ImprintSeq, a novel tool to interrogate DNA methylation at human imprinted regions and diagnose multilocus imprinting disturbance
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ABSTRACT 

Purpose: Disruptions of genomic imprinting are associated with congenital imprinting disorders (CIDs) and other disease states including cancer. CIDs are most often associated with altered methylation at imprinted differential methylated regions (iDMRs). In some cases, multiple iDMRs are affected causing multi-locus imprinting disturbances (MLIDs). The availability of accurate, quantitative and scalable high-throughput methods to interrogate multiple iDMRs simultaneously would enhance clinical diagnostics and research. 
Methods: We report the development of a custom targeted methylation sequencing panel that covered most relevant 63 iDMRs for CIDs and the detection of MLIDs. We tested in 70 healthy controls and 147 individuals with CIDs. We distinguished loss and gain of methylation per DMR and classified high and moderate methylation alterations.
Results: Across a range of CIDs with a variety of molecular mechanisms, ImprintSeq performed at 98.4% sensitivity, 99.9% specificity and 99.9% accuracy (when compared to previous diagnostic testing). ImprintSeq was highly sensitive for detecting MLIDs and enabled diagnostic criteria for MLID to be proposed. In a child with extreme MLID profile a probable genetic cause was identified.
Conclusion: ImprintSeq provides a novel assay for clinical diagnostic and research studies of CIDs, MLIDs and the role of disordered imprinting in human disease states.


INTRODUCTION
Genomic imprinting is an epigenetic process that regulates parent-of-origin specific expression of >100 human genes with critical roles in growth, metabolism and development1,2. This process is mediated by differential epigenetic marks that establish allele-specific expression patterns during gametogenesis in male and female germ cells. After fertilization, the methylation status of imprinting marks (imprinted differentially methylated regions;iDMRs) are protected and maintained during the second wave of global epigenetic reprogramming1,2. iDMRs are associated with parent-of-origin allele-specific patterns of DNA methylation, chromatin structure and expression of non-coding RNAs1,2. Disruption of a single (or multiple) germline imprinting mark(s) causing altered expression of imprinted genes is associated with congenital imprinting disorders(CIDs)1. Disordered genomic imprinting has also been implicated in complex disorders such as autism and embryonal tumours(e.g., Wilms tumour)3.
Disturbances of the establishment or maintenance of imprinting can be caused by multiple mechanisms including primary genetic alterations (e.g., pathogenic sequence variants, deletions/duplications, cytogenetic rearrangement, uniparental disomies) with epigenetic consequences or by primary epigenetic alterations(epimutations) without underlying genetic alterations4. Each CID has been linked with locus-specific defects and disease-specific molecular alterations (Supplementary Table 1)1. For example, depending on the parental-origin, deletions at 15q11-q13 may cause Angelman(AS) or Prader-Willi(PWS) syndromes and epimutations at 11p15.5 may cause Beckwith-Wiedemann spectrum(BWSp) or Silver-Russell syndromes(SRS) (Supplementary Table 1). Interestingly, a subset of CID cases exhibit multiple imprinting alterations across the genome, i.e. multi-locus imprinting disturbances(MLIDs)5. MLIDs are more common in CIDs mainly caused by epimutations (Supplementary Table 1). Children with MLIDs may have atypical phenotypes6.
For clinical molecular diagnosis of CIDs, methylation analysis at iDMRs is the standard methodology worldwide. Whilst whole-genome bisulfite sequencing(WGBS) or array-based technologies can provide genome-wide methylation assessments, WGBS is generally too expensive for routine diagnostics, array-based technologies cover only partially some iDMRs and targeted methylation assays such as MS-MLPA7 are most widely-used. To provide an alternative methodology suitable for clinical diagnostics and research, we designed a quantitative scalable high-throughput method to interrogate individual CpG methylation status at iDMRs using a custom targeted methylation sequencing panel, ImprintSeq. 



MATERIAL AND METHODS
Samples
Genomic DNA from a total of 217 samples was extracted from peripheral blood using Gentra Puregene Blood Kit(Qiagen) or other standard methods and quantified by Qubit™ dsDNA BR Assay Kit(Invitrogen, ThermoFisher). The cohort included 70 healthy controls and 147 with a CID (see Supplementary Table 2). For 133 individuals with a CID a molecular diagnostic report was available. For 14 individuals with a CID a molecular diagnostic report was not available and for these individuals the molecular classification was based on the ImprintSeq results (which were consistent with the clinical phenotype). Appropriate human subjects’ approvals and written informed consent were obtained from all participants. The study was approved by South Birmingham Research Ethics Committee.
Targeted methylation sequencing: TrueMethyl® On Target
ImprintSeq was developed as a collaboration between Cambridge Epigenetix(CEGX, Cambridge, UK) company, Tecan group(NuGen Technologies, Redwood, CA) and the University of Cambridge. This hybridization-based custom panel uses 3,989 probes to cover 203,279 base pairs across 63 genomic regions involved in genomic imprinting (Table 1). Probes were designed for both strands of bisulfite converted DNA. The design interrogates over 9,257 CpG sites (see Supplementary Table 3) in low input DNA(50-200 ng). Methylation levels were calibrated at 0%, 50% and 100% by mixing different ratios of unmethylated/methylated human control DNA(Zymo, CA, USA). Samples were bisulphite converted with EZ DNA Methylation-Gold kit(Zymo, CA, USA) following the manufacturer's instructions. Details of the experimental protocol are provided in Supplementary Data. 
Methylation analysis and interpretation
After filtering by coverage and quality (see Supplementary Data), correction of the methylation levels for 145 cases and 70 healthy controls was performed using MethylCal8. After correcting the observed methylation levels of 215 individuals, we calculated the median of the methylation levels across CpGs (median methylation level (MML)) for each individual and each iDMR. For each iDMR, MMLs below the healthy controls’ 3 standard deviations (SDs) confidence interval were considered to undergo loss of methylation (LOM) and those above 3SDs confidence interval were designated gain of methylation (GOM). To avoid false-positive diagnoses we selected a stringent clinically-motivated 3SD confidence interval to guarantee low Type-I error (α = 0.0027).
To increase the specificity of MLID diagnosis, we divided significant LOM/GOM events according to the magnitude of the alteration in the differential median methylation level (DMML) between controls and patients: high values of DMML (high methylation alterations(HMA)) and moderate values of DMML (moderate methylation alterations(MMA)). The detection of the two categories was performed by using a mixture model of beta densities9, an unsupervised clustering algorithm that classifies the absolute value of DMMLs into HMA and MMA groups. The in-house implementation was based on the expectation-maximization algorithm (EM algorithm)10. The optimal classification cut-off point that separates the HMA and MMA groups corresponds to the point where the densities of the two beta components of the mixture model intersect. In our data set based on 943 significant DMMLs (722 LOM and 221 GOM), the cut-off point was detected at 0.185. (see Supplementary Figure 3). 
ImprintSeq methylation values were compared to those from Illumina Infinium HumanMethylation450 BeadChips (Illumina, San Diego, CA) analysis (see Supplementary Methods). Details of whole exome sequencing (performed in two individuals) are in Supplementary Methods). 

 


RESULTS
Methylation profiling in healthy controls
Methylation profiling for 63 iDMRs was determined in 70 healthy control samples (Figure 1). Mean coverage per iDMR varied from 154.5 to 1,128.5 reads (see Supplementary Table 4) and MML ranged from 0.0 to 1.0 with a median of 0.50 (see Supplementary Table 5). For 8 iDMRs associated with CIDs (i.e., CIDs-associated iDMRs: PLAGL1:alt-TSS-DMR, MEST:alt-TSS-DMR, GRB10:alt-TSS-DMR, H19/IGF2:IG-DMR, KCNQ1OT1:TSS-DMR, MEG3:TSS-DMR, SNURF:TSS-DMR and GNASA/B:TSS-DMR)11–15, mean coverage per iDMR varied from 165.2 to 974.1 reads (see Supplementary Table 4) and MML ranged from 0.21 to 0.62 (median 0.43) (see Supplementary Table 5). None of 70 controls had an MML outside 3SDs confidence interval at the 8 CIDs-associated iDMRs. 
Diagnosis of Congenital Imprinting disorders with ImprintSeq 
131 individuals (data from two individuals were excluded for technical reasons) with a CID and molecular diagnostic report (AS(n=1), BWS(n=50), PHP1b(n=42), SRS(n=24) and TNDM(n=14)) were analysed at 8 CID-associated iDMRs (Figure 1). The overall classification by ImprintSeq along with the previous diagnostic testing result is summarised in Figure 2.

Beckwith-Wiedemann Spectrum(BWSp) testing
Fifty individuals with BWSp were studied. Thirty-nine had epimutation at IC1 (GOM at H19–IGF2:IG-DMR; n=1) or IC2 (LOM at KCNQ1OT1:TSS-DMR; n=38). ImprintSeq identified 38 LOM at IC2 and one GOM at IC1. The IC2 MML for controls was 0.46 and 84% (32/38) BWS cases with IC2 LOM showed an MML below 0.1 (Supplementary Table 6). 
Six individuals with BWSp and previously diagnosed paternal UPD(11p15) were analysed. In four cases, LOM at KCNQ1OT1:TSS-DMR and GOM at H19–IGF2:IG-DMR and IGF2:alt-TSS-DMR, consistent with patUPD11 was detected. The MML at KCNQ1OT1:TSS-DMR in these cases was 0.15 to 0.3 which is consistent with mosaic patUPD11 (Supplementary Table 6). Two cases previously classified as BWSp with patUPD(11p15) did not show methylation alterations characteristic of UPD, one showed GOM at H19–IGF2:IG-DMR, IGF2:Ex9-DMR and IGF2:alt-TSS-DMR (MML-1.0, 0.81 and 0.78 respectively) but no alteration at KCNQ1OT1:TSS-DMR (MML=0.44) and the other one, no alteration was detected at 11p15.5 (MMLs at H19–IGF2:IG:DMR, IGF2:Ex9-DMR and IGF2:alt-TSS-DMR and KCNQ1OT1:TSS-DMR were 0.56, 0.52, 0.48 and 0.46 respectively).
All five individuals with suspected BWSp who previously tested negative in a clinical diagnostic laboratory had given a normal ImprintSeq testing result.

Silver-Russell syndrome(SRS) testing
In the SRS group (n=24), 17 cases had been diagnosed with an IC1 epimutation (LOM at H19–IGF2:IG-DMR) and in two cases no alteration had been detected by MS-MLPA. All previously positive cases showed H19–IGF2:IG-DMR LOM below 3SDs confidence interval, although the degree of LOM was generally less pronounced than that seen in BWSp with IC2 epimutations (see above) or PHP1b with LOM at GNAS A/B:TSS-DMR (see below) (Supplementary Table 6). Only 6 out of 17 (35%) SRS cases with H19–IGF2:IG-DMR LOM had a MML below 0.1 (the other 10 had values of 0.1-0.27 (Supplementary Table 6). One of the two patients with a clinical diagnosis of SRS but normal prior diagnostic testing showed LOM at H19–IGF2:IG-DMR with ImprintSeq (MML of 0.49 compared to MML in control cohort of 0.56 (lower boundary of 3SDs confidence interval was 0.50) (Supplementary Table 6).
In five individuals diagnosed with SRS and maternal UPD7, ImprintSeq demonstrated almost complete GOM at GRB10:alt-TSS-DMR, PEG10:TSS-DMR, MEST:alt-TSS-DMR and HTR5A:TSS-DMR consistent with matUPD7.

Pseudohyoparathyroidism 1B(PHP1b) testing
Forty-one individuals with a clinical diagnosis of PHP1b were studied. Previous MS-MLPA testing had classified 14 of them as GNAS A/B:TSS-DMR LOM and 27 with GNAS A/B:TSS-DMR LOM, GNAS-XL:TSS-DMR LOM, GNAS-AS1:TSS-DMR LOM, GNASNESP:TSS-DMR GOM. Testing by ImprintSeq showed complete concordance with the previous diagnosis from service molecular genetic laboratories. All PHP1b cases with GNAS A/B:TSS-DMR LOM showed a complete LOM (all MLL <0.1) (Supplementary Table 6). MML of those PHP1b cases with GNAS A/B:TSS-DMR LOM, GNAS-XL:TSS-DMR LOM, GNAS-AS1:TSS-DMR LOM, GNASNESP:TSS-DMR GOM was consistent with complete GOM (>0.89 MML) at GNASNESP:TSS-DMR and complete LOM (<0.05 MML) at GNAS A/B:TSS-DMR, GNAS-XL:TSS-DMR and GNAS-AS1:TSS-DMR (Supplementary Table 6) in most cases (20/27). Two cases showed partial changes in all GNAS DMRs and 5 of 27 (19%) showed partial LOM at GNAS-XL:TSS-DMR and complete LOM at GNAS A/B:TSS-DMR, GNAS-AS1:TSS-DMR and complete GOM at GNASNESP:TSS-DMR.
One PHP1B case was known to have a maternal duplication at GNAS locus covering GNAS-XL:TSS DMR, GNAS-AS1:TSS-DMR and GNASNESP:TSS-DMR16. ImprintSeq profiling demonstrated LOM at GNAS A/B:TSS-DMR (MML = 0.05) and GNASNESP:TSS-DMR, and GOM at GNAS-XL:TSS-DMR and GNAS-AS1:TSS-DMR ((MMLs 0.21, 0.65 and 0.56 respectively) consistent with the maternal duplication observed by SNP array.
Testing for other CIDs: Transient Neonatal Diabetes Mellitus (TNDM) and Angelman syndrome (AS)
Fourteen individuals with TNDM (2 with PLAGL1:(alt)-TSS-DMR-LOM, 6 with paternal UPD6 and 6 with a PLAGL1:(alt)-TSS-DMR duplication) were tested. The 2 TNDM with PLAGL1:(alt)-TSS-DMR LOM showed MLL <0.05 (Supplementary Table 6). The 6 TNDM cases with paternal UPD6, showed complete LOM at PLAGL1:(alt)-TSS-DMR (all MMLs ~0.02, see Supplementary Table 6) and almost complete LOM at one or more DMRs at chromosome 6 (FAM50B:TSS DMR, IGF2R:Int2-DMR and WDR27:Int13-DMR). Analysis of 6 TNDM cases with duplication at PLAGL1:(alt)-TSS-DMR demonstrated partial LOM in this DMR (MML 0.193 to 0.274), these methylation changes were undetectable previously by MS-MLPA. In an individual previously diagnosed with mosaic AS, there was significant LOM (MML < 0.15) at SNRPN:Int1-DMR2, SNRPN:Int1-DMR1, SNRPN alt-TSS-DMR and SNURF:TSS-DMR, validating previous diagnostic.
To determine sensitivity, specificity and accuracy of the assay, we included all CID cases with diagnostic reports excluding those classified as NA (not available) or NAD (no alteration detected) (Supplementary Table 2). Overall, across a range of CIDs with a variety of molecular mechanisms (compared to previous diagnostic results), ImprintSeq performed at 98.4% of sensitivity, 99.9% specificity and 99.9% accuracy assuming 0.01% prevalence (fraction of people found to have the condition with the total number of people studied). From this cohort only 2 cases were not validated, the two patUPD11 BWS cases.

ImprintSeq testing for multi-locus imprinting disturbances (MLIDs)
To investigate the utility of ImprintSeq to detect MLID we interrogated 63 imprinted regions in 145 individuals with known or suspected CIDs (the 131 individuals with a CID studied in a diagnostic laboratory studied to assess the diagnostic potential of ImprintSeq plus 14 further individuals with a CID for whom a diagnostic report was not available. For these 14 individuals we considered that the ImprintSeq results (which were consistent with the clinical phenotype) could be used for diagnostic classification). Applying our method, 22/70 controls had significant DNA methylation alterations (GOM/LOM) at one or more iDMRs (median 0.37, range 0-2) (Figure 3). The most frequent iDMR with LOM was RTL1 and the most frequent iDMR with GOM was IGF2R:Int2-DMR (none of the controls showed LOM/GOM at a CIDs-associated iDMRs).
The 63 iDMRs were then analysed in the 145 individuals with a clinical and/or molecular diagnosis of CID. Overall, 141 of 145 individuals demonstrated LOM/GOM at one or more iDMRs (median 5.19, range 1 to 35). 20 iDMRs demonstrated LOM, 7 iDMRs demonstrated GOM and 32 both LOM and GOM. The iDMRs located outside of CID-associated imprinted gene clusters (nonCID-iDMRs) with the most frequent LOM were FANCC:In61-DMR, SNU13:alt-TSS-DMR and IGF1R:Int2-DMR (14.3%, 10.2% and 9.5% of cases respectively). The nonCID-iDMRs with the most frequent GOM were ZDBF2/GPR1-AS:IG-DMR and PEG13:TSS-DMR (20.5% and 14.6% of cases). To replicate the methylation profiling results of ImprintSeq at non-CID-iDMRs, we compared the ImprintSeq methylation results in a subset of CID cases (BWS (n=43) and SRS (n=22)) and healthy controls (n=1,472) for whom methylation profiling with the Illumina Infinium Human Methylation 450 BeadChip array (450K) had been performed (Supplementary Figure 2). Within this cohort ImprintSeq identified 247 significant methylation alterations (157 LOM, 90 GOM) compared to 129 significant methylation alterations (96 LOM, 33 GOM) detected by 450K. The comparison revealed 91.5% (119) of LOM/GOM detected by the 450K analysis were also detected by ImprintSeq and 8.5% (10) of LOM/GOM findings detected by 450K analysis were not detected by ImprintSeq. 140 significant LOM/GOM alterations (in 51 patients) detected by ImprintSeq were not identified by 450k array. iDMR alterations that were more likely to be identified by ImprintSeq analysis were ZDBF2/GPR1-AS:IG-DMR GOM, IGF2:Ex9-DMR LOM, PEG10:TSS-DMR LOM, MEST:alt-TSS-DMR LOM/GOM or IGF1R:Int2-DMR-LOM and 450K analysis were GNASNESP:TSS-DMR-GOM, and L3MBTL1:alt-TSS-DMR-LOM. The number of CpGs per DMR interrogated by 450K and ImprintSeq differs, being significantly higher in ImprintSeq (Table 1). This might explain the limited capacity of the array to detect methylation alteration at some specific DMRs (PPIEL:Ex1-DMR, IGF1R:Int2-DMR, ERLIN2:Int6-DMR and L3MBTL1 alt-TSS-DMR).
ImprintSeq detected a higher frequency of MLID in CID subgroups than previously reported but the number of iDMRs analysed was much larger than in most previous reports and the number of CpGs at each iDMR analysed is higher than for array-based technologies or MS-MLPA. To develop diagnostic criteria for the identification of MLID by ImprintSeq, we divided the LOM/GOM events detected by ImprintSeq into two groups: high (HMA) and moderate methylation alterations (MMA) (see Methods) (Figure 4). Most of LOM/GOM findings (85%) detected by 450K analysis corresponded to ImprintSeq HMAs (Supplementary Figure 2) and 450K analysis displayed limited capacity of to detect MMAs (only 6.1% LOM/GOM MMA signals were detected with 450K). Applying the HMA/MMA criteria, all LOM/GOM alterations at diagnostic iDMRs regions were classified as HMAs but the majority (6/7) of methylation changes associated with duplications in diagnostic regions were classified as MMAs (Figure 4b). We then compared the effect of classifying alterations as HMA/MMAs at iDMRs that were located outside of CID-associated imprinted gene clusters (nonCID-iDMRs). For some nonCID-iDMRs, increasing the diagnostic threshold did not impact the ImprintSeq LOM/GOM findings (PPIEL:Ex1-DMR, DIRAS3:Ex2-DMR, IGF2R:Int2-DMR, ERLIN2:Int6-DMR, FANCC:In61-DMR, INPP5F:Int2-DMR, IGF1R:Int2-DMR, NNAT:TSS-DMR, WRB:alt-TSS-DMR and SNU13:alt-TSS-DMR) (113 of 115 detected LOM/GOM findings were classified as HMAs) (Supplementary Figure 1). However for other non-CID-iDMRs (ZDBF2/GPR1-AS:IG-DMR, PEG13:TSS-DMR, MAGEL2:TSS-DMR, TCEB3C, NLRP2, RTL1 and GABRA5) (Supplementary Figure 1) most alterations (91/97) were classified as MMAs (Figure 4). An interesting observation was that LOM/GOM at primary iDMRs was more likely to be classified as a HMA than at LOM/GOM at secondary iDMRs (secondary DMRs acquire differential DNA methylation after fertilization whereas primary/germline iDMRs (giDMRs) become differentially methylated in the germline17. 82% (338/410) of LOM alterations detected by ImprintSeq in primary iDMRs (82% (305/370) oocyte and 82% (33/40) sperm primary iDMRs) were classified as HMA whereas only 44% (16/36) in secondary iDMR were HMAs (P < 10-5) (See Supplementary Table 8). However, for GOM alterations there was no apparent difference between the proportion of HMAs at primary and secondary iDMRs (63% (63/99) and 76% (41/54) respectively, P= 0.1478) (See Supplementary Table 8).
Considering only HMAs, 3 of 70 controls and 56 of 145 with CIDs had LOM or GOM at one or more nonCID-iDMRs and 0 of 70 controls and 31 of 145 with CIDs had LOM or GOM at two or more nonCID-iDMRs. To avoid overdiagnosis of MLID in a clinical diagnostic testing setting we proposed that, after excluding UPD, the diagnostic criteria for MLID should consist of (in addition to the primary CID-associated epimutation) either a LOM/GOM HMA at a CID-associated iDMR or two LOM/GOM HMAs at non-CID iDMRs. Applying these criteria the frequencies of MLID in specific CID-molecular subgroups were: BWS with IC1 GOM (0/3, 0%), BWS with IC2 LOM (17/40, 42%), PHP1b with GNAS A/B:TSS DMR LOM (0/14, 0%), SRS with IC1 LOM (2/17, 12%) and TNDM with PLAGL1:alt-TSS-DMR LOM (2/2, 100%) (See Supplementary Table 7). Application of the proposed MLID criteria had a marked effect on two CID cases: a patient with BWS with 22 LOM/GOM iDMR alterations but only 3 HMA (CID0047) and a patient with PHP1b with 15 LOM/GOM iDMR alterations but only 5 HMAs (CID0081). CID0047 showed 3 HMAs but no primary CID-associated epimutation and CID0081 showed 5 HMAs, 4 of them in GNAS-locus (probable UPD20) and only one HMA at non-CID iDMRs. After applying the proposed diagnostic criteria for MLIDs in these cases, none of them was considered to be a MLID positive case. 
In total 21/145 (14%) individuals with CID satisfied the MLID diagnostic criteria with a median of 4 HMAs (range 2-26) per individual.

Characteristics of a case with an extreme MLID profile detected by ImprintSeq
The most extreme MLID profile was detected in a child with atypical SRS (case # CID0120) and 26 HMAs. There was no relevant family history and no underlying cause for MLID had been diagnosed. We undertook exome sequencing in the child and interrogated a panel of MLID-associated genes (ZFP57/NLRP2/NLRP5/NLRP7/PADI6)1 finding a previously unreported heterozygous PADI6 frameshift insertion (NM_207421.4:c.1874dup NP_997304.3:p.(Asn626GlufsTer38). Exome sequencing in both parents revealed the presence of the same frameshift insertion in PADI6 in the mother but not the father. Also, a heterozygous PADI6 missense substitution (NM_207421.4:c.1456T>C, NP_997304.3:p.(Cys486Arg)) and a heterozygous NLRP5 missense substitution (NM_153447.4:c.1111C>T NP_703148.4:p.(Leu371Phe)) were both detected in the mother. Both missense variants were classified as VUSs (PM1, PM2, PP3 and PM1, BP4 respectively) by ACMG/AMP criteria.


DISCUSSION
Disruption of establishment or maintenance of genomic imprinting has been described in a variety of disorders including congenital imprinting disorders and neoplasia1,2. Disturbances in genomic imprinting are commonly associated with alterations in the methylation status of iDMRs and so methylation profiling of iDMRs is usually the first-line investigation for the diagnosis of CIDs. Different methodologies have been used for iDMR profiling in clinical diagnostic and research settings including methylation-specific PCR, pyrosequencing, MS-MLPA, methylation arrays and whole-genome bisulphite sequencing(WGBS)18. For diagnostic testing MS-MLPA is most widely used whereas methylation arrays are widely employed in research studies. An advantage of methylation arrays such as the Illumina Infinium and EPIC arrays is the large number of CpGs that are tested (485,577 and 850,000 CpGs) respectively (though only a small fraction of CpGs profiled are at iDMRs). WGBS offers comprehensive analysis but is expensive, and the depth of coverage may be inadequate to detect partial methylation alterations. MS-MLPA can detect copy number changes but can be insensitive to mosaic methylation defects that are common in some CIDs. Accordingly, we and others have sought to develop cost-effective targeted methods to accurately measure methylation at a base-pair resolution in multiple iDMRs. Recently, Klobucar et al described IMPLICON19, a sequencing-based assay developed to analyse iDMRs in mice which was then adapted to investigate 14 human iDMRs. IMPLICON successfully detected aberrant methylation at iDMRs in human-induced pluripotential stem cells and in 2 patients with a CID. Although both IMPLICON and ImprintSeq were designed for similar purposes there are significant differences, ImprintSeq targets a larger number of iDMRs than IMPLICON (63 and 14 respectively). Furthermore, IMPLICON is an amplicon-based method (while ImprintSeq is a capture-based approach)20 that has not yet been validated against other diagnostic assays for a range of CIDs as described here. 
[bookmark: _Hlk77508372]We examined ImprintSeq for the diagnosis of CIDs and detection of MLIDs. ImprintSeq showed excellent correlation with the previous diagnostic results from genetics service laboratories. ImprintSeq was particularly capable of identifying CID patients with epimutations (97/97) and duplications (7/7) and most UPD cases (15/17), but two patients reported to have BWSp with paternal 11p15.5 UPD were not detected. patUPD in BWSp is invariably mosaic and its diagnosis may require specialist investigations such as SNP arrays or testing of multiple tissues when the level of mosaicism is low15. Based on our results, the theoretical threshold for mosaicism for ImprintSeq is ~20-30% (unpublished data). Lower levels of mosaic UPD (e.g. 5-20%) can be detected by SNP arrays (37) and borderline ImprintSeq results could be followed up by further analyses. In the longer-term, with further development, we would expect that given the high depth of coverage of ImprintSeq combining data from different loci and adding SNP information generated by ImprintSeq should make it possible to detect lower levels of UPD.
In the last decade, there has been increasing interest in the occurrence of MLIDs in CIDs5. However, the clinical implications of finding MLIDs is still debated. Though there are examples of in which the presence of MLID has been linked to an atypical CID phenotype21,22 , in many cases the effect of MLID is unclear and MLID has been reported with an apparently normal phenotype6. A difficulty in studying MLID in CID cohorts is the variability in the iDMRs investigated between studies and the inconsistency of analytical methods and criteria for diagnosing MLID. We directly compared iDMR profiling by ImprintSeq and methylation array. Most LOM/GOM events detected by methylation array were detected by ImprintSeq but there were a large number of LOM/GOM alterations detected by ImprintSeq but not array methylation profiling. We had expected that ImprintSeq should be more sensitive because of the larger number of CpGs covered (see Table 1) and the higher depth of coverage. Nevertheless, whilst ImprintSeq is intended to be a sensitive diagnostic test for CID, we wished to avoid overdiagnosing MLID and used stringent criteria to diagnose HMAs. Interestingly, we found that HMA events accounted for most alterations at primary iDMRs and MMAs at secondary iDMRs. Primary iDMRs (oocyte and sperm gDMR) are established during gametogenesis in primordial germ cells and secondary iDMRs are established after fertilization17 and consequently, secondary iDMRs might be more likely to show mosaic and/or polymorphic variation. Whereas CID-associated iDMRs have been extensively profiled in diagnostic laboratories, for non-CID-associated iDMRs there is generally much less information about polymorphic epigenetic variation23. Hence, we proposed that diagnostic criteria for MLID should concentrate on HMAs and differentially consider LOM/GOM at CID-associated iDMRs and non-CID-associated iDMRs. The proposed MLID diagnostic criteria (exclusion of UPD and, in addition to the primary CID-associated epimutation, either a LOM/GOM HMA at another CID-associated iDMR or LOM/GOM HMAs at two non-CID iDMRs) gave frequencies of MLID of 0% in control subjects, 0% in BWS with IC1 GOM, 42% in BWS with IC2 LOM, 0% in PHP1b with GNAS A/B:TSS DMR LOM and 12% in SRS with IC1 LOM. ImprintSeq profiling of larger cohorts of CID individuals will enable the validation of these proposed diagnostic criteria and the significance of HMAs at specific iDMRs for patient phenotype to be assessed.
In most children with a CID and MLID no cause will be identified. However, a history of assisted reproductive technology(ART) fertilization has been linked to an increased risk of MLIDs in some studies and in a small subset of patients with MLIDs a genetic cause may be identified24–27. We tested the family of the child with the most extreme ImprintSeq MLID profile (26 HMAs at iDMRs) and identified that her mother was a compound heterozygote for a loss of function PADI6 variant and a missense substitution (classed as VUS). A missense VUS in NLRP5 was also detected in the mother. These findings would be consistent with maternal biallelic pathogenic variants in PADI6 presenting a CID and MLID in the child. Previously maternal biallelic PADI6 pathogenic variants have been associated with infertility, embryonic arrest and BWS with MLIDs28–31. Such an interpretation would argue for the clinical utility of MLIDs to identify families with a high recurrence risk for CIDs or other MLID-related disorders. 
Healthy controls studied showed none significant alterations at 8 CID-associated iDMRs. However, we detected significant alterations at non-diagnostic iDMRs in 22 of 70 and HMAs in 10 of 70. The most frequently affected iDMR was IGF2R:Int2-DMR (GOM in 3/70 controls), which is known to be polymorphically imprinted in humans23,32. This suggests other iDMRs could show polymorphic imprinted methylation in general population and this might be the cause of alterations detected in healthy controls. Beside this, some studies suggested the induction of iDMRs DNA methylation alterations by the exposure to some environmental factors33–35, however these studies are limited. To determine which iDMRs are more frequently affected in the general population, in which percentage and the consequences of them for human health, will require a quantitative high-throughput method, like ImprintSeq, to interrogate large cohort of healthy individuals.
The main limitations of this work is the sample size used taking into account the high variability of alterations and mosaicism levels described in these patients. However, despite the low frequency of these rare disorders, we presented the largest CID cohort study to date with high-throughput technologies. Larger cohort of samples representing this variability will be necessary to improve the analysis and diagnostic of CIDs and MLIDs. 
In conclusion, ImprintSeq is a novel method that can diagnose the iDMR methylation alterations that account for most CIDs. Investigation of larger patient cohorts is required to refine and optimise the diagnostic promise of ImprintSeq but the assay is a highly promising tool for clinical diagnostics and research into the role of imprinting in human disease.
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TABLE AND FIGURES LEGENDS

Table 1: ImprintSeq design. Imprinting DMRs covered, location, number of CpGs in Illumina Infinium Human Methylation 450 BeadChip array (450K), number of CpGs in ImprintSeq and mean coverage detected per DMR. P, paternal; M, maternal; ID, isoform dependent; gDMR, germline DMR. * Individual CpGs covered by probes.


Figure 1: Flow chart of the study. A total of 223 samples were studied with our hybridization-based custom-sequencing panel to interrogate 63 imprinted DMRs (iDMRs) including 147 CID samples, 70 controls and 3 calibration points in replicates (0%, 50% and 100% methylation). After the extraction of raw DNA methylation per CpG, data was filtered by quality and coverage and corrected by MethylCal using standard controls. Two CID samples were excluded from the analysis during filtering. In order to compare the level of methylation per DMR between samples, we calculated median methylation level per DMR (MML) per sample. Afterward we determined the methylation profiling and 3SDs confidence interval of 63 iDMRs in the control cohort. Then we compared it with each case sample. Loss of methylation (LOM) was defined as MML below healthy controls’ MML 3SDs confidence interval and gain of methylation (GOM) as MML above healthy controls’ 3SDs confidence interval. To estimate the value of ImprintSeq as diagnostic assay, we compared results obtained with ImprintSeq in 8 CIDs-associated iDMRs and those from 131 CID cases with diagnostic report (by MS-MLPA and/or SNP array) . To determine the ability of ImprintSeq to detect MLIDs, first LOM/GOM detected with ImprintSeq in 63 iDMRs were divided in two groups based on the magnitude of the differential median methylation level, high/moderate methylation alterations (HMA/MMA). The results obtained were compared with Illumina Infinium HumanMethylation450 BeadChips (450K) results. Then, we applied diagnostic criteria for MLID proposed in this work. 
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[bookmark: _GoBack]Figure 2: Diagnostic of congenital imprinting disorders with ImprintSeq. Significant DNA methylation alterations across 8 imprinting DMRs (iDMRs) related with diagnostic of congenital imprinting disorders (CIDs-associated) (bold) and 14 additional iDMRs to detect uniparental disomies (UPD) in 131 samples with diagnostic report. In orange are represented gain-of-methylation detected by using a 3SDs confidence interval based on healthy controls’ median methylation level (MML) and in purple are represented loss-of-methylation identified with the same confidence interval. Samples are organized by disease/status and iDMRs are organized by chromosome position. Beckwith-Wiedemann syndrome (BWS), Silver-Russell syndrome (SRS), Pseudohypoparathyroidism 1B (PHP1b), Transient neonatal diabetes mellitus (TNDM), Angelman syndrome (AS), not alteration detected (NAD). 









Figure 3: Identification of LOM/GOM with ImprintSeq. Significant DNA methylation alterations across 63 imprinting DMRs in 145 samples. In orange are represented gain-of-methylation detected by using a 3SDs confidence interval based on healthy controls’ median methylation level and in purple are represented loss-of-methylation identified with the same confidence interval. Samples are organized by disease and DMRs are organized by chromosome position. Beckwith-Wiedemann syndrome (BWS), Silver-Russell syndrome (SRS), Pseudohypoparathyroidism 1B (PHP1b), Transient neonatal diabetes mellitus (TNDM), Angelman syndrome (AS).






Figure 4: Classification of LOM/GOM based on the magnitude of the differential median methylation level and detection of MLIDs. Significant DNA methylation alterations across 63 imprinting DMRs in 145 samples. (a) High methylation alterations (HMA) was declared when the difference in absolute value between the median methylation level in the healthy controls and CIDs is greater than the estimated cut-off point (see Methods section). (b) Moderate methylation alterations (MMA) was declared when the difference in absolute value between median methylation level in control and the one detected in the case is lower than the estimated cut-off point. In orange are represented gain-of-methylation by using 3SDs confidence interval and in purple are represented loss-of-methylation identified with the same confidence interval. Samples are organized by disease and DMRs are organized by chromosome position. Beckwith-Wiedemann syndrome (BWS), Silver-Russell syndrome (SRS), Pseudohypoparathyroidism 1B (PHP1b), Transient neonatal diabetes mellitus (TNDM), Angelman syndrome (AS).

