at the Icahn 384 

School of Medicine at Mount Sinai. 385 

.CC-BY-NC-ND 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/250787doi: bioRxiv preprint first posted online Jan. 19, 2018; 

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


 386 

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 387 

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 388 

contributed with samples of probands and relatives; M.B., D.E.G., S.D.R., J.R., F.L., P.M., L.V., T.K., 389 

G.S contributed with patient clinical/genetic information; P.G., N.P., B.J., C.T.W. and K.C. wrote and 390 

performed bioinformatic analysis; A.M.T. analyzed and validated methylation profiles of imprinted loci; 391 

W.G. performed library preparation and capture for targeted sequencing; C.T. contributed for Agilent 392 

custom designed aCGH; H.M. and L.E. processed the Agilent custom designed aCGH; M.B. and 393 

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

 395 

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

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

.CC-BY-NC-ND 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/250787doi: bioRxiv preprint first posted online Jan. 19, 2018; 


