Human Imprinting Disorders: principles, practice, problems and progress.
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Abstract
Epigenetic regulation orchestrates gene expression with exquisite precision, over a huge dynamic range and across developmental space and time, permitting genomically-homogeneous humans to develop and adapt to their surroundings.  Every generation, these epigenetic marks are re-set twice: in the germline, to enable differentiation of sperm and eggs, and at fertilisation, to create the totipotent zygote that then begins growth and differentiation into a new human.  A small group of genes evades the second, zygotic wave of epigenetic reprogramming, and these genes retain an epigenetic ‘imprint’ of the parent from whom they were inherited.
Imprinted genes are (as a general rule) expressed from one parental allele only.  Some imprinted genes are critical regulators of growth and development, and thus disruption of their normal monoallelic expression causes congenital imprinting disorders, with clinical features impacting growth, development, behaviour and metabolism.  
Imprinting disorders as a group have characteristics that challenge diagnosis and management, including clinical and molecular heterogeneity, overlapping clinical features, somatic mosaicism, and multi-locus involvement.  New insights into the biology and epigenomics of the early embryo offers new clues about the origin and importance of imprinting disorders.







1. Principles of imprinting.
We are genetic creatures.  Essentially every somatic cell in our bodies contains essentially the same genome, and this genome contains all the genetic material required to encode and regulate every gene in the whole individual.  But of course, not all cells in our bodies use this genome in the same way (Jaenisch and Bird, 2003).  Different organs and tissues, at different developmental times, in different stages of health and disease, repair, regeneration and senescence – even in neighbouring cells in homogeneous tissues – express different numbers, types and levels of genes, both protein-coding and non-coding (Kundaje et al, 2015).  These differences, from the gross level of tissues to the quantitative and stochastic variation between cells (Xue et al, 2013, Klein et al, 2015), underpin the growth, differentiation, adaptation and regeneration of the whole organism.  
The origin of this extraordinary variation is not genetic, but epigenetic.  Epigenetics, in its this sense, is modification of DNA that does not alter its sequence, but alters its expression, and thereby alters its phenotype (Jaenisch and Bird, 2003).  Although epigenetic modifications do not change DNA sequence, they are transmitted faithfully from cells to their progeny, ensuring phenotypic continuity.  Epigenetic signals are highly diverse and dynamic: the most-studied is DNA methylation on cytosine residues in CpG dinucleotide sequences, but it is only one epigenetic regulator, alongside RNA species, histones and other chromatin proteins, and their wide-ranging post-translational modifications (reviewed in Schubeler, 2015; He and Ecker, 2015; Su and Demu, 2015; Geisler and Coller, 2015; Li et al, 2016; Ali et al, 2016; Gonzalez-Sandoval and Gasser, 2016).  
Epigenetic regulation orchestrates gene expression, with exquisite precision across a very high dynamic range, across developmental space and time.  Nowhere is this more apparent than in reproduction.  From a complex, highly-differentiated organism, the cells of one specific lineage, the germline, differentiate into two of the most differentiated and dimorphic cell types in humans: the egg and sperm; then after their fusion, the resultant zygote becomes totipotent, capable of populating all the lineages of the future organism; and thus it begins its development into a new, complex four-dimensional individual (reviewed in Lee et al, 2014; Dang-Nguyen and Torres-Padilla, 2015).  These transformations are in large part epigenetic.  Global epigenetic reprogramming occurs twice: once in the germline and once in the very early zygote (Seisenberger et al, 2012; Smallwood et al, 2011; Smith et al, 2012; Arand et al, 2015).  Germline cells essentially ‘wipe the slate clean’ – they undergo almost complete loss of DNA methylation, before the eggs and sperm acquire their highly specialised and divergent epigenetic marks.  In the cleavage-stage embryo there is a second wave of epigenetic reprogramming; both egg and sperm epigenetic marks are erased, with to a minimum of DNA methylation at around the blastula stage, before lineage-specific DNA methylation arises with the onset of differentiation (FIGURE 1A). 
A small number of genomic regions evade the zygotic wave of epigenetic reprogramming.  Their epigenetic marks are not demethylated during the first cell divisions of the cleavage-stage embryo; nor are they altered by any cell fate decisions during subsequent differentiation (FIGURE 1B).  Thus, these regions retain the epigenetic marks of the eggs and sperm that constituted the zygote, an epigenetic ‘memory’ of their parent of origin.  This phenomenon is termed genomic imprinting  (Barlow and Bartolomei, 2014; Kelsey and Feil, 2013).  Recently, epigenomic analysis of embryonic and extraembryonic tissues has revealed widespread transient and placental imprinting, but these are outside the scope of this review (Hanna et al, 2016, Sanchez-Delgado et al, 2016A, Duffié et al, 2014).

2.  Putting principles into practice:  imprinting and imprinting disorders
In humans over 40 genomic regions, distributed across the genome, show imprinting – that is, DNA methylation (and other epigenetic marking) on imprinting control regions. Comprehensive genomewide analyses suggest that all germline imprints of somatic tissues have now been identified (Court et al, 2013), but it remains possible that more remain to be found.  All currently-known imprinting control regions (ICRs) include differentially methylated regions (DMRs).  These ICRs restrict the expression of genes under their control, according to their parent of origin.  Imprinting marks are permanent and ubiquitous: that is, they persist essentially throughout the lifecourse and in essentially all cells of the body.  
Most ICRs are methylated on the maternal allele, and overlap with transcriptional start sites in the oocyte (Chotalia et al, 2009), whereas the known paternally-methylated ICRs are intergenic and form chromatin boundary elements. 
Genes in imprinted loci include both protein-coding and non-coding genes.  Some ICRs control the expression of only one or two genes, while other imprinted loci include numerous transcripts, both translated and untranslated.  The ‘classical’ definition of an imprinted allele is the allele whose expression is downregulated epigenetically from the specified parent of origin.  However, the complexity of some imprinted loci limits the value of such definitions; for example, the ICR on chromosome 14q32 is paternally methylated, but both maternally- and paternally-imprinted genes are under its control.  Also, imprinted genes may be regulated by other DNA sequences besides ICRs, so their expression may not be ubiquitously imprinted: for example, the Angelman syndrome gene UBE3A shows imprinted expression only in the brain (Buiting, 2010); and GNAS is expressed from the maternal allele in only certain tissues such as kidney tubule and pituitary gland, and this accounts for the clinical features of PHP1b (Mantovani, 2016).
Despite these caveats, the asymmetrical regulation of imprinted genes makes them important in human development.  At least at some critical developmental times and places, imprinted genes are expressed hemizygously (from one parental allele only).  Some of these genes are regulators of growth and development, with tightly regulated expression, and altered expression of these genes has deleterious effects on growth and development.  Additionally, imprinting effects are increasingly being recognised in population-level traits in growth and metabolism (Kong et al, 2009; Horikoshi et al, 2016; Benonisdottir et al, 2016).  Many other imprinted genes are not currently associated with phenotypic traits.
In principle, either increased or decreased dosage of imprinted genes may be deleterious.  And indeed, eight of the nine currently-defined primary imprinting disorders are ‘mirror’ disorders – pairs of disorders caused by opposing molecular alterations of specific imprinted loci, with broadly ‘opposing’ effects on development.  Imprinting disorders may occur through three broad mechanisms:
-changes affecting the expressed allele of the gene in question.  This includes coding mutations, and copy number changes (deletions or duplications).  Such variations are genetic and therefore heritable, but whether a phenotype results depends on the parental allele on which the change is present.  
-chromosomal errors.  This includes large-scale reorganisation of genetic material, normally without overall change in copy number, including translocation, uniparental disomy (upd), and the more recently-described genomewide uniploidy.  Translocations altering regulation of imprinted genes are a rare but recognised cause of imprinting disorders, and are in principle heritable, but whether a phenotype results depends on the parental allele on which the change is present.  In most IDs, upd is a meiotic error, and is therefore not generally heritable, unless a predisposing parental chromosomal rearrangement is present.  In Beckwith-Wiedemann and Silver-Russell syndromes, upd arises post-fertilisation, and almost always appears in mosaic and segmental form; it carries a low recurrence risk.
-epigenetic errors.  This encompasses changes to the DNA methylation of DMRs controlling imprinted genes.  While some have detectable underlying genetic causes, either in-cis or in-trans, it is generally believed that the majority of primary epimutations are purely epigenetic and stochastic in origin, and are not heritable.  

3.  Practical problems with imprinting disorders
Currently nine ‘classical’ imprinting disorders (IDs) are recognised: Classical imprinting disorders clinical syndromes caused by errors in the effective gene dosage of imprinted genes, with features affecting growth, development, metabolism and behaviour.  In addition, a new growing class of disorders is being recognised, associated specifically with coding mutations of genes regulated by imprinting, such as MAGEL2 mutations causing Schaaf-Yang syndrome and MKRN3 mutations causing central precocious puberty type 2 (Schaaf et al, 2013; Abreu et al, 2013).
Individual imprinting disorders have been very well reviewed in published literature, so are summarised for reference in Table 1.  Here I will focus on some of the characteristics that make IDs distinctive as a group of disorders.  These include:  heterogeneous and overlapping clinical features; heterogeneous molecular aetiology, including somatic mosaicism; and multi-locus imprinting disorder.
-heterogeneous and overlapping clinical features.  Classical definitions of clinical IDs include groups of clinical features, very often featuring early growth, development and metabolism.  Some of these features develop or disappear at different times in development, which can challenge clinical diagnosis. Not every child with an ID presents with sufficient cardinal features to secure a clinical diagnosis.  Moreover, some clinical features – notably posnatal growth restriction – are shared by different IDs.  The heterogeneity of presentation means that a child with certain features may warrant testing for more than one ID.  For example, the cardinal features of Silver Russell syndrome (SRS) are pre- and postnatal growth restriction, relative macrocephaly, protruding forehead, asymmetry, and feeding difficulties (Wakeling et al, 2016).  A clinical diagnosis of SRS requires four of these six features to be present, while molecular testing is warranted when three of six features are present.  A minority of children with SRS do not have sufficient presenting features to trigger molecular testing.  On the other hand, children with other IDs, notably Temple syndrome, but also upd20mat and even PWS, can be clinically diagnosed as SRS, particularly by clinicians less experienced with IDs (Poole et al, 2013; Kagami et al, 2015; Mulchandani et al, 2016).  Moreover, a wide range of CNVs (affecting non-imprinted genes) is found in children clinically overlapping with SRS (reviewed in Wakeling et al, 2016).  This is likely because numerous CNVs may have deleterious effects on pre- and postnatal growth.  In summary, the heterogeneous and overlapping clinical features of IDs suggest a need for comprehensive approaches to maximise diagnosis.
-molecular heterogeneity.  Children with IDs are molecularly as well as clinically heterogeneous.  As mentioned above, IDs are caused by altered gene dosage of imprinted genes, which can arise through multiple causes: genetic changes including single nucleotide variants (SNV) or copy number variants (CNV), uniparental disomy (UPD), and epimutations (Eggermann et al, 2015).  Careful phenotyping has shown that different molecular aetiologies can confer slightly different presenting features and management issues (eg le Fevre, 2017; Elli et al, 2016; Wakeling et al, 2016).  Because of this, care must be taken with molecular diagnosis, (a) to include the range of epigenetic tests warranted in order to maximise diagnostic yield, and (b) to determine the aetiology accurately in order to support accurate counselling – particularly the different recurrence risks between genetic and other changes, and the different management risks, eg for neoplasm.  
-mosaicism.  Some molecular defects in IDs are mosaic, ie, not present in every cell of the body (reviewed in Sanchez-Delgado et al, 2016B).  This strongly suggests that mosaic events arise after fertilisation, in very early development.  Mosaicism is particularly associated with epimutations, but has been found rarely with genetic changes and with UPD.  Mosaic presentation has been observed in most IDs, but most frequently in Beckwith-Wiedemann syndrome (BWS) and Silver-Russell syndrome (SRS), which involve the imprinted loci on chromosome 11p15.  
Mosaicism represents a challenge for both clinical and molecular diagnosis, to the point where affected individuals may not be clinically recognisable, and thus may not be referred for appropriate molecular testing.  For example, children with Angelman syndrome and mosaic imprinting disturbance generally have clinical features (including a degree of speech and balance) highly atypical of the ‘classical’ phenotype, and in some cases have been diagnosed because they were referred for molecular diagnosis of Prader-Willi syndrome.  (le Fevre et al, 2017).  Not all children with Beckwith-Wiedemann syndrome (BWS) show the classical BWS phenotype, probably because of (a) the heterogeneity of molecular causes and (b) the heterogeneity of somatic mosaicism.  The recent BWS consensus meeting has recommended redefining BWS as a spectrum (Beckwith-Wiedemann spectrum or BWSp), to reflect this heterogeneity.  It also recommends a low threshold of clinical suspicion to trigger molecular testing, to diagnose these atypical cases and instigate appropriate tumour surveillance (BWSp 2017 – in preparation).  
Molecular mosaicism also can impede accurate diagnosis.  The great majority of molecular testing uses blood-derived DNA; therefore, low-level mosaicism in blood can elude detection, even though the burden of mosaicism in other tissues may be high.  This is a particular challenge in BWS and SRS where positive diagnosis guides appropriate management.  In children with a negative diagnosis, where a clinical suspicion of disease persists, testing of other tissues can support diagnosis (eg Azzi et al, 2009, Russo et al, 2016).  Conversely, in monozygotic twins affected by BWS (which occur at tenfold over the population rate, and are almost all discordant for disease) analysis of blood DNA may detect molecular anomalies in both twins, even though only one is clinically affected; this is because of the sharing of blood between twins in utero.  In such twins, analysis of other tissues may be needed to exclude diagnosis in the unaffected twin. (Weksberg et al, 2002, Bliek et al, 2009)
Multi-locus involvement. Over the past ten years it has become apparent that some children with IDs show methylation disturbance at multiple imprinted loci across the genome.  Multi-locus imprinting disorder (MLID) is seen in a significant fraction of ID cases with epimutations – in fact, the more sensitive and comprehensive the epigenomic analysis, the more prevalent MLID appears to be (Table 1).  The frequency of MLID in different disorders reflects the contribution of epimutations to the overall disorder – for example, epimutations are rare in PWS and AS, so MLID is too, whereas the majority of BWS and SRS are epigenetic, so MLID is more prevalent (Table 1).  
Loci affected by MLID include those associated with ‘classical’ IDs, and also numerous other ICRs  not currently associated with disorders (eg Court et al, 2013; Docherty et al, 2014).  While some patterns are discernible, in general MLID cases are highly heterogeneous, epigenetically and clinically.  Since referral for molecular diagnosis normally follows clinical diagosis, the clinical heterogeneity of MLID cases can confound diagnosis.  Most cases described to date have a ‘primary presentation’ of a single ID – ie, their clinical presentation broadly consistent with one ID, such as BWS or transient neonatal diabetes mellitus (Azzi et al, 2009; Mackay et al, 2006, Bliek et al, 2008).  Others have clinical features that do not align with classical IDs, and have been diagnosed adventitiously (for example, Baple et al, 2010; Docherty et al, 2015).  It seems increasingly likely that the ascertainment bias of classical clinical definitions is preventing recognition of MLID in some children. 
MLID is generally mosaic, with different loci showing different degrees of methylation disturbance in a given tissue; moreover, when multiple tissues are available for study, patterns of imprinting disturbance vary (Azzi et al, 2014).  These factors suggest that the mosaicism may be related to developmental lineage, and this in turn suggests that DNA methylation disturbance occurs post-fertilisation, in the first few cell divisions of the embryo.  
Progress in Imprinting Disorders: MLID and the biology of the early embryo
Imprinting disturbance across multiple loci suggests trans-acting or mechanistic problems with imprint maintenance.  Moreover, the (rare) finding of MLID in siblings demonstrates that, at least in some cases, MLID has an underlying genetic cause.  To date, two types of genetic mutation have been identified:
-The DNA-binding factor ZFP57 operates in concert with a multimeric complex to direct methylation to hemimethylated DNA sequences.  In the early embryo, ZFP57 is required to maintain methylation that would otherwise be diluted through repeated DNA replication.  ZFP57 recognises a hexameric motif that is present throughout the genome, including all ICRs (Li et al, 2008A; Quenneville et al, 2011; Strogantsev et al, 2015).  In humans, recessive mutations of ZFP57 are associated with a relatively specific pattern of MLID, with loss of imprinted methylation that is complete at the PLAGL1 ICR and variable at PEG3 and GRB10; clinically, affected children present with transient neonatal diabetes, though other clinical features may be present (Mackay et al, 2008; Boonen et al, 2010).  To date, no other mutations in DNA-binding factors have been associated with failure of imprint maintenance in humans, perhaps because such mutations are incompatible with life.
-Maternal-effect mutations have been identified in some cases of MLID.  The first such case was identified in a rare case of siblings with BWS and MLID, whose mother had homozygous inactivating mutations of NLRP2 (Meyer et al, 2009).  The mother of a child with MLID was found to have a heterozygous mutation of NLRP7 (Caliebe et al, 2014).  More recently, maternal mutations in NLRP5 were found in five pedigrees affected by MLID (Docherty et al, 2015).  It is striking that the epigenotypes of affected children are variable, and affect both paternally- and maternally-methylated ICRs.  Affected pedigrees experienced a spectrum of reproductive outcomes, including infertility, miscarriage, hydatidiform mole, and liveborn children with MLID with variable phenotypes, and no clinical phenotypes (Docherty et al, 2015 & DJGM, unpublished data).  The only consistent feature of probands is MLID itself.  
The most extreme manifestation of MLID is caused by maternal-effect mutation of NLRP7, and is not compatible with life.  Maternal inactivation of NLRP7 causes hydatidiform mole, an adverse pregnancy outcome resembling overproliferation of placenta without formation of a foetus (Judson et al, 2002, Murdoch et al, 2006).  Hydatidiform moles caused by maternal mutations have a normal biparental genomic constitution, but complete loss of maternal imprinting marks.  
NLRP genes form a large family in mammals, some of which are critical for humoral immunity, and some (including NLRP7, NLRP2 and NLRP5) expressed only in the oocyte and early embryo (Tian et al, 2009).  NLRP5 and its associated proteins are referred to as the subcortical maternal complex (SCMC; Li et al, 2008B; Zhu et al, 2015; reviewed in Zhou and Dean, 2015).  Human maternal-effect mutations of SCMC genes are associated with a range of adverse pregnancy outcomes including mole and infertility as well as miscarriage and MLID (Meyer et al, 2009; Parry et al, 2011; Caliebe et al, 2014; Docherty et al, 2015; Alazami et al, 2016; Xu et al, 2016).  Their precise roles in the embryo are unknown.  They are among the most highly expressed genes in the oocyte; but their mRNA and protein abundance decline to undetectable levels by blastulation (Virant-Klun et al, 2016).  Pre- and post-ovulatory oocyte ageing are associated with increased rate of decline in transcript levels (Dankert et al, 2014).  Loss of function models in mice show a range of adverse effects on the onset of development, including maintenance of genome integrity and ploidy, mitochondrial function, and gene transcription and translation (Tong et al, 2000; Li et al, 2008B; Yurttas et al, 2008; Zheng et al, 2009; Fernandes et al, 2012; Zhao et al, 2016; Mahadevan et al, 2017).  
This is striking, because oocyte transcription in humans ceases upon maturation and onset of meiosis (Bouniol-Baly et al, 1999).  After fertilisation, the first transcription from the zygote genome is non-canonical, and involves DUX-family transcription factors (de Iaco et al, 2017); embryonic transcription is fully activated only at the 8-cell stage (Braude et al, 1988).  Transcription and translation are tightly and independently regulated in the zygote and very early embryo (Nothias et al, 1996; reviewed in Zhou and Dean, 2015).  At the same time, the embryo undergoes comprehensive epigenetic remodelling, including passive demethylation of genomic DNA to a minimum level around the time of blastulation (Smith et al, 2012).  Embryonic stem cell populations recapitulating this developmental stage likewise undergo passive DNA demethylation, and this is associated with decline in protein levels of DNMT1, the methyltransferase that protects DNA methylation from dilution due to DNA replication (Eckersley-Maslin et al, 2016, von Meyenn et al, 2016).  
Taken together, these observations strongly suggest that epigenetic reprogramming and zygotic genome activation (ZGA) must occur on linked timescales to enable the embryo to grow and develop (Figure 2A, 2B).  Maternal genetic variations, or environmental effects (including maternal age) – or both – may impede the embryo from co-ordinating these two programmes, and this in turn may lead to a ‘crisis’ in the embryo, with delayed ZGA and degradation of imprinted DNA methylation (Figure 2C).  If the zygote is severely compromised, the crisis becomes a catastrophe and the embryo dies – depending on the nature of the compromise, between the 1-cell stage and the blastocyst.  But if the embryo survives the crisis, it continues to develop.  Ongoing differentiation erases the majority of early epigenetic errors.  But imprinting marks are not overwritten, and therefore imprinting disturbance may persist as evidence of an embryonic crisis.  Thus, ‘embryo crises’ are predicted to lead to a range of consequences, from embryo death and apparent maternal infertility, through nonviable outcomes such as hydatidiform mole or miscarriage, to imprinting disorders and MLID, and offspring with no imprinting disturbance, or epigenetic disturbance with no apparent phenotypic effect.  
It follows that MLID, and arguably the majority of primary imprinting epimutations, are no more nor less than relics of developmental crises in early embryos.  The contribution of maternal-effect mutation is hard to estimate, because (a) reproductive problems are not generally quantified or analysed in clinical practice, (b) maternal genomes are not routinely analysed with reference to offspring genetics, and (c) imprinting disturbance is not analysed in the normal or disease population.  The role of environmental influences is also hard to estimate.  It is well recognised that the frequencies of fertility problems, aneuploidies and upd rise dramatically with increasing maternal age, suggesting compromise of the oocyte under these conditions (Eichenlaub-Ritter, 2012).  Moreover, it is recognised that assisted reproductive technology (ART) is associated with adverse outcomes, including growth disturbance (Qin et al, 2016; Luke et al, 2017) and increased frequency of classical imprinting disorders (Cox et al, 2002; Mussa et al, 2017).   More comprehensive, large-scale analysis is needed to indicate whether children born after ART have an increased risk of MLID or of non-classical epigenetic disturbance.

Summary and future directions
Imprinted genes are a small subset of human genes, whose epigenetic control is not re-set in the early embryo, and thus reflects their gamete of origin.  Human imprinting disorders (IDs) are caused by inappropriate expression of imprinted genes; either through genetic changes which are heritable, depending on their parental origin, or through chromosomal or epigenetic changes (UPD and imprinting errors) which are normally not heritable.  IDs affect growth, development, metabolism and behaviour.  They were originally defined as clinical syndromes; but recent developments in molecular genetic and epigenetic diagnosis is bringing about a re-definition of many IDs, and suggesting they may be less rare and more heterogeneous than originally thought.  Beyond ‘classical’ syndromes, imprinting effects may be more prevalent than currently recognised, through population-level effects on lifecourse disease, and effects on fetal development, particularly in relation to ART.  
Use of epigenomic analysis has expanded the range of known imprinted genes.  The same tools are now required to determine whether any are associated with phenotypes that are currently clinically unrecognised, including the fascinating – and presently unknown – possibilities of transient and placental imprinting effects on growth and development.  At the same time, integrating studies of animal models and human disease will drive progress in the biology of our early development, as both genetic and epigenetic creatures. 
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Figure Legends

Figure 1: Epigenetic reprogramming during reproduction.
A: Somatic epigenetic marks.  In cell populations destined to become germ cells, epigenetic marks (including DNA methylation) are removed to reach an epigenetic ‘clean slate’.  The developing eggs and sperm then establish divergent epigenetic marks, reflecting their very different developmental programmes.  At fertilisation, the sperm genome enters the egg.  The newly-formed zygote undergoes epigenetic reprogramming during zygotic cleavage stages: paternal DNA methylation is removed principally by active demethylation in the one-cell embryo, while successive cell divisions dilute maternal DNA methylation.  Reaching a minimum in late cleavage stages, DNA methylation then evolves through subsequent differentiation to re-establish normal somatic patterns.
B: Imprinted epigenetic marks.  Germline epigenetic reprogramming proceeds as for all other epigenetic marks.  However, after fertilisation, imprints evade zygotic reprogramming: they are not removed in the zygote, and not overwritten by subsequent developmental marks.  Thus they retain an epigenetic ‘memory’ of their parent of origin.


Figure 2: Hypothesis: epigenetic reprogramming, zygotic genome activation and embyro crisis.
A: The five cartoons represent the growth of the embryo from a fertilised one-cell zygote, through the 2-cell and 8-cell embryo, and the morula, to the blastocyst, where different cell lineages of trophectoderm and inner cell mass are well established.
B: The schematic represents the changes in transcription (black lines) and DNA methylation (as a proxy for epigenetic reprogramming, green lines) in a healthy embryo.  Most DNA methylation (solid green line) is progressively lost in cleavage stages, reaching a minimum around the time of blastulation, but then re-established in tissue-specific patterns.  Imprinted DNA methylation (dashed green line) is unaffected.  After a transient burst of non-canonical transcription mediated by pioneer factors (dashed black line) the zygote genome is activated from the 8-cell stage.
C: The schematic hypothesises an embryo crisis resulting from a genetic or environmental lesion.  In this hypothetical crisis, onset of transcription is delayed.  As a result, maternal factors required to maintain imprinting become insufficient, and imprinting is progressively degraded.  If this crisis is prolonged, epigenetic dysregulation or delayed zygotic genome activation may lead to embryo death.  If the embryo survives the crisis, it may have mosaic loss of imprinted DNA methylation, with or without other developmental dysregulation.






Table 1: Imprinting disorders

	Disorder
	chromosome(s)
	prevalence
	OMIM
	% genetic error
(SNV / CNV) 
	% chromosomal 
error (UPD)
	% imprinting error (% MLID)
	references

	Angelman Syndrome
	15q11.2
	1:15000
	#105830
	70% CNV (del15mat)
15% SNV (UBE3A)
	<5% (upd15pat)
	<5% (rare)
	Buiting, 2010

	Prader-Willi syndrome
	15q11.2
	1:15000
	#176270
	70% CNV (del15pat)
	<30% (upd15mat)
	<1% (nk)
	Buiting, 2010

	Beckwith-Wiedemann syndrome
	11p15.5
	1:10500
	#130650
	5% SNV (CDKN1C)
<5% CNV and SNV of H19/IGF2 IG-DMR
	20% 
	10% H19/IGF2 IG-DMR hypermethylation (rare)
60% KCNQ1OT1 TSS-DMR hypomethylation (30%)
	Choufani et al, 2010

	Silver-Russell syndrome
	11p15.5, chr7
	1:50000?
	#180860
	<1%
	10% (upd7mat)
<1% (upd11mat)
	40% (15-38%) 
	Eggermann 2010, wakeling et al, 2016

	Pseudohypoparathyroidism type 1b
	20q13.3
	?
	#603233
	27% CNV (delSTX16mat)
3% SNV (GNAS)
	5% (upd20mat)
	61% (rare)
	Mantovani et al, 2016; Elli et al, 2016

	Transient neonatal diabetes mellitus type 1
	6q24
	1:300000
	#601410
	40% CNV (dup6pat)
	40% (upd6pat)
	20% (50%)
	Mackay and Temple, 2010

	Kagami-Ogata syndrome
	14q32
	?
	#608140
	15% CNV (del14mat)
	65% (upd14pat)
	20% (nk)
	Ogata et al, 2016; Kagami et al, 2017

	Temple syndrome
	14q32
	?
	#616222
	10% CNV (del14pat)
	78% (upd14mat)
	12% (rare)
	Ioannides et al, 2014; Kagami et al, 2017

	Mulchandani-Bhoj-Conlin syndrome
	chr20
	?
	#617352
	nk
	100% (upd20mat)
	nk (nk)
	Mulchandani et al, 2016

	Schaaf-Yang syndrome
	chr15
	?
	#615547
	100% inactivation of MAGEL2 (SNV / CNV)
	-
	-
	Fountain et al, 2017

	Central precocious puberty 2 (CPPB2)
	chr15
	?
	#615436
	100% inactivation of MKRN3 (SNV)
	-
	-
	Abreu et al, 2013


nk: not known; SNV: single nucleotide variant; CNV: copy number variant; upd: uniparental disomy.  References here are reviews of individual imprinting disorders.  References specifically concerning the frequency of multi-locus imprinting disorder in each IDs may be found in Sanchez-Delgado et al 2016; only reports of MLID post-dating this review are cited in this table.
OMIM: Online Mendelian Inheritance in Man (http://omim.org).  
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Abstract
Epigenetic regulation orchestrates gene expression with exquisite precision, over a huge dynamic range and across developmental space and time, permitting genomically-homogeneous humans to develop and adapt to their surroundings.  Every generation, these epigenetic marks are re-set twice: in the germline, to enable differentiation of sperm and eggs, and at fertilisation, to create the totipotent zygote that then begins growth and differentiation into a new human.  A small group of genes evades the second, zygotic wave of epigenetic reprogramming, and these genes retain an epigenetic ‘imprint’ of the parent from whom they were inherited.
Imprinted genes are (as a general rule) expressed from one parental allele only.  Some imprinted genes are critical regulators of growth and development, and thus disruption of their normal monoallelic expression causes congenital imprinting disorders, with clinical features impacting growth, development, behaviour and metabolism.  
Imprinting disorders as a group have characteristics that challenge diagnosis and management, including clinical and molecular heterogeneity, overlapping clinical features, somatic mosaicism, and multi-locus involvement.  New insights into the biology and epigenomics of the early embryo offers new clues about the origin and importance of imprinting disorders.







1. Principles of imprinting.
We are genetic creatures.  Essentially every somatic cell in our bodies contains essentially the same genome, and this genome contains all the genetic material required to encode and regulate every gene in the whole individual.  But of course, not all cells in our bodies use this genome in the same way (Jaenisch and Bird, 2003).  Different organs and tissues, at different developmental times, in different stages of health and disease, repair, regeneration and senescence – even in neighbouring cells in homogeneous tissues – express different numbers, types and levels of genes, both protein-coding and non-coding (Kundaje et al, 2015).  These differences, from the gross level of tissues to the quantitative and stochastic variation between cells (Xue et al, 2013, Klein et al, 2015), underpin the growth, differentiation, adaptation and regeneration of the whole organism.  
The origin of this extraordinary variation is not genetic, but epigenetic.  Epigenetics, in its this sense, is modification of DNA that does not alter its sequence, but alters its expression, and thereby alters its phenotype (Jaenisch and Bird, 2003).  Although epigenetic modifications do not change DNA sequence, they are transmitted faithfully from cells to their progeny, ensuring phenotypic continuity.  Epigenetic signals are highly diverse and dynamic: the most-studied is DNA methylation on cytosine residues in CpG dinucleotide sequences, but it is only one epigenetic regulator, alongside RNA species, histones and other chromatin proteins, and their wide-ranging post-translational modifications (reviewed in Schubeler, 2015; He and Ecker, 2015; Su and Demu, 2015; Geisler and Coller, 2015; Li et al, 2016; Ali et al, 2016; Gonzalez-Sandoval and Gasser, 2016).  
Epigenetic regulation orchestrates gene expression, with exquisite precision across a very high dynamic range, across developmental space and time.  Nowhere is this more apparent than in reproduction.  From a complex, highly-differentiated organism, the cells of one specific lineage, the germline, differentiate into two of the most differentiated and dimorphic cell types in humans: the egg and sperm; then after their fusion, the resultant zygote becomes totipotent, capable of populating all the lineages of the future organism; and thus it begins its development into a new, complex four-dimensional individual (reviewed in Lee et al, 2014; Dang-Nguyen and Torres-Padilla, 2015).  These transformations are in large part epigenetic.  Global epigenetic reprogramming occurs twice: once in the germline and once in the very early zygote (Seisenberger et al, 2012; Smallwood et al, 2011; Smith et al, 2012; Arand et al, 2015).  Germline cells essentially ‘wipe the slate clean’ – they undergo almost complete loss of DNA methylation, before the eggs and sperm acquire their highly specialised and divergent epigenetic marks.  In the cleavage-stage embryo there is a second wave of epigenetic reprogramming; both egg and sperm epigenetic marks are erased, with to a minimum of DNA methylation at around the blastula stage, before lineage-specific DNA methylation arises with the onset of differentiation (FIGURE 1A). 
A small number of genomic regions evade the zygotic wave of epigenetic reprogramming.  Their epigenetic marks are not demethylated during the first cell divisions of the cleavage-stage embryo; nor are they altered by any cell fate decisions during subsequent differentiation (FIGURE 1B).  Thus, these regions retain the epigenetic marks of the eggs and sperm that constituted the zygote, an epigenetic ‘memory’ of their parent of origin.  This phenomenon is termed genomic imprinting  (Barlow and Bartolomei, 2014; Kelsey and Feil, 2013).  Recently, epigenomic analysis of embryonic and extraembryonic tissues has revealed widespread transient and placental imprinting, but these are outside the scope of this review (Hanna et al, 2016, Sanchez-Delgado et al, 2016A, Duffié et al, 2014).

2.  Putting principles into practice:  imprinting and imprinting disorders
In humans over 40 genomic regions, distributed across the genome, show imprinting – that is, DNA methylation (and other epigenetic marking) on imprinting control regions. Comprehensive genomewide analyses suggest that all germline imprints of somatic tissues have now been identified (Court et al, 2013), but it remains possible that more remain to be found.  All currently-known imprinting control regions (ICRs) include differentially methylated regions (DMRs).  These ICRs restrict the expression of genes under their control, according to their parent of origin.  Imprinting marks are permanent and ubiquitous: that is, they persist essentially throughout the lifecourse and in essentially all cells of the body.  
Most ICRs are methylated on the maternal allele, and overlap with transcriptional start sites in the oocyte (Chotalia et al, 2009), whereas the known paternally-methylated ICRs are intergenic and form chromatin boundary elements. 
Genes in imprinted loci include both protein-coding and non-coding genes.  Some ICRs control the expression of only one or two genes, while other imprinted loci include numerous transcripts, both translated and untranslated.  The ‘classical’ definition of an imprinted allele is the allele whose expression is downregulated epigenetically from the specified parent of origin.  However, the complexity of some imprinted loci limits the value of such definitions; for example, the ICR on chromosome 14q32 is paternally methylated, but both maternally- and paternally-imprinted genes are under its control.  Also, imprinted genes may be regulated by other DNA sequences besides ICRs, so their expression may not be ubiquitously imprinted: for example, the Angelman syndrome gene UBE3A shows imprinted expression only in the brain (Buiting, 2010); and GNAS is expressed from the maternal allele in only certain tissues such as kidney tubule and pituitary gland, and this accounts for the clinical features of PHP1b (Mantovani, 2016).	Comment by dm: REVIEW 1.1	Comment by dm: REVIEW 1.2
Despite these caveats, the asymmetrical regulation of imprinted genes makes them important in human development.  At least at some critical developmental times and places, imprinted genes are expressed hemizygously (from one parental allele only).  Some of these genes are regulators of growth and development, with tightly regulated expression, and altered expression of these genes has deleterious effects on growth and development.  Additionally, imprinting effects are increasingly being recognised in population-level traits in growth and metabolism (Kong et al, 2009; Horikoshi et al, 2016; Benonisdottir et al, 2016).  Many other imprinted genes are not currently associated with phenotypic traits.
In principle, either increased or decreased dosage of imprinted genes may be deleterious.  And indeed, eight of the nine currently-defined primary imprinting disorders are ‘mirror’ disorders – pairs of disorders caused by opposing molecular alterations of specific imprinted loci, with broadly ‘opposing’ effects on development.  Imprinting disorders may occur through three broad mechanisms:	Comment by dm: REVIEW 2.1
-changes affecting the expressed allele of the gene in question.  This includes coding mutations, and copy number changes (deletions or duplications).  Such variations are genetic and therefore heritable, but whether a phenotype results depends on the parental allele on which the change is present.  
-chromosomal errors.  This includes large-scale reorganisation of genetic material, normally without overall change in copy number, including translocation, uniparental disomy (upd), and the more recently-described genomewide uniploidy.  Translocations altering regulation of imprinted genes are a rare but recognised cause of imprinting disorders, and are in principle heritable, but whether a phenotype results depends on the parental allele on which the change is present.  In most IDs, upd is a meiotic error, and is therefore not generally heritable, unless a predisposing parental chromosomal rearrangement is present.  In Beckwith-Wiedemann and Silver-Russell syndromes, upd arises post-fertilisation, and almost always appears in mosaic and segmental form; it carries a low recurrence risk.	Comment by dm: REVIEW 2.2
-epigenetic errors.  This encompasses changes to the DNA methylation of DMRs controlling imprinted genes.  While some have detectable underlying genetic causes, either in-cis or in-trans, it is generally believed that the majority of primary epimutations are purely epigenetic and stochastic in origin, and are not heritable.  

3.  Practical problems with imprinting disorders
Currently nine ‘classical’ imprinting disorders (IDs) are recognised: Classical imprinting disorders clinical syndromes caused by errors in the effective gene dosage of imprinted genes, with features affecting growth, development, metabolism and behaviour.  In addition, a new growing class of disorders is being recognised, associated specifically with coding mutations of genes regulated by imprinting, such as MAGEL2 mutations causing Schaaf-Yang syndrome and MKRN3 mutations causing central precocious puberty type 2 (Schaaf et al, 2013; Abreu et al, 2013).	Comment by dm: REVIEW 2.3
Individual imprinting disorders have been very well reviewed in published literature, so are summarised for reference in Table 1.  Here I will focus on some of the characteristics that make IDs distinctive as a group of disorders.  These include:  heterogeneous and overlapping clinical features; heterogeneous molecular aetiology, including somatic mosaicism; and multi-locus imprinting disorder.
-heterogeneous and overlapping clinical features.  Classical definitions of clinical IDs include groups of clinical features, very often featuring early growth, development and metabolism.  Some of these features develop or disappear at different times in development, which can challenge clinical diagnosis. Not every child with an ID presents with sufficient cardinal features to secure a clinical diagnosis.  Moreover, some clinical features – notably posnatal growth restriction – are shared by different IDs.  The heterogeneity of presentation means that a child with certain features may warrant testing for more than one ID.  For example, the cardinal features of Silver Russell syndrome (SRS) are pre- and postnatal growth restriction, relative macrocephaly, protruding forehead, asymmetry, and feeding difficulties (Wakeling et al, 2016).  A clinical diagnosis of SRS requires four of these six features to be present, while molecular testing is warranted when three of six features are present.  A minority of children with SRS do not have sufficient presenting features to trigger molecular testing.  On the other hand, children with other IDs, notably Temple syndrome, but also upd20mat and even PWS, can be clinically diagnosed as SRS, particularly by clinicians less experienced with IDs (Poole et al, 2013; Kagami et al, 2015; Mulchandani et al, 2016).  Moreover, a wide range of CNVs (affecting non-imprinted genes) is found in children clinically overlapping with SRS (reviewed in Wakeling et al, 2016).  This is likely because numerous CNVs may have deleterious effects on pre- and postnatal growth.  In summary, the heterogeneous and overlapping clinical features of IDs suggest a need for comprehensive approaches to maximise diagnosis.
-molecular heterogeneity.  Children with IDs are molecularly as well as clinically heterogeneous.  As mentioned above, IDs are caused by altered gene dosage of imprinted genes, which can arise through multiple causes: genetic changes including single nucleotide variants (SNV) or copy number variants (CNV), uniparental disomy (UPD), and epimutations (Eggermann et al, 2015).  Careful phenotyping has shown that different molecular aetiologies can confer slightly different presenting features and management issues (eg le Fevre, 2017; Elli et al, 2016; Wakeling et al, 2016).  Because of this, care must be taken with molecular diagnosis, (a) to include the range of epigenetic tests warranted in order to maximise diagnostic yield, and (b) to determine the aetiology accurately in order to support accurate counselling – particularly the different recurrence risks between genetic and other changes, and the different management risks, eg for neoplasm.  	Comment by dm: REVIEW 1.4
-mosaicism.  Some molecular defects in IDs are mosaic, ie, not present in every cell of the body (reviewed in Sanchez-Delgado et al, 2016B).  This strongly suggests that mosaic events arise after fertilisation, in very early development.  Mosaicism is particularly associated with epimutations, but has been found rarely with genetic changes and with UPD.  Mosaic presentation has been observed in most IDs, but most frequently in Beckwith-Wiedemann syndrome (BWS) and Silver-Russell syndrome (SRS), which involve the imprinted loci on chromosome 11p15.  
Mosaicism represents a challenge for both clinical and molecular diagnosis, to the point where affected individuals may not be clinically recognisable, and thus may not be referred for appropriate molecular testing.  For example, children with Angelman syndrome and mosaic imprinting disturbance generally have clinical features (including a degree of speech and balance) highly atypical of the ‘classical’ phenotype, and in some cases have been diagnosed because they were referred for molecular diagnosis of Prader-Willi syndrome.  (le Fevre et al, 2017).  Not all children with Beckwith-Wiedemann syndrome (BWS) show the classical BWS phenotype, probably because of (a) the heterogeneity of molecular causes and (b) the heterogeneity of somatic mosaicism.  The recent BWS consensus meeting has recommended redefining BWS as a spectrum (Beckwith-Wiedemann spectrum or BWSp), to reflect this heterogeneity.  It also recommends a low threshold of clinical suspicion to trigger molecular testing, to diagnose these atypical cases and instigate appropriate tumour surveillance (BWSp 2017 – in preparation).  
Molecular mosaicism also can impede accurate diagnosis.  The great majority of molecular testing uses blood-derived DNA; therefore, low-level mosaicism in blood can elude detection, even though the burden of mosaicism in other tissues may be high.  This is a particular challenge in BWS and SRS where positive diagnosis guides appropriate management.  In children with a negative diagnosis, where a clinical suspicion of disease persists, testing of other tissues can support diagnosis (eg Azzi et al, 2009, Russo et al, 2016).  Conversely, in monozygotic twins affected by BWS (which occur at tenfold over the population rate, and are almost all discordant for disease) analysis of blood DNA may detect molecular anomalies in both twins, even though only one is clinically affected; this is because of the sharing of blood between twins in utero.  In such twins, analysis of other tissues may be needed to exclude diagnosis in the unaffected twin. (Weksberg et al, 2002, Bliek et al, 2009)
Multi-locus involvement. Over the past ten years it has become apparent that some children with IDs show methylation disturbance at multiple imprinted loci across the genome.  Multi-locus imprinting disorder (MLID) is seen in a significant fraction of ID cases with epimutations – in fact, the more sensitive and comprehensive the epigenomic analysis, the more prevalent MLID appears to be (Table 1).  The frequency of MLID in different disorders reflects the contribution of epimutations to the overall disorder – for example, epimutations are rare in PWS and AS, so MLID is too, whereas the majority of BWS and SRS are epigenetic, so MLID is more prevalent (Table 1).  
Loci affected by MLID include those associated with ‘classical’ IDs, and also numerous other ICRs  not currently associated with disorders (eg Court et al, 2013; Docherty et al, 2014).  While some patterns are discernible, in general MLID cases are highly heterogeneous, epigenetically and clinically.  Since referral for molecular diagnosis normally follows clinical diagosis, the clinical heterogeneity of MLID cases can confound diagnosis.  Most cases described to date have a ‘primary presentation’ of a single ID – ie, their clinical presentation broadly consistent with one ID, such as BWS or transient neonatal diabetes mellitus (Azzi et al, 2009; Mackay et al, 2006, Bliek et al, 2008).  Others have clinical features that do not align with classical IDs, and have been diagnosed adventitiously (for example, Baple et al, 2010; Docherty et al, 2015).  It seems increasingly likely that the ascertainment bias of classical clinical definitions is preventing recognition of MLID in some children. 
MLID is generally mosaic, with different loci showing different degrees of methylation disturbance in a given tissue; moreover, when multiple tissues are available for study, patterns of imprinting disturbance vary (Azzi et al, 2014).  These factors suggest that the mosaicism may be related to developmental lineage, and this in turn suggests that DNA methylation disturbance occurs post-fertilisation, in the first few cell divisions of the embryo.  
Progress in Imprinting Disorders: MLID and the biology of the early embryo
Imprinting disturbance across multiple loci suggests trans-acting or mechanistic problems with imprint maintenance.  Moreover, the (rare) finding of MLID in siblings demonstrates that, at least in some cases, MLID has an underlying genetic cause.  To date, two types of genetic mutation have been identified:
-The DNA-binding factor ZFP57 operates in concert with a multimeric complex to direct methylation to hemimethylated DNA sequences.  In the early embryo, ZFP57 is required to maintain methylation that would otherwise be diluted through repeated DNA replication.  ZFP57 recognises a hexameric motif that is present throughout the genome, including all ICRs (Li et al, 2008A; Quenneville et al, 2011; Strogantsev et al, 2015).  In humans, recessive mutations of ZFP57 are associated with a relatively specific pattern of MLID, with loss of imprinted methylation that is complete at the PLAGL1 ICR and variable at PEG3 and GRB10; clinically, affected children present with transient neonatal diabetes, though other clinical features may be present (Mackay et al, 2008; Boonen et al, 2010).  To date, no other mutations in DNA-binding factors have been associated with failure of imprint maintenance in humans, perhaps because such mutations are incompatible with life.
-Maternal-effect mutations have been identified in some cases of MLID.  The first such case was identified in a rare case of siblings with BWS and MLID, whose mother had homozygous inactivating mutations of NLRP2 (Meyer et al, 2009).  The mother of a child with MLID was found to have a heterozygous mutation of NLRP7 (Caliebe et al, 2014).  More recently, maternal mutations in NLRP5 were found in five pedigrees affected by MLID (Docherty et al, 2015).  It is striking that the epigenotypes of affected children are variable, and affect both paternally- and maternally-methylated ICRs.  Affected pedigrees experienced a spectrum of reproductive outcomes, including infertility, miscarriage, hydatidiform mole, and liveborn children with MLID with variable phenotypes, and no clinical phenotypes (Docherty et al, 2015 & DJGM, unpublished data).  The only consistent feature of probands is MLID itself.  	Comment by dm: REVIEW 2.8	Comment by dm: REVIEW 1.4
The most extreme manifestation of MLID is caused by maternal-effect mutation of NLRP7, and is not compatible with life.  Maternal inactivation of NLRP7 causes hydatidiform mole, an adverse pregnancy outcome resembling overproliferation of placenta without formation of a foetus (Judson et al, 2002, Murdoch et al, 2006).  Hydatidiform moles caused by maternal mutations have a normal biparental genomic constitution, but complete loss of maternal imprinting marks.  
NLRP genes form a large family in mammals, some of which are critical for humoral immunity, and some (including NLRP7, NLRP2 and NLRP5) expressed only in the oocyte and early embryo (Tian et al, 2009).  NLRP5 and its associated proteins are referred to as the subcortical maternal complex (SCMC; Li et al, 2008B; Zhu et al, 2015; reviewed in Zhou and Dean, 2015).  Human maternal-effect mutations of SCMC genes are associated with a range of adverse pregnancy outcomes including mole and infertility as well as miscarriage and MLID (Meyer et al, 2009; Parry et al, 2011; Caliebe et al, 2014; Docherty et al, 2015; Alazami et al, 2016; Xu et al, 2016).  Their precise roles in the embryo are unknown.  They are among the most highly expressed genes in the oocyte; but their mRNA and protein abundance decline to undetectable levels by blastulation (Virant-Klun et al, 2016).  Pre- and post-ovulatory oocyte ageing are associated with increased rate of decline in transcript levels (Dankert et al, 2014).  Loss of function models in mice show a range of adverse effects on the onset of development, including maintenance of genome integrity and ploidy, mitochondrial function, and gene transcription and translation (Tong et al, 2000; Li et al, 2008B; Yurttas et al, 2008; Zheng et al, 2009; Fernandes et al, 2012; Zhao et al, 2016; Mahadevan et al, 2017).  
This is striking, because oocyte transcription in humans ceases upon maturation and onset of meiosis (Bouniol-Baly et al, 1999).  After fertilisation, the first transcription from the zygote genome is non-canonical, and involves DUX-family transcription factors (de Iaco et al, 2017); embryonic transcription is fully activated only at the 8-cell stage (Braude et al, 1988).  Transcription and translation are tightly and independently regulated in the zygote and very early embryo (Nothias et al, 1996; reviewed in Zhou and Dean, 2015).  At the same time, the embryo undergoes comprehensive epigenetic remodelling, including passive demethylation of genomic DNA to a minimum level around the time of blastulation (Smith et al, 2012).  Embryonic stem cell populations recapitulating this developmental stage likewise undergo passive DNA demethylation, and this is associated with decline in protein levels of DNMT1, the methyltransferase that protects DNA methylation from dilution due to DNA replication (Eckersley-Maslin et al, 2016, von Meyenn et al, 2016).  	Comment by dm: REVIEW 2.5
Taken together, these observations strongly suggest that epigenetic reprogramming and zygotic genome activation (ZGA) must occur on linked timescales to enable the embryo to grow and develop (Figure 2A, 2B).  Maternal genetic variations, or environmental effects (including maternal age) – or both – may impede the embryo from co-ordinating these two programmes, and this in turn may lead to a ‘crisis’ in the embryo, with delayed ZGA and degradation of imprinted DNA methylation (Figure 2C).  If the zygote is severely compromised, the crisis becomes a catastrophe and the embryo dies – depending on the nature of the compromise, between the 1-cell stage and the blastocyst.  But if the embryo survives the crisis, it continues to develop.  Ongoing differentiation erases the majority of early epigenetic errors.  But imprinting marks are not overwritten, and therefore imprinting disturbance may persist as evidence of an embryonic crisis.  Thus, ‘embryo crises’ are predicted to lead to a range of consequences, from embryo death and apparent maternal infertility, through nonviable outcomes such as hydatidiform mole or miscarriage, to imprinting disorders and MLID, and offspring with no imprinting disturbance, or epigenetic disturbance with no apparent phenotypic effect.  	Comment by dm: REVIEW 1.4	Comment by dm: REVIEW 2.5
It follows that MLID, and arguably the majority of primary imprinting epimutations, are no more nor less than relics of developmental crises in early embryos.  The contribution of maternal-effect mutation is hard to estimate, because (a) reproductive problems are not generally quantified or analysed in clinical practice, (b) maternal genomes are not routinely analysed with reference to offspring genetics, and (c) imprinting disturbance is not analysed in the normal or disease population.  The role of environmental influences is also hard to estimate.  It is well recognised that the frequencies of fertility problems, aneuploidies and upd rise dramatically with increasing maternal age, suggesting compromise of the oocyte under these conditions (Eichenlaub-Ritter, 2012).  Moreover, it is recognised that assisted reproductive technology (ART) is associated with adverse outcomes, including growth disturbance (Qin et al, 2016; Luke et al, 2017) and increased frequency of classical imprinting disorders (Cox et al, 2002; Mussa et al, 2017).   More comprehensive, large-scale analysis is needed to indicate whether children born after ART have an increased risk of MLID or of non-classical epigenetic disturbance.	Comment by dm: REVIEW 1.4	Comment by dm: REVIEW 2.7

Summary and future directions
Imprinted genes are a small subset of human genes, whose epigenetic control is not re-set in the early embryo, and thus reflects their gamete of origin.  Human imprinting disorders (IDs) are caused by inappropriate expression of imprinted genes; either through genetic changes which are heritable, depending on their parental origin, or through chromosomal or epigenetic changes (UPD and imprinting errors) which are normally not heritable.  IDs affect growth, development, metabolism and behaviour.  They were originally defined as clinical syndromes; but recent developments in molecular genetic and epigenetic diagnosis is bringing about a re-definition of many IDs, and suggesting they may be less rare and more heterogeneous than originally thought.  Beyond ‘classical’ syndromes, imprinting effects may be more prevalent than currently recognised, through population-level effects on lifecourse disease, and effects on fetal development, particularly in relation to ART.  
Use of epigenomic analysis has expanded the range of known imprinted genes.  The same tools are now required to determine whether any are associated with phenotypes that are currently clinically unrecognised, including the fascinating – and presently unknown – possibilities of transient and placental imprinting effects on growth and development.  At the same time, integrating studies of animal models and human disease will drive progress in the biology of our early development, as both genetic and epigenetic creatures. 
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Figure Legends

Figure 1: Epigenetic reprogramming during reproduction.
A: Somatic epigenetic marks.  In cell populations destined to become germ cells, epigenetic marks (including DNA methylation) are removed to reach an epigenetic ‘clean slate’.  The developing eggs and sperm then establish divergent epigenetic marks, reflecting their very different developmental programmes.  At fertilisation, the sperm genome enters the egg.  The newly-formed zygote undergoes epigenetic reprogramming during zygotic cleavage stages: paternal DNA methylation is removed principally by active demethylation in the one-cell embryo, while successive cell divisions dilute maternal DNA methylation.  Reaching a minimum in late cleavage stages, DNA methylation then evolves through subsequent differentiation to re-establish normal somatic patterns.
B: Imprinted epigenetic marks.  Germline epigenetic reprogramming proceeds as for all other epigenetic marks.  However, after fertilisation, imprints evade zygotic reprogramming: they are not removed in the zygote, and not overwritten by subsequent developmental marks.  Thus they retain an epigenetic ‘memory’ of their parent of origin.


Figure 2: Hypothesis: epigenetic reprogramming, zygotic genome activation and embyro crisis.
A: The five cartoons represent the growth of the embryo from a fertilised one-cell zygote, through the 2-cell and 8-cell embryo, and the morula, to the blastocyst, where different cell lineages of trophectoderm and inner cell mass are well established.
B: The schematic represents the changes in transcription (black lines) and DNA methylation (as a proxy for epigenetic reprogramming, green lines) in a healthy embryo.  Most DNA methylation (solid green line) is progressively lost in cleavage stages, reaching a minimum around the time of blastulation, but then re-established in tissue-specific patterns.  Imprinted DNA methylation (dashed green line) is unaffected.  After a transient burst of non-canonical transcription mediated by pioneer factors (dashed black line) the zygote genome is activated from the 8-cell stage.	Comment by dm: REVIEW 1.3
C: The schematic hypothesises an embryo crisis resulting from a genetic or environmental lesion.  In this hypothetical crisis, onset of transcription is delayed.  As a result, maternal factors required to maintain imprinting become insufficient, and imprinting is progressively degraded.  If this crisis is prolonged, epigenetic dysregulation or delayed zygotic genome activation may lead to embryo death.  If the embryo survives the crisis, it may have mosaic loss of imprinted DNA methylation, with or without other developmental dysregulation.






Table 1: Imprinting disorders	Comment by dm: REVIEW 2.3

	Disorder
	chromosome(s)
	prevalence
	OMIM
	% genetic error
(SNV / CNV) 
	% chromosomal 
error (UPD)
	% imprinting error (% MLID)
	references

	Angelman Syndrome
	15q11.2
	1:15000
	#105830
	70% CNV (del15mat)
15% SNV (UBE3A)
	<5% (upd15pat)
	<5% (rare)
	Buiting, 2010

	Prader-Willi syndrome
	15q11.2
	1:15000
	#176270
	70% CNV (del15pat)
	<30% (upd15mat)
	<1% (nk)
	Buiting, 2010

	Beckwith-Wiedemann syndrome
	11p15.5
	1:10500
	#130650
	5% SNV (CDKN1C)
<5% CNV and SNV of H19/IGF2 IG-DMR
	20% 
	10% H19/IGF2 IG-DMR hypermethylation (rare)
60% KCNQ1OT1 TSS-DMR hypomethylation (30%)
	Choufani et al, 2010

	Silver-Russell syndrome
	11p15.5, chr7
	1:50000?
	#180860
	<1%
	10% (upd7mat)
<1% (upd11mat)
	40% (15-38%) 
	Eggermann 2010, wakeling et al, 2016

	Pseudohypoparathyroidism type 1b
	20q13.3
	?
	#603233
	27% CNV (delSTX16mat)
3% SNV (GNAS)
	5% (upd20mat)
	61% (rare)
	Mantovani et al, 2016; Elli et al, 2016

	Transient neonatal diabetes mellitus type 1
	6q24
	1:300000
	#601410
	40% CNV (dup6pat)
	40% (upd6pat)
	20% (50%)
	Mackay and Temple, 2010

	Kagami-Ogata syndrome
	14q32
	?
	#608140
	15% CNV (del14mat)
	65% (upd14pat)
	20% (nk)
	Ogata et al, 2016; Kagami et al, 2017

	Temple syndrome
	14q32
	?
	#616222
	10% CNV (del14pat)
	78% (upd14mat)
	12% (rare)
	Ioannides et al, 2014; Kagami et al, 2017

	Mulchandani-Bhoj-Conlin syndrome
	chr20
	?
	#617352
	nk
	100% (upd20mat)
	nk (nk)
	Mulchandani et al, 2016

	Schaaf-Yang syndrome
	chr15
	?
	#615547
	100% inactivation of MAGEL2 (SNV / CNV)
	-
	-
	Fountain et al, 2017

	Central precocious puberty 2 (CPPB2)
	chr15
	?
	#615436
	100% inactivation of MKRN3 (SNV)
	-
	-
	Abreu et al, 2013


nk: not known; SNV: single nucleotide variant; CNV: copy number variant; upd: uniparental disomy.  References here are reviews of individual imprinting disorders.  References specifically concerning the frequency of multi-locus imprinting disorder in each IDs may be found in Sanchez-Delgado et al 2016; only reports of MLID post-dating this review are cited in this table.
OMIM: Online Mendelian Inheritance in Man (http://omim.org).  
