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Norwegian summary of the thesis
Sammendrag av avhandlingen pé norsk.

Beckwith-Wiedemann syndrom (BWS) er den hyppigste og mest komplekse
tilstanden blant imprintingssykdommene. Avhandlingen presenterer tre ulike BWS
spektrum familier, hvor vi utvider forstaelsen av arvemensteret ved BWS, og viser
hvor viktig en presis diagnose er med tanke pa individuell oppfelging av f.eks
kreftrisiko og svangerskapskomplikasjoner, men ogsa gjentakelsesrisiko i familien.
Vi presenterer ogsa en kompleks genvariant i CDKNI1C som vi foreslar forarsaker
ikke bare en, men hele tre ulike tilstander samtidig, bl.a grunnet en ikke tidligere
beskrevet isoform av proteinet som kan tenkes & vaere viktig for hjernens utvikling. 1
tillegg beskriver vi for forste gang en person med et dobbelt kromosomsett (UPD) fra
far for to kromosomer (kromosom 7 og 15) som har gitt innsikt i nettverket av
imprintede gener.

BWS karakteriseres av bl.a svangerskapskomplikasjoner, lavt blodsukker ved fadsel,
hoy fodselsvekt og stor morkake, stor tunge og store indre organer, midtlinjedefekter
i buk og eventuelt tarmbrokk, gkt risiko for barnekreft som Wilms tumour, og hos
enkelte spesielle ansiktstrekk og mindre utviklingsavvik. Som hovedregel er den
psykomotoriske utviklingen normal. Imprinting er en viktig
genreguleringsmekanisme som ikke innebaerer endringer i selve DNA-koden, men
derimot en reversibel epigenetisk endring av DNA vha cytosin-metylering av
hovedsaklig CpG posisjoner. For enkelte gener er ikke bare regulering av gendosen
men ogsa genkilden viktig, dvs om genet uttrykket pa det kromosomet som er arvet
fra mor eller fra far. Dette kalles kjonnsavhengig imprinting. Ved feil i dette
kjennsavgengige imprintingsystemet oppstar imprintingsykdommene. Ved BWS
styres imprintingen av to imprintingssentre, IC1 og IC2, pa den aktuelle
kromosomregion pé enden av kromosom 11 (11p15.5). I en normal situasjon er
vektsfaktoren /GF2 i IC1 kun aktivt pa genkopien nedarvet fra far, mens
veksthemmeren CDKNIC i IC2 kun uttrykkes fra genkopien nedarvet fra mor.



Metyleringsforstyrrelser i et (eller begge) av de to imprintingssentrene medferer
BWS. Den hyppigste arsaken er sporadisk tap av metylering i IC2 pa 11p15.5, som
bl.a medferer at veksthemmeren CDKNIC slas helt eller delvis av. BWS kan ogsa
skyldes gkt metylering av det maternelle IC1 som forer til at vekstfaktoren /GF2 ogsé
uttrykkes fra mors genstreng, ikke bare fra fars. En slik gkt metylering av IC1 kan
veaere sporadisk, men kan ogsa skyldes underliggende avvik i IC1 sin DNA sekvens,
som kan nedarves og gi BWS dersom nedarving via morsledd.

Artikkel I beskriver en en slik familie, hvor familiemedlemmer i tre generasjoner har
en sjelden IC1-genfeil som gir opphav til dominant arvelig BWS dersom maternell
nedarving. Denne formen for BWS er forbundet med risiko for nyrekreft hos barn. Vi
viser ogsa at BWS symptomene egker fra andre til tredje generasjon (antesipasjon) og
samtidig korrelerer med metyleringsgraden i IC1. Dette er ikke tidligere beskrevet
ved imprintingssykdommer. Vi presenterer en hypotese for & forklare denne
antesipasjonen. Som forventet medferer genfeilen forstyrrelse av skifte av
metyleringsmeonster pé fars kromosom 11 i hans datters eggstokker, dvs at
demetyleringen er inkomplett her. Det nye her er at denne metyleringsfeilen
forsterkes til neste generasjon, dvs hos datterens barn, selv om genfeilen na sitter pa
et maternelt nedarvet kromosom. Dette antyder at metyleringen pa det maternelle
kromosom 11 passivt nedarves til neste generasjon gjennom kvinneledd, mens kun
det paternelle kromosom 11 aktivt demetyleres, altsa at mors og fars BWS-regioner
pa kromosom 11 behandles ulikt i eggstokkene.

Artikkel II presenterer en familie med en kompleks variant i CDKNIC-genet, som
medferer bade tap og ekning av genfunksjon, slik at gutten har en unik kombinasjon
av bade BWS-lignende overvekst og en veksthemming. Sistnevnte minner om
speilbildetilstanden til BWS som kalles IMAGe. Ved & benytte RNA
dypsekvensering viser vi at varianten i tillegg rammer en hittil ikke beskrevet
transkriptutgave (isoform) av genet. Vi spekulerer i at genfeil 1 denne ubeskrevne
isoformen kan forklare forsinket utvikling og liten hodeomkrets.

Artikkel III presenterer en gutt med en BWS-lignende trekk i tillegg til
psykomotorisk utviklingsavvik. Han har normalt kromosomantall, men begge utgaver

av bade kromosom nr 7 og nr 15 er kun nedarvet fra far (paternelt), dvs at det



maternelle kromosom 7 og 15 ikke pavises. Dette kalles paternell uniparental disomi
(UPD). Nar UPD rammer kromosom som inneholder imprintede gener, kan
imprintingsykdom oppstéd. Begge disse kromosomene inneholder en rekke imprintede
gener. Paternell UPD(15) er en av arsakene til Angelman syndrom, en velkjent
imprintingssykdom som medferer psykomotorisk utviklingshemming, mens paternell
UPD(7) ikke er assosiert med noen kjent imprintingssykdom. Vi finner imidlertid
ingen annen forklaring enn paternell UPD(7) pa hans BWS-lignende symptomer, som
for gvrig overlapper med det man ser hos pasienter med generell paternell UPD
mosaisisme. Ved RNA dypsekvensering finner vi oppregulering av flere
vekstrelaterte gener. Mest interessant er en betydelig oppregulering av et imprintet
gen pa kromosom 7 kalt PEG10, som ogsé kan tenkes & ha ev betydning for vekst. En
slik dobbel UPD er ikke rapporert tidligere, og vi presenterer ogsa en hypotese pé
hvordan dette har oppstatt.



Summary

Background: Beckwith-Wiedemann syndrome spectrum (BWSp) is the most
common and probably the most complex imprinting disorder in humans. BWSp is
caused by different molecular and epigenetic mechanisms involving the chromosome
11p15.5 subdomain and is associated with overgrowth, endocrine disturbances,
congenital malformation, and an increased childhood cancer risk. We see many
BWSp families in our clinical practice, but the three families described in this
dissertation have been selected because of their unique features, atypical inheritance
patterns, or novel genetic causes.

Objective: We aimed to explore each family's clinical characteristics and the
underlying molecular defects and further explain the genotype-phenotype correlation
to improve clinical diagnostics and follow-up of these patients.

Materials and Methods: Three families were ascertained in our outpatient clinic,
and we performed clinical and molecular investigations and gave genetic counseling.
We used Sanger sequencing to identify the causal variants in the families described in
articles I and II. In article I1I, SNP array-based copy number analysis in the affected
boy revealed double isodisomy. In the family in article I, we determined the
methylation status of Imprinting Centre 1 (IC1) in the BWS locus by MS-MLPA
(Methylation Specific-Multiplex Ligation-dependent Probe Amplification) and
bisulphite conversion followed by both subclone Sanger sequencing and NGS (Next-
Generation Sequencing) of CTCF (CCCTC binding factor) binding sites in IC1. We
compared the degree of methylation between the generations and between individual
CTCEF binding sites. In articles II and 111, we performed NGS-based RNA deep
sequencing to decipher the different CDKN1C transcripts and study the expression of
individual genes or gene sets. Trio-based whole-exome sequencing (WES) were
performed in articles II and III to exclude other molecular causes of the phenotype.
Results: In the three-generations BWS-family described in article I, we found
evidence for anticipation through the generations, with increased methylation of IC1
correlating with increased severity of the developmental disturbance. This

epimutation was secondary to a previously described heterozygous variant in the



10

OCT binding site NCBI36:11:2.1979595T4C in IC1. In the family presented in
article II, an inherited and complex delins-variant in CDKNIC (NM_000076.2)
¢.822 826delinsGAGCTG) was detected. This variant probably induced concurrent
gain-of-function and loss-of-function effects, which correlated with the mirror
phenotypes of both growth restriction and IMAGe features, and overgrowth and
BWSp features, both present in the same individual. In addition, this variant affected
a hitherto not reported CDKNIC transcript with a different C-terminal reading frame,
that might explain his developmental delay. In article III, we studied a baby boy with
a clinical presentation of BWS, but without a molecular correlate. Here we described
for the first time a double uniparental disomy (UPD) affecting two imprinted
chromosomes: 7 and 15. This caused paternal isoUPD(7) and isoUPD(15), the latter
explaining Angelman syndrome. We also present a hypothesis for how the double
UPD arose. However, we did not identify a known molecular explanation for the
boy's BSWp, a phenotype reminiscent of general paternal UPD mosaicism. We
explored if the UPDs could induce a global imprinting defect, but this was not
detected. However, RNA-sequencing detected upregulation beyond expectation (>2
fold) of the maternally imprinted gene PEG10 located to 7q21.3. Possibly, PEGI0
overexpression could cause an overgrowth phenotype, but this remains to be proven.
Conclusions: This work broadens the phenotypic and molecular spectrum of BWS
and highlights the importance of a precise molecular diagnosis for clinical follow-up
and recurrence risk. We show that anticipation can also occur in imprinting disorders
and hypothesize that the paternal and maternal IC1 alleles are treated differently in
the gonads. In addition, we present a hitherto not described CDKNIC transcript
which might have importance for brain function. The study also gives insight into the
so-called imprinted gene network. We investigated how this specific double paternal
UPD(7) and UPD(15) could cause BWSp and ended up with PEG10 overexpression
as the most likely mechanism. Intriguingly, the two small, imprinted genes that we
have studied, CDKNIC and PEG10, both have multiple reading frames, which is rare

in human genes.
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Abbreviations

5mC: 5-methylcytosine, DNA methylation on cytosine

AS: Angelman syndrome

BWS: Becwith-Wiedemann syndrome

BWSp: Beckwith-Wiedemann spectrum

CBS: See CTS

CGI: CpG island, a cluster of CpGs

CHs: Methyl group

CMA: Chromosomal Microarray Analysis

CNV: Copy number variant

CpG: Cytosin-Guanin dinucleotides

CTCF: CCCTC binding factor, a transcriptional repressor encoded by the CTCF
gene that binds to target the sequence element and blocks enhancer interaction
CTS: CTCF Target Site, also called CTCF binding site (CBS)

DMR: Differentially methylated region (often includes several DMS)

DMS: differentially methylated site

DNA: Deoxyribonucleic acid

Enhancer: DNA elements binding to proteins that increase the likelihood of gene
transcription, often multiple enhancers per gene, and localised upstream, intronic or
downstream up to 1 Mb from the gene

GOF: Gain of function

GOM: Gain of methylation

GWUPD: Genome-wide uniparental diploidy, same as uniparental diploidy.
h/iUPD mixed iso/heterodisomy

Het: Heterozygous

Hom: homozygous

hUPD heterodisomy, a subtype of UPD with two homologous but different
chromosomes from one parent

IC: Imprinting centre, same as I[CR

ICR: Imprinting control region
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IG: intergenic

ILO: Isolated lateralized overgrowth

In cis: in the same allele

In trans: on the opposite allele, or affecting another gene

Insulator: Sequences that block the interaction between promoters and enhancers
IUGR: Intrauterine growth restriction

iUPD isodisomy, a subtype of UPD, with the inheritance of two copies of one
parental chromosome

iUPD(15)pat: paternal uniparental isodisomy of chr 15

KOS: Kagami-Ogata syndrome

LOF: Loss of function

LOM: Loss of methylation

LOS: Large Offspring Syndrome, which is BWSp in ruminants

LQTS: long-QT syndrome

Mat: maternal

MEGs: maternally imprinted genes

MLPA: Multiplex Ligation-dependent Probe Amplification
MS-MLPA: Methylation-specific-MLPA

ncRNA: non-coding RNA

NGS: Next-generation sequencing

NMD: Nonsense-mediated mRNA decay

OCT variant: Short for variant in the OCT4/SOX2 binding site on IC1
OCT4: OCTamer binding transcription factor 4 = OCT3 = OCT3/4
Pat: Paternal

PCNA: Proliferating cell nuclear antigen (a domain in CDKNIC-gene)
PEGs: Paternally imprinted genes

Promoter: DNA sequence upstreams of genes, binding to DNA polymerase and
transcription factors to initiate RNA transcription

PTC: Premature termination codon

PUD: Paternal uniparental diploidy. Same as GWpatUPD

PWS: Prader Willi syndrome
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RNA: Ribonucleic acid

SCMC: Subcortical Maternal Complex (of the oocyte)
SGA: Small for gestational age

SNV: Single nucleotide variant

SOX/OCT motif = OCT binding site, binding site on DNA for SOX/OCT4
heterodimer, see also OCT variant

SRS: Silver-Russel Syndrome

TAD: Topologically Associating Domain

TS14: Temple syndrome

TSS: transcription start site

UPD: Uniparental disomi

UPD(15): uniparental disomy of chromosome 15
UPDmat: maternal UPD

WES: Whole-exome sequencing (by NGS)

WGS: Whole-genome sequencing (by NGS)
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Introduction

1.1 Introduction to imprinting disorders

All cells in our body contain the same genome, but not all genes express RNA at the
same level or simultaneously. Non-coding epigenetic marks on the DNA or the
histones decide when and where the RNA 1is expressed and, in summary, can direct
what the cell should be doing and when it should act (4). Epigenetics regulates gene
expression by changes outside the actual DNA sequence. The most known epigenetic
mechanisms are de/methylation on DNA (CpG dinucleotides, i.e., cytosines followed
by a guanine) and modifications on histones (methylation/acetylations). Most
epigenetic marks are dynamic and often challenging to interpret but usually induce
local chromatin conformation changes or gene silencing through methylation on
promotors or other differentially methylated regions (DMRs). In addition, DMRs can
act as imprinting control regions or centres (ICs) that regulate imprinting patterns of

nearby genes in cis (5) (6).

Genomic imprinting is a parent-of-origin-specific stable gene inactivation, leading to
monoallelic gene expression or functional hemizygosity in diploid cells (7).
Disruption of this imprinting mark and hence distortion of the monoallelic expression
pattern will create an imprinting disorder. The imprinting mark is epigenetic and
mainly involves DNA methylation, but histone modification and non-coding RNA
also contribute. An imprinting disorder will display epigenetic changes
("epimutation") with or without an underlying genetic defect. Imprinting defects can
affect the establishment, the erasure, or the maintenance of the imprinting mark. The
imprinting marks are erased in the early germ cells, followed by a new mark
according to the parental gender. This methylation mark of imprinted genes is
maintained throughout that individual's lifetime and present permanently in almost all
cells, making it easy to use diagnostically. Due to imprinting mechanisms, humans

and other mammals depend on sexual reproduction (5).
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Imprinting disorders constitute a rare but essential group of genetic disorders and
affect pre- and postnatal growth, metabolism and feeding behaviour, endocrine
disturbances like neonatal hypo-and hyperglycemia and precocious puberty,
development and a cancer predisposition (8). Many imprinting disorders have
overlapping phenotypes and a broad phenotypic spectrum, exemplified by Beckwith-
Wiedemann syndrome. Due to genetic heterogeneity, mosaicism below the threshold
for detection, and broad clinical spectrum with mild or atypical presentations,
imprinting disorders are underdiagnosed and impossible to rule out by genetic testing.
Imprinting disorders are caused by the dysregulation of imprinted genes which are
monoallelically expressed in a parent-of-origin-specific manner, and either the
maternal or the paternal allele are expressed, not both. Imprinted genes can be either
protein-coding or non-coding RNAs (ncRNAs). ~ 270 candidate imprinted genes in

humans are reported to date (www.geneimprint.com, last checked March 2022). This

number most likely represents an overestimation, as recent studies can only confirm
stringent imprint by allele-specific RNA-seq in tissues in the GTEx project and
placenta samples for a subset of these. A more conservative estimate is that probably
<50 human genes are indeed imprinted genes (9) (10). These genes avoid the second
wave of imprinting marks erasure in the early zygote and retain the parental imprint
(6). The epigenetic marks can be DNA methylation on cytosines followed by
guanines (CpG dinucleotides), usually located in promotors and lead to silencing of

RNA transcription.
1.1.1 Imprinting centres

Imprinted genes are typically organised in clusters of larger conserved domains that
can be several megabases long (5). These clusters contain both paternally and
maternally imprinted genes as well as non-imprinted genes and non-coding RNA,
which is essential for gene regulation. These domains always contain a primary or
germline differently methylated region (gDMR) including CpGs, called imprinting
control regions or centres (ICs). ICs are always monoallelically methylated and can

control the expression of imprinted cis genes within the locus by regulatory elements.
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It is estimated that there are about 35 gDMRs in the human genome (6), in contrast to
somatically or secondary sDMRs, which are more numerous. The DMRs are also
characterised by histone marks that in the methylated DMR allele are indicative of
closed chromatin, and in the unmethylated DMR allele of an open chromatin
configuration. All but two ICs are in promoters and are maternally methylated. The
methylated maternal allele will prohibit the expression of the regulating IncRNA
responsible for inhibition of nearby genes. Thus, other genes within the locus on the
maternal strand will be expressed. The situation is the opposite for the paternal allele
with an unmethylated IC, which will permit the expression of IncRNA that in turn
interferes with the expression of other nearby genes in cis (on the same strand) and
silence them. A well-known example is the maternally methylated IC2
(KCNQIOTI:TSS-DMR) in the Beckwith-Wiedemann syndrome locus, located in
the promoter of KCNQ1OT]I (TSS: transcription start site), see Figure 1, where the
normal situation of IC2 is illustrated. ncRNA produced by the KCNQIOT! gene from
the unmethylated paternal allele will silence the growth repressor CDKNIC in cis and
therefore allow growth. The methylated promoter on the maternal allele will suppress

KCNQIOTI ncRNA and regulate growth by allowing CDKNC1 expression.

Figure 1: BWS IC2

KENQIOTT| 1c2

Overview of the human BWS IC2 on 11p15.5p15.4 in the centromeric domain, not drawn to
scale. Red line: Maternal allele. Blue line: Paternal allele. Squares: Genes indicated by
their names. Filled lollipops: DNA methylation. Crossed circle/grey genes: non-expressed
genes. Arrows: Expressed genes and direction of transcription. IC2 is methylated on the
maternal allele. The regulation in this domain involves IncRNA. KCNQ1OT1 (the antisense
to KCNQ1), and in earlier literature called LIT1 (Long QT intronic transcript 1).
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There are several disease mechanisms causing imprinting disorders. A well-known
example is a maternal epimutation like Loss-of-Methylation (LOM) of BWS IC2,
rendering a paternal methylation pattern on both strands, with CDKN1C
dysregulation and, therefore, BWS. A maternal CDKNIC Loss-of-Function (LOF)
variant on DNA level, although a normal methylation pattern, lead to an overlapping
phenotype and BWS. The rare intergenic ICs are often paternally methylated and less
CpG rich (11) (6). Intergenic (IG) ICs are located between genes and the regulation in
this domain can be explained by an insulator model (Figure 2). Non-methylated
maternal IC1 (H19/IGF2:1G-DMR) in the BWS locus allows CTCF binding to seven
CTCEF binding targets sites in IC1 called CTS 1-7, functioning as an insulator and
blocking the interaction between a mutual enhancer and /GF2, and HI9 — but not
IGF?2 —is expressed. The methylated paternal IC1 prevents CTCF binding to CTS
and allows the enchancer to interact with /GF2, which is expressed. An epimutation
involving Gain-of-Methylation (GOM) of the paternal IC1, with methylated pattern
on both strands, lead to /GF?2 upregulation and BWS. The other known paternally
methylated IG-type of IC is the MEG3/DLK:1G-DMR on chromosome 14q32.

Figure 2: BWS IC1

Mat I6F2—//-

pat 4 Hig~| 1c1 | T6F2 | —//

Overview of the human BWS Imprinting centre 1 on 11p15.5p15.4, not drawn to scale.
CTCF is a transcription factor that regulates the 3D structure of chromatin. The purple
hexagon represents a mutual enhancer of H19 and IGF2. The telomeric domain, controlled
by IC1, is methylated on the paternal chromosome and includes the insulin-like growth
factor 2 gene IGF2, which can promote growth, and the untranslated IncRNA H19.
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The expression is regulated on the DNA level by methylation on CpG residues, non-
coding RNAs (like H19 and antisense transcripts), 3D chromatin changes or histone
modifications. Often, the imprinted genes are affected postzygotically and can be in a

mosaic state with asymmetric growth.

Imprinted genes are usually tightly regulated, and imprinting is an important mode of
regulation and can induce tissue- and time-specific imprinting. In addition, transcript-
specific imprinting is also reported, for example, PLAGLI (6q24), where only
transcripts expressed from promoter 1 (of a total of 4) are imprinted (7). GNAS locus
on chromosome 20 is paternally imprinted (and maternally expressed) in the
endocrine end-organs renal tubules, pituitary gland and gonads. Haploinsufficiency of
the gene (i.e., a heterozygous LOF variant on either GNAS allele with 50% reduction
of the constitutional gene expression) leads to a skeletal phenotype called Albright's
hereditary osteodystrophy (AHO), with an autosomal dominant inheritance pattern
(i.e. not imprinted). If this variant is maternally transmitted, there will be an
additional phenotype with end-organ hormone resistance due to silencing
(imprinting) of the paternal allele. This condition is traditionally called pseudo-
hypoparathyroidism type 1a (PHP1a). An end-organ endocrine-only phenotype
(PHP1b) can be caused when the GNAS is affected by an epimutation, as seen in
sporadic LOM of the maternal allele or by paternal uniparental disomy (UPD) of
chromosome 20. This affects GNAS expression in endocrine end-organs but not in
skeletal tissue. Another example of an imprinting disorder is Angelman syndrome
(15q11.2) involving the UBE3A gene, which is paternally imprinted (and maternally
expressed) exclusively in the brain, while RNA expression of UBE34 in the blood is
biallelic. Angelman syndrome is caused by loss of UBE3A brain expression, due to a
maternal 15q11.2 microdeletion (including UBE34), a pathogenic UBE3A variant on
the maternal allele, or by paternal UPD(15).

The IC can direct downstream effects by establishing SDMRs, chromatin
modification and TADs through CTCF-cohesins, IncRNA, and alternative splicing

resulting in allele or tissue-specific isoforms (6).
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1.2 Definition of epigenetics and how it differs from

imprinting

Epigenetics (“over” genetics) study the mechanisms that cause a change in gene
expression and can regulate the interaction between genes and the gene products and
turn genes “on” and “off”. However, these epigenetic modifications do not change the
sequence of DNA. Furthermore, epimutations are permanent epigenetic alterations
that affect the regulation of imprinted domains, as opposed to transient, late-onset or
tissue-specific epigenetic changes that occur in somatically (or secondary) methylated

DMRs during a lifetime.

1.2.1 DNA methylation

Epigenetic modification by DNA methylation in mammals refers to adding a methyl
group (CH3, abbreviated Me) to the 5 position of the pyrimidine ring of a cytosine (
C), one of the four bases of the DNA code. This forms a 5-methylcytosine (SmC)
and occurs in non-stem cells in mammals at CpG dinucleotides, (“p” is shorthand for
the phosphate-group that links two bases on the same strand). A cluster of CpGs is
called a CGI (CpG island). The human genome contains about 28 000 CGls and >20
million CpGs. This chemical Me-tag directly on the DNA does not change the DNA
sequence but regulates gene expression. Correct repression of transcription is crucial
for embryological development, normal somatic growth, and random X-inactivation
in females. It is also important in controlling allelic gene expression in genomic
imprinting. For example, epivariation in the genome resulting in different phenotypes

has been known for more than 20 years when coat colour variation in mice was found

to be caused by inherited changes in DNA methylation in the Agouti locus (12).

1.2.2 Histone modification

DNA wind itself around spools made of an octamer of histone proteins (H3, H4, H2A
and H2B). Several modifications of the long tails or core of histones can alter the
packaging of DNA, which is a weak acid. These chemical tags on histones can be,

e.g. acetylation, methylation, phosphorylation and ubiquitination, leading to gene
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expression repression or activation. For example, an open or permissive chromatin
configuration will allow transcription associated with H3K4me3 (histone protein 3,
trimethylation of lysine in position 4), while closed or repressive chromatin with
H3K9me2, H3K9me3, H3K27Me3, and H4K20me3 will not. Such chromatin
changes can be induced by gDMRs and sDMRs.

1.2.3 Gene regulation by RNA

The genome contains around 20 000 genes for RNA only, and most of these genes are
thought to influence genome structure or regulate the expression of protein-coding
genes. Such non-coding RNAs (ncRNA) are especially abundant in imprinted
regions. Transcription of ncRNA can be a negative regulator of other genes. For
example, the transcription of antisense RNA UBE3A-ATS will induce silencing of the
paternal UBE3A allele in the brain, causing brain-restricted monoallelic expression.
ncRNA can also be involved in gene regulation in trans, as demonstrated in the
imprinted gene network, where IncRNA /PW (in the PWS locus on Chr 15)

targets EHMT? (a histone methyltransferase) to the MEG3 IC on Chr 14 and thereby
regulate MEG3 (13).

gDMRs, including the ICs, will control the establishment of sSDMRs within their
respective loci. The gDMRs and sSDMRs can induce allele-specific epigenetic marks
by DNA methylation of promoters (see above), transcription factors, and IncRNA
silencing of nearby genes in cis. MicroRNA (miRNA) and small nucleolar RNA
(snoRNA) transcribed from IC loci might be involved in the post-transcriptional
regulation of imprinted genes (6). In addition, alternative splicing can be directed by
imprinting, exemplified by the GNAS locus and the different transcripts. Repeat
expansions and 5’UTR variants can cause promoter hypermethylation events and

gene inactivation.

Recent studies have shown that such epivariation is often secondary to rare genomic
variants (SNPs or CNVs), for example affecting CTFC motifs (14), and is an

important cause of both inherited disease and de novo cases of congenital disorders
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(15). Epigenetic variations are less often inherited than expected from the Mendelian
inheritance, which could indicate somatic mosaicism or a more extensive reset during

gametogenesis.

1.2.4 Topologically associating domains (TADs)

Topologically associating domains (TADs) in the 3D genome are chromatin
organised in loops formed by cohesion rings. Insulators together with CTCFs will act
as boundaries of these loops and bind to specific surface sites on cohesion complexes.
Such loops enable closer contact between genes and promoters/enhancer elements
and regulate gene expression within the TAD. This is nicely illustrated for the BWS
IC1 locus by others (6). The formation of a loop physically separates /GF2 from its
enhancer on the unmethylated maternal IC1 locus, whilst on the paternally
methylated IC1, an alternative loop will allow connection between /GF?2 and the

common H19/IGF2 enhancer.

1.3 When does imprinting occur?

Imprinting marks (methylation at CpGs) last for one generation and will be reset for
each offspring, disregardless of gender. Reprogramming occurs twice during
reproduction: First, a less extensive wipe retaining imprinting regions (gDMRs) right
after fertilisation but before implantation, and then a complete reset according to the
gender in primordial germ cells in early gametogenesis, nicely reviewed by others (4,
6). Imprint erasure involves passive demethylation by less access to DNA
methyltransferases (DNMTT1 proteins) in the extensive reset of primordial germ cells.
The erasure of methylation marks in imprinted regions takes longer than in the rest of
the genome. This reset of the imprinted regions in the gonads is followed by
reestablishment according to the gender by remethylation by de novo DNA
methyltransferases and cofactors. This ensures gender-specific imprinted regions in
the offspring. This active de novo methylation in germ cells is finished by birth in the

primordial male germ cells but continues into adulthood in females. The methylation
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of the DMRs is partly determined by the chromatin configuration, as the CGlIs are

marked by histone modifications that recruit de novo DNA methyltransferases (6).

Right after fertilisation, but before fusion of the male and female pronuclei, the
epigenetic zygotic reprogramming takes place: A less extensive demethylation wipe,
mostly studied in mice, with passive and slow demethylation of the maternal genome
(involving replication dependant dilution and blocking of remethylation), and faster
and active demethylation involving demethylating TET-enzymes of the paternal
genome (6). Imprinted genes avoid the zygotic wave and keep the parental imprint as
a memory in the form of DMRs under control by DNA elements like ICRs and
insulators. Maternal effect oocyte factors involved in the subcortical maternal
complex (SCMC) are essential for keeping gDMRs methylated and involved in the
integrity of the early embryo. Defects of the SCMC factors can lead to loss of
maternal imprint and hydatiform mole, infertility, and multilocus imprinting disorder
(MLID). The zygotic gene activation continues in the maternal and paternal genome
until the blastocyst stage, where the activation is completed, and the embryo starts
transcribing its own RNA. Then, secondary tissue-specific imprinting starts
(involving methylation, histone modification and more), regulating embryologic and
placental development. The methylation marks on imprinted genes are kept constant
and stable through mitosis and in different tissues with the help of maintenance DNA

methyltransferases.

1.4 Overview of imprinting disorders in humans

Known imprinting disorders are localised to seven different chromosomal loci. They
often have common features, and most of them affect growth and development. Many
imprinted genes cluster around the same imprinting centre, and have a sister
syndrome, often a mirror syndrome, according to the parental imprint. Below is a
summary of their main characteristics. For more complete overviews, please see other

publications (16) (17) (7) (8).
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Chromosome 6 includes Transient neonatal diabetes mellitus type 1
(TNDM1) (OMIM #601410), caused by LOM of PLAGL:alt-TSS-DMR,
usually due to UPD(6)pat, paternal 6q24 duplications, sporadic
epimutation/LOM or MLID. MLID can be caused by biallelic variants in
ZFP57, encoding a transcriptional repressor important for maternal-effect
methylation maintenance during early development. This causes increased
expression of PLAGLI and HYMAI. Clinically this involves transient neonatal
diabetes and increased risk of [IUGR, macroglossia, omphalocele, other
malformations, and diabetes type 2 in adulthood. Maternal UPD(6) with
growth restriction has been reported, but the phenotype might be due to a low-

level trisomy 6 mosaicism and not the UPD per se (18).

Chromosome 7 includes Silver Russel syndrome II (OMIM #618905) due to
UPD(7)mat, but the causal gene(s) is not determined. See section 1.9 for

details on SRS.

Chromosome 8 includes Birk-Barel syndrome (OMIM #612291) due to
maternally inherited variants in KCNK?9 affecting p.Gly236 or p.Ala237.

Chromosome 11 includes Beckwith-Wiedemann syndrome due to either
reduced CDKNIC expression (IC2 LOM, pathogenic CDKNIC variant, or
MLID), IGF?2 overexpression due to IC1 GOM, or a combination (seen in
mosaic segmental UPD(11)pat and paternal 11p15 duplications). See section
1.8 for more details. The sister syndrome Silver Russel syndrome 1 (OMIM
#180860) is caused by reduced /GF?2 expression (IC1 LOM, MLID, LOF
variants), or increased CDKNIC expression due to Gain-of-function (GOF)
variants (also causing IMAGe syndrome), or a combination seen in

UPD(7)mat or maternal 11p15 duplications.

Chromosome 14 includes Temple syndrome (TS14, OMIM #616222) due to
LOM at MEG3/DLK:1G-DMR and the sDMR MEG3:TSS-DMR, caused by
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UPD(14)mat, paternal 14q32.2 deletion, MLID or (sporadic) epimutations
(19). TS14 presents with IUGR, short stature, relative macrocephaly, mild
hypotonia, delayed development and early puberty. The TS phenotype can
mimic both PWS (see below) and SRS. Deletions affecting only the paternal
DLK] gene lead to isolated precocious puberty. The sister syndrome Kagami-
Ogata syndrome (KOS, OMIM #608149) is due to GOM at the same DMRs,
caused by UPD(14)pat, maternal 14q32.2 deletion, or (sporadic) epimutations
(20). KOS include a skeletal phenotype, intrauterine overgrowth,
placentomegaly and polyhydramnios, and can mimic BWS. They often have
abdominal wall defects, and some present with overgrowth at birth, but growth
restriction is more prominent later. Mild hypotonia and delayed development
are common. There is also an increased risk of childhood tumours like

hepatoblastoma, as in BWS (20)

Chromosome 15 includes Prader Willi syndrome (PWS, OMIM #176270) due
to GOM of SNURF:TSS-DMR caused by paternal 15q11.2 deletions (SNURF-
SNRPN, SNORD116, MAGEL?2 and more), UPD(15)mat and (sporadic)
epimutations. Regarding the latter, small CNVs in the IC are reported. The
phenotype includes severe neonatal hypotonia, initial feeding difficulties but
later hyperphagia, short stature, hypogonadism, and mild intellectual
disability, including psychiatric disorders. The sister syndrome Angelmann
syndrome (AS, OMIM #105830) is caused by reduced UBE34 expression,
caused by maternal 15q11.2 deletions, UBE3A pathogenic variants on the
maternal allele, UPD(15)pat and (sporadic) epimutations (LOM of
SNURF:TSS-DMR). Individuals with AS have milder hypotonia than in PWS,
but have a more severely affected cognitive function. In addition, there are two
other imprinted disorders in this region not caused by epimutations or
UPD(15): Schaaf-Yang syndrome (OMIM #615547) due to paternal MAGEL?2
LOF variants and Central Precocious Puberty 2 (OMIM #615347) due to
paternal LOF variants in MKRN3. Maternal duplications (and triplications) of
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15q11.2 also cause neurodevelopmental phenotype (OMIM #608636), while

reciprocal paternal duplications are considered phenotypic neutral.

Chromosome 20 includes pseudohypoparathyroidism type 1b (PHP1b, OMIM
#603233) due to LOM of GNAS A/B:TSS-DMR, caused by sporadic
epimutations, UPD(20)pat, and microdeletions within the locus, all causing
loss of Gsa expression in endocrine tissues. Familial forms are common. The
clinical spectrum includes short stature, PTH resistance and hypocalcemia,
obesity, ectopic ossifications, and phenotypic overlap with PHP1a. See also
section 1.1.1. The sister syndrome Mulchandani—Bhoj—Conlin syndrome
(OMIM #617352) is phenotypically different and caused by UPD(20)mat,
causing growth restriction and neonatal feeding difficulties (21). In addition,
maternally inherited LOF variants in GNAS cause pseudohypoparathyroidism
type la (PHP1a, OMIM #103580), while paternally inherited variant causes a
milder phenotype called pseudopseudohypoparathyroidism (PPHP), or
Albright’s hereditary ostedystrophy (OMIM #612463). In addition, paternally
inherited GNAS variants are also associated with progressive osseous

heteroplasia (OMIM #166350).

1.5 Molecular mechanisms causing imprinting disorders

Imprinted genes have monoallelic gene expression; that is 50% of what is expected

from a biallelically expressed gene. Having one instead of two expressed copies

makes these genes particularly sensitive and altering this expression level (gain or

loss) can cause disease. Abnormal expression of imprinted genes can happen from

several mechanisms:

Pathogenic variant in an imprinted protein-coding gene:

A pathogenic (LOF or GOF) variant affecting the active allele of an imprinted
gene leads to changes in gene expression. If the variant occurs on the inactive,
non-expressed allele, this is phenotypically silent, and the gene expression

remains intact (i.e., from the other allele only). The variant can be passed on to
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the next generation, and depending on the transmitting gender, it can give rise
to an affected child. This thesis includes an example of this in article II (2).
Structural rearrangements and CNVs:

A copy number variation (CNV), including an imprinted locus affecting the
parentally expressed allele, can alter gene expression. A deletion/loss of the
active unmethylated allele mimics a LOF variant with no gene expression. A
duplication will lead to an increased expression level (two out of a total of
three alleles will be expressed). Deletion of a non-expressed allele can be
phenotypically silent and passed on to the next generation. This will cause
disease if the sex of the parent changes in future generations. Such CNVs can
be caused by structural chromosome rearrangements like translocations, small
supernumerary marker chromosomes, and inversions.

Pathogenic variant in the imprinting centre (IC):

A pathogenic variant (SNV) or small CNV restricted to the IC, will lead to
secondary epimutations (methylation defects) in the imprinted region. This can
be heritable. This thesis includes an example of this in article I (1).
Epimutation:

A sporadic epimutation, without an underlying or primary DNA variant, alters
the methylation in the IC.

Multilocus imprinting defects (MLID):

MLID, often comprising LOM or a mixture of GOM and LOM, occur at
multiple, seemingly independent imprinted loci. MLID is most commonly due
to biallelic variants in ZFP57 (in children with TNDM and MLID) due to
impaired postzygotic methylation maintenance of imprinted loci. Another
important cause is maternal-effect biallelic or dominant-negative variants in a
gene involved in SCMC with impaired DNA methylation establishment in the
oocyte and LOM at imprinted loci postzygotically. Examples are NLRP2/5/7,
PADI6, and KHDC3L. MLID due to a combination of UPD and sporadic
hypomethylation of an unrelated imprinted locus are also reported (22) (23).

For BWS individuals with IC2 LOM, up to 30%-50% might have MLID (24)
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(25). MLID is more frequent among girls than boys with BWS. Uniparental
diploidy (see below) has not been ruled out in most MLID-BWS individuals.
Uniparental disomy (UPD):

UPD occurs when both chromosomes originate from the same parent. This is
usually a sporadic event (i.e. correction of an original trisomy or monosomy)
and is not heritable. When UPD involves an imprinted chromosome, it leads to
either zero or doubled expression level due to expression from none or both
alleles. A postzygotic UPD caused by mitotic crossover can display a milder
methylation defect due to somatic mosaicism. UPD is described in more detail
below in section 1.5.1. This thesis includes an example of UPD in article III
3).

Uniparental diploidy:

Genome-wide UPD mosaicism, also called uniparental diploidy, presented in a
female who is mosaic for a normal biparental and a paternal-only cell lineage
(mosaic paternal uniparental diploidy/PUD or GWpatUPD) (26) (27) (28) (29)
(30) (31) (32) (33) (34, 35) (36) (37) (38) (39) (40) (41) (42) (43). Male
mosaics for uniparental diploidy are also reported (44) (36) (37) (45) (46). In
affected females, the paternal lineage most often consists of a duplicated
haploid (isodisomic) set originating from a single sperm. In affected males,
two different sperms are involved in the origin of this mosaic condition. Even
more rare, maternal uniparental diploidy (MUD or GWmatUPD) mosaicism

with an SRS-like phenotype has been reported (47) (44) (48) (49) (50).

1.5.1 Uniparental disomy

Uniparental disomy (UPD) describes the situation where both copies of a pair of

chromosomes in a euploid cell originate from the same parent (51). The meiotic and

mitotic mechanisms in UPD are outlined in the figures below.
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Figure 3: Normal meiosis I and II
Homologous Oocyte (M)

chromosomes

Sperm (MI+Ml1)

Sister
chromatides L, -

Crossover events
in meiosis |
. zygote Paternal
maternal chromosome pair
chromosomes

Somatic cells

The parental chromosome homologues and the corresponding gametes in the maternal
meiotic division and fertilization. To the left are the maternal (ved) chromosomes, to the
right the paternal (orange). Here, meiotic crossover and recombination has occurred in both
chromosomal arms before the separation of the homologues in meiosis I (MI). Fertilization
involves inclusion of the paternal chromatid into the oocyte, then the maternal chromatids
separate in the second meiotic division (MII) before the pronuclei of the zygote fuses and
mitotic divisions start. The somatic cells have two sister chromatids from both homologues.
This brief illustration is simplified and omits steps and objects, including the polar bodies.

Figure 4: Trisomy rescue — MI

MI-NDJ MI-PSSC

Trisomy (or mosaicism) hUPD (mixed with iUPD)* No UPD No UPD

Trisomy rescue after maternal MI error, where euploid restoration of the trisomic cell will
have 1/3 risk of generation a UPD of heterodisomy type. Crossover in MI can give segments
of isodisomy (excluding the centromere). To the left, a non-disjunction (NDJ) type of error
occurred (missegregation of the homologues), and to the right, premature splitting and
separation of the sister chromatids (PSSC). The * denotes that recombination and mixed
iUPD is not relevant in PSSC.
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Figure 5: Trisomy rescue — MII

@I Trisomy rescue, MI|-NDJ

Trisomy (or mosaicism) iUPD (could be mixed) No UPD No UPD

Trisomy rescue after maternal meiosis-II error, with isodisomic or mixed i/hUPD.

Figure 6: Trisomy rescue — MI-RS and MII error

@ l Trisomy rescue,
' MI-RS and Mll-error

(
[

Trisomy (or mosaicism) hUPD No UPD No UPD

-

Reverse segregation (RS), involving segregation of the chromatids and not the
chromosomes, to different oocytes in MI. Aneuploidy will occur if this is followed by an MII-
RS missegregation (23% risk (52)) where the non-sister chromatids segregate, as illustrated.
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Figure 7: a) Monosomy rescue b) Gamete complementation
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iUPD (often paternal)

:
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a) Monosomy rescue (yellow chromosomes) after maternal evror with a nullisomic
ovum always result in isodisomy.

b) Complementation (red chormosomes) of a disomic and a nullisomic gamete is
extremely rare, as it is preceded by both a maternal and paternal meiotic error.

Figure 8: Postzygotic error

@D (mat)‘lPD (pat)

Postzygotic UPD formation after an initial euploid zygote, due to mitotic missegregation of
the chromosomes, with trisomic and/or monosomic cell lines. A somatic endoduplication of
the monosomy leads to iUPD, while the rescue of the trisomy results in iUPD in 50%.

Postzygotic error

(can be combined with trisomy mosaisicm)
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UPD was first described in 1980 (53) but not clinically reported before 1988 (54).
UPD can cause disease in multiple ways: Demasking a recessive disease where only
one of the parents is a carrier; a secondary effect after the rescue of an original
structural rearrangement or low-level trisomy; and finally due to imprinting defects.
UPD has been reported in all chromosomes (see database of Liehr T. 2021 Cases with
uniparental disomy: http://cs-tl.de/DB/CA/UPD/0-Start.html), but only UPD

involving chromosomes 6, 7, 11, 14, 15 and 20 will give rise to an imprinting

disorder, see Table 1.

Table 1: The consequence of UPD of imprinted chromosomes. The OMIM (Online
Mendelian Inheritance of Man) morbid reference is noted if reported.

Chr | Paternal UPD Maternal UPD
6 Transient neonatal diabetes mellitus | ? (prenatal) growth restriction
1 #601410
7 ? Silver-Russel syndrome 2 #18905
11 | Segmental/mosaic: Beckwith Silver-Russel syndrome 1 #180860

Wiedemann spectrum #130650

14 | Kagami-Ogata syndrome #608149 | Temple syndrome #616222
15 | Angelman syndrome #105830 Prader-Willi syndrome #176270

20 | Pseudohypoparathyroidism, type 1b | Mulchandani—Bhoj—Conlin syndrome,
#603233 #617352

A debate about whether UPD(16)mat also represent an imprinting disorder has been
ongoing (55), but recent literature does not support this (56) (57) and proposes that
the growth restriction in these individuals is probably caused by a low level of

trisomy 16 mosaicism, often confined to placental tissue.

UPD could be paternal (UPDpat) or maternal (UPDmat) and can include low-level
trisomy mosaicism, but also acquired somatically and in a specific tissue, for
instance, as a driver in tumourigenesis. Constitutional UPD usually involves the

whole chromosome, but segmental or partial mosaic UPDpat of 11p15.5 is common
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in BWS. Although one could argue that such mosaicism should not be called UPD,
but instead, a segmental loss of heterozygosity (57), the terminology of UPD will be
used here. UPD can also involve the whole genome. A complete paternal diploid
chromosome set (diandric zygote) gives rise to a non-viable complete molar
pregnancy, also called an androgenetic hydatidiform mole. Such pregnancies do not
involve any embryonic development but instead a trophoblastic disease of the
placenta. A digynic zygote (fused haploid ova or retention of the second polar body,
with no paternal contribution) will give rise to an ovarian teratoma without the
development of placental tissue. On the other hand, a mosaic composition of both a
genome-wide UPD and a biparental diploid chromosome set, called mosaic genome-
wide UPD (mosGWUPD) or uniparental diploidy, are reported. Most individuals with
GWUPD reported are of paternal origin, i.e., mos GWpatUPD, and often present with
a BWS-like phenotype, but mosaic GWmatUPD has also been described, where the
child’s phenotype shows similarities to Silver-Russel Syndrome. For an overview of

reported GWUPD, see the last bullet point in the former section.

UPD can also be subtyped into isodisomy (iUPD) and heterdisomy (hUPD), where
isodisomy represents two identical chromosomes derived from the same grandparent,
and heterodisomy two different homologous from the same pair. Full isodisomy is
most often a result of monosomy rescue and paternal (Figure 7a), or a result of
meiosis II (MII) error without recombination (almost always maternal) (Figure 5), or
postzygotic origin from euploid gametes, where we expect equal rates of paternal and
maternal iUPDs (Figure 8). Full heterodisomy results from MI error, involving non-
disjunction (NDJ), premature splitting and separation of sister chromatids (PSSC), or
reverse segregation (RS) in MI with missegregation in MII (Figure 6). In RS, the
aneuploidy arises in MII, but the centromeres are still heterodisomic due to the RS in
MI. As most trisomies arise in MI, there will be two homologues, resulting in
heterodisomy. If recombination and crossover occur, this will result in a mixed
h/iUPD. For some chromosomes, in particular chromosome 15, complete
heterodisomy (no recombination) is common (58). This has implications for the PWS

detection rate on SNP-arrays, as isodisomic regions are needed for detection by
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Chromosomal Microarray Analysis (CMA) screening (see section 1.5.3). For some
UPDs, there is a predominance of maternal MI errors. The UPDs in PWS are most
often a UPD(15)mat (~ 75%) due to such errors, while in Angelman syndromes, the
UPD(15)pat often displays complete isodisomy due to postzygotic rescue after
maternal meiotic errors, while paternal MI errors are rare. Most UPDs are secondary
to aneuploidy or structural rearrangement, and sometimes a fraction of the original
aberration is still present as low-level mosaicism, marker chromosomes or

isochromosomes (51).

Postzygotic rearrangements like mitotic crossover result in segmental and mosaic
UPDs. Segmental UPDs are usually isodisomies resulting from a rearrangement in a
euploid zygote or a postzygotic rescue of partial aneuploidy (59), but segmental
heterodisomy has been published (60). The incidence of constitutional whole-
chromosome UPD was 1/2000 in a general population (61), while the incidence in
clinical exomes was much higher; 0.31% (58). Half of these were mixed i/hUPDs,
<40% complete isodisomies, of which 2/3% were of a paternal type and involved
large chromosomes like Chr 1 and Chr 2. Isodisomies were less frequent in the

general population (~25%) (61).

In the clinical exomes, about 15% were complete heterodisomies, only involving
small, acrocentric chromosomes like Chr 15, but also 14, 16, 20 and 22 (62). There
were only a few segmental UPDs, all terminal and isodisomies, with an incidence of
about 1/2000 in this diagnostic cohort, and none of which included chromosome 11.
This is probably explained by the clinical detection and pre-test pick-up rate of BWS
and SRS. The incidence of segmental UPDs was found to be 1/173 (63), but the
highest rate of UPD was found in discarded abnormal embryos after assisted
reproduction techniques (3.7%) (64). The incidence of maternal UPDs was >70%

both in the general populations and clinical exomes (61) (58).



37

1.5.2 Maternal meiosis and UPD formation

Paternally derived aneuploidies are extremely rare. A study of 5-day preimplantation
(PGD)-blastomeres found paternal aneuploidy in <0.1% of affected embryos, which
constituted <1% of all meiotic errors (65). The origins of UPDs are, therefore, mainly

maternal meiosis and postzygotic.

Maternal trisomy due to segregation errors in the first meiotic division (MI) in the
oocyte is a well-known cause of aneuploidy, and rescue of maternal MI errors is the
most important contribution to UPD (57). MI-NDJ will also generate nullisomic
oocytes, and PGD-blastomeres displayed equal proportions of trisomies and
monosomies (0.113 vs 0.114), and the same was found for double trisomies and
monosomies (both 0.019) (65). This indicated that monosomies are not less viable in
very early embryos than trisomies. The likelihood of generating maternal trisomy and
monosomy is comparable in all age groups and probably arises by the same

mechanisms. This has implications for the formation of UPDs.

The study on blastomeres also confirmed that the risk of double monosomy or double
trisomy is highly maternal age-dependent, and they found a risk of double monosomy
at maternal age 40-42 years of 4-6% in both data and their mathematical model (66).
They also show that the probability of an MII segregation error is ~2.2-fold increased
after an initial MI error. The maternal age-effect in MII was also considerably
stronger in an aneuploidy oocyte affected by an initial MI error than without (67).
Chromosome 15, along with other acrocentric/short chromosomes 16, 21 and 22,
have the highest rates of MI-aneuploidy and also present the strongest maternal age
effect on PSSC and RS (67) (66) (65). MI-NDI is probably less age-dependent than
MI-PSSC and MI-RS, which are the major contributors to the age effect of
aneuploidies and UPDs.
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1.5.3 Molecular detection of UPD

As UPDs are copy number neutral, they can escape molecular detection. Methylation-
sensitive analysis (either by screening or diagnostic testing) will detect UPD of
imprinted chromosomes but not other UPDs. Standard chromosome analysis will also
be inconclusive. If the CMA used for screening is an array-CGH (comparative
genomic analysis), pure UPDs will be overlooked. An SNP-based CMA will detect
iUPD but not complete hUPD. A mixed h/iUPD will often be detected, but with only
one meiotic recombination and crossover, the SNP array will display only a single
LCSH (Long contiguous stretches of homozygosity), also called runs of
homozygosity (ROH) and loss of heterozygosity (LOH). This might escape
recognition and be interpreted as identity by descent due to distantly related parents.
In the case of consanguinity, where the SNP array of the child displays multiple

LCSH on many chromosomes, a mixed UPD can be missed.

Given an individual diagnosed with PWS due to a CNV-neutral SNURF:TSS-DMR
methylation aberration with a normal SNP-array without LSCH on chromosome 15,
excluding a mixed or iUPD(15), traditionally, this was considered to represent a
sporadic epimutation or a more rare a undisclosed IC defect. However, complete
hUPD of small and often imprinted chromosomes like chromosomes 14, 15, 16, 20
and 22 are not that rare (62). hUPD(15)mat (PWS) is by far the most common hUPD,
and is probably the most likely explanation in the example above. hUPD can be
resolved by comparing SNPs and establishing the inheritance pattern in a trio
analysis, either by WES, SNP-array by looking for opposite homozygosity (AA vs
BB in the parents, and AA or BB in the child), or informative polymorphic
microsatellites for the region of interest. Trio WES is clinically available as a
screening tool for UPDs, as the SNVs in the UPD chromosome do not follow the
expected mendelian inheritance pattern. However, this is not included as a
bioinformatic option in all diagnostic labs, and relevant UPDs are likely to escape
molecular detection unless clinically suspected. UPD screening usually demands

parental samples (trios) or at least one parent (duos). However, with machine learning
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tools, it was possible to identify UPDs in a large dataset with unlinked parental

samples (61).

1.6 Inheritance pattern and recurrence risk in imprinting

disorders

The recurrence risk for siblings or children of an affected individual with an
imprinted disorder depends on the mechanism. As most imprinted disorders can arise
from different and multiple causes, the recurrence risk will vary. For instance, BWS
is most often caused by sporadic LOM of IC2, while TS14 is usually caused by
UPD(14)mat, and PWS from de novo paternal 15q11.2 deletion or a UPD(15)mat, all
with a very low or no recurrence risk. In contrast, up to 10% of Angelmann syndrome
can be caused by maternally inherited UBE3A variants with a high recurrence risk,
also introducing the risk of gonadal mosaicism. Familial cases presenting with a non-
mendelian inheritance pattern can be difficult to recognize without taking an
extended family history.

According to the classification above in section 1.5, guidance for recurrence risk is

outlined below.

e UPDs are always de novo unless there is a predisposing factor for an
imbalance that needs rescue, and recurrence of UPD has not been published.
The risk of UPD due to a Robertsonian translocation is negligible (68).

e Pathogenic variants in protein-coding imprinted genes of interest, like
CDKNIC in IMAGe and BWS or UBE3A4 in Angelman syndrome, are well-
known examples of familial recurrence. The inheritance pattern is non-
mendelian, with a 50% risk for (full/maternal) siblings if the mother is a
carrier, while her carrier brother will not have affected children, only carriers.
Another important factor in such SNVs is a risk of non-detected somatic

germline or gonadal mosaicism in the parent.
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A small CNV or SNV in the IC are uncommon but important to detect. These
infer a high recurrence risk of 50% in future pregnancies and for other family
members, like pathogenic variants in imprinted genes, as seen above.

CNVs can be inherited, i.e., CNVs not containing haploinsufficient protein
coding genes, and be phenotypically silent on the non-expressed allele. This is
particularly relevant for paternally inherited 15q11.2 duplications found in a
healthy individual. A phenotypically silent duplication (or sometimes deletion)
of a non-expressed gene can be passed on to the future generation and thus be
inherited and will cause disease if the sex of the parent changes. Such CNV
can often be detected by standard chromosome analysis, including FISH
analysis of the parents (in case of balanced structural rearrangements) or
CMA.

Sporadic epimutations are often de novo, but the challenge is to exclude that
the epimutation (LOM/GOM) is secondary to a primary underlying change in
DNA.

MLID: Apart for individuals with biallelic ZFP57 variants in the proband
with 25% recurrence risk in siblings, the recurrence risk in MLID is difficult to
assess. In situations with severe biallelic maternal-effect variants causing
recurrent biallelic complete hydatidiform moles with LOM at all maternal
DMRs, the recurrence risk is 100% for the mother’s offspring, regardless of
the partner (69). In other situations, milder variants, incomplete penetrance,
and mild and variable expression are reported in MLID (70). A dominant
inheritance pattern is also reported (25).

Uniparental diploidy: There is no increased recurrence risk in mosaic
uniparental diploidy. Even though a slightly increased risk associated with

maternal age can not be ruled out, recurrence has never been documented.
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1.7 Beckwith-Wiedemann syndrome

Beckwith-Wiedemann syndrome (BWS) is an overgrowth syndrome first described in
1969 and involves a spectrum of clinical features (71, 72). BWS affects about 1/10
000 and is the most common imprinting disorder. The molecular aetiology is complex
and involves an imprinted region on chromosome 11p15.5p15.4. The syndrome was
redefined as Beckwith-Wiedemann spectrum (BWSp) by the international BWS
consensus meeting in 2018 (73). Revised criteria were also introduced, and BWSp
encompasses individuals fulfilling the BWSp criteria with a molecular finding
(classical BWS, OMIM#130650), but also includes individuals with atypical
presentations (fulfilling the score but without a molecular BWS diagnosis) and lastly,
individuals not fulfilling the score (including isolated lateralised overgrowth (ILO),

OMIM#235000) but where a molecular 11p15.5 anomaly is detected.
1.7.1 Clinical features

The clinical findings in BWSp include cardinal or common features like a large
tongue (macroglossia), abdominal wall defects (exomphalos/omphalocele), and
endocrine disturbances (hyperinsulinism), lateralised overgrowth, and Wilms tumour
or nephroblastomatosis. I addition, histopathologic findings like cytomegaly of the
adrenal cortex, pancreatic adenomatosis and placental mesenchymal dysplasia are
also included in the cardinal features. Even though BWSp is considered an
overgrowth syndrome, neonatal macrosomia/birth weight >2 SD is present in only
about half of the affected individuals. Therefore, overgrowth is characterized as a
suggestive and unspecific feature, along with ear pits/creases, large abdominal organs
(liver, kidneys), milder abdominal defects including diastasis recti or umbilical
hernia, transient neonatal hypoglycemia, and an increased risk of other childhood
tumours. Global development is usually normal. There is a substantial variation in
clinical presentation between different individuals, both among family members and
especially in large cohorts. The latter can partly be explained by different molecular

heterogeneity and mosaicism.
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Other less frequent clinical findings in BWSp are not included in the scoring system
due to lack of specificity, such as cleft palate, advanced bone age, polydactyly,

typical face, genital abnormalities, inguinal hernias, congenital cardiac anomalies etc.

Table 2: BWSp Clinical score (73):

Cardinal features (2 points) Suggestive features (1 point per
feature)

Macroglossia Birth weight >2 SD above the mean

Exomphalos Facial naevus simplex

Lateralized overgrowth Polyhydramnios and/or placentomegaly

Multifocal and/or bilateral Wilms Ear creased and/or pits

tumour or nephroblastomatosis

Hyperinsulinism (>one week and Transient hypoglycaemia <1 week)

requiring escalated treatment)

Pathology findings; Adrenal cortex Typical BWSp tumours (neuroblastoma,
cytomegaly, placental mesenchymal rhabdomyosarcoma, unilateral Wilms,
dysplasia or pancreatic adenomatosis hepatoblastoma, adrenocortical

carcinoma or pheochromocytoma)

Nephromegaly and or hepatomegaly

Umbilical hernia and/or diastasis recti

Score>4: Classical BWS, molecular confirmation not needed for diagnosis, but for follow-
up/counseling.

Score 22: Molecular testing indicated. If negative, further clinical evaluation, especially if
there is a cardinal feature apart from isolated exomphalos present.

Score <2: Molecular testing not indicated.

A suggested flowchart for testing is published in the Consensus Statement (73).

1.7.2 Molecular background

BWS is caused by molecular anomalies in the BWS locus on chromosome
11p15.5p15.4. For an overview of the BWS locus, see section 1.1.1 and Figures 2
(IC1) and 1 (IC2). This region involves several genes, many of which are imprinted.
There are two domains, each controlled by an Imprinting Control Region or

Imprinting Centre (IC), including a differentially methylated region (DMR). The
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telomeric IC1 is officially called H19/IGF2:1G-DMR (HGVS nomenclature), but for
simplicity, we use IC1.

IC1 is organised in two clusters containing one 450 bp A-repeat (with OCT4 octamer
motifs), followed by three to four B-repeats. There are seven CTS (CpG repeats that
are binding target sites for CTCF=CCCTC-binding factor), six of which are within B
repeats, and the seventh CTS lies outside the imprinting centre, between Al and the

H19 gene (Figure 9). KCNQI1OT1:TSS-DMR (I1C2) is located centromeric to IC1 .

Figure 9: Details of BWS IC1
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Schematic presentation of the paternal strand of the imprinted H19/IGF2 domain, including
~5kb ICI, ~ 2 kb upstream of H19, IGF?2 and relevant small differently methylated sites
(DMS) on Chr. 11p15.5, not drawn to scale. The IC1 (vellow) contains two repeated blocks
of A and B repeat elements and seven CTS. Six of the seven CTSs are located within the B-
repeat elements. All 10 DMS (H19 prom, CTS1-7 and the two IGF2 DMRs) are methylated
on the paternal allele and are illustrated with a filled lollipop. The IC1 includes six of these
10 DMS. The transcription factor OCT4 (encoded by POUSF 1) form a heterodimer with
SOX2 and binds to DNA in the OCT binding sites (blue circles) on the unmethylated
maternal allele of IC1. If the target sites for binding proteins are mutated, the demethylation
maintenance properties are lost, and the maternal IC will be methylated. An OCT binding
site consists of a 59 bp element, including two SOX-OCT motifs and one OCT motif (74).
Cohesins bind to OCT4, and by anchoring to OCT sites, loop formation can occur, forming
topologically associated domains (TADs) (not shown).

The molecular anomalies in BWS can be classified into five large categories; IC2
LOM (Figure 10), IC1 GOM (Figure 11), UPD(11)pat (Figure 12), CDKNIC

variants (Figure 13) and structural variants (Figure 14).
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Figure 10: Loss-of-Methylation in Imprinting centre 2
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LOM of IC2. This is the most common anomaly in BWS, found in half of the individuals
(50%) (73). Underlying CNVs/SNVs are uncommon, but MLID is seen in about 1/3 (73).
This group is characterized by mosaicism, low tumour risk, high risk of exomphalos and
abdominal wall defects. IC1 in the centromeric domain is unaffected, and not shown.

Figure 11: Gain-of-Methylation in Imprinting centre 1
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Isolated IC1 GOM is found in about 5-10%, and is associated with high tumour risk, low

risk of exomphalos, and a considerable fraction carry an underlying CNV/SNV, implying an
increased recurrence risk.
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Figure 12: Paternal uniparental disomi 11p
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UPD(11)pat. Here a non-mosaic UPD is shown, but often somatic mosaicism is present,
with a mixture of UPD(11)pat cells together with cells with normal methylation pattern. In
UPD, the methylation patterns in both ICs are affected. UPD is found in 20% of the
individuals with BWSp, who present with lateralized overgrowth, mosaicism, and high
tumour risk. Exomphalos is rare, while hyperinsulinism is common. In about 10% of these
individuals, there is an underlying mosaic GWpUPD/paternal unidiploidy (73).

Figure 13: Loss-of-function variant in CDKNIC gene
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CDKNIC LOF variant on the maternal allele. This is found in about 8% of BWSp
individuals but 40% of familial cases. Mosaicism is reported, and there is a high recurrence
risk. These individuals present with low tumour risk, high risk of exomphalos and additional
birth defects (genito-urinary, nevus flammeus, cleft palate etc) and pregnancy-related
problems.
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Figure 14: Structural variants of 11p15.5
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Structural variants of BWS locus, here represented by a duplication of the paternal Chr
11pl5.5. This could be a small CNV (smaller than depicted here) but also involve larger
chromosomal regions as in an unbalanced translocation. This is found in about 3% of the
BWS individuals (73).

Molecularly diagnosed (by MS-MLPA, Methylation Specific-Multiplex Ligation-
dependent Probe Amplification) BWS individuals, 41% show IC2 LOM, 27% have
UPD(11)pat, and 11% have IC1 GOM (75). Regarding the latter, further high-density
CNV and SNV studies of IC1 are warranted, as an underlying DNA aberration is
found in 20% of isolated IC1 GOM (76) (77). However, the CNVs are often too small
to be discovered by standard high-resolution CMA, either an IC1 microdeletion found
in about 8% of IC1 GOM or small deletions and SNVs in the octamer-binding protein
4 (OCT#4) or the transcription factor SOX2 bindings sites, found in about 12% of IC1
GOM (76) (78) (79) (80) (77). IC2 LOM comprises the largest subtype of BWS, and
some authors imply an even higher incidence of IC2 LOM of up to 50-60% (73). IC2
is located in intron 10 of KCNQ1, which encodes a potassium channel involved in
long-QT syndrome (LQTS). Underlying primary DNA variants in IC2 are extremely
rare, and display complete LOM in contrast to sporadic IC2 methylation defects,
which often show signs of mosaicism (81, 82). Such primary variants can be

structural rearrangements and CNVs of KCNQ], including IC2, but also KCNQ1-
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CNVs and -SNVs outside IC2 in intron 10, which induce the termination of KCNIQ1
transcription. Maternally inherited pathogenic variants lead to both BWS and LQTS
in the child, while paternally inherited variants lead to LQTS only. This is explained
by biallelic KCNQI expression in the heart (and adult tissue).

Pathogenic CDKNIC variants are found in 8% of the total group but up to 40% in
familial cases (83). Missense variants in CDKNIC are associated with a less severe
phenotype than complete LOF variants (84). Regarding (mosaic) segmental
UPD(11)pat, up to 10% of these individuals had a paternal uniparental diploidy
(PUD) background (26, 27) (75), and one study indicates an even higher risk of 7/36
(19%) (37). Chromosomal abnormalities (CNVs) like paternal duplication of the
11p15 region, or an unbalanced translocation, is present in less than 5% (75) and,
dependent on the size of the duplication, will usually affect both DMRs. Up to 12%
of individuals with IC2 LOM could be affected by a multilocus imprinting
disturbance (MLID) (75). MLID could be due to biallelic maternal variants in SCMC
genes like NLRP2/5 affecting the subcortical complex of the oocyte. The mothers
with biallelic variants are generally healthy but have an increased risk of affected
pregnancy (hydatiform mole, infertility and miscarriages) and have children with
BWSp and/or MLID, even though the BWS children themselves do not have biallelic
variants. The clinical implication of recurrence of MLID is not fully elucidated.
Females that carry SCMC variants induce LOM of maternal germline in the
offspring, but not GOM or LOM of paternal germline. BWS in assisted reproductive
technologies (ART) like in vitro fertilization might be increased 10-fold, particularly
IC2 LOM (85). IC2 LOM is also enriched in monozygotic (female) twins, often
clinically discordant for BWS, even though the lab test in blood and saliva shows

methylation aberration in both (86).

In a few individuals with a BWS-like phenotype, other imprinting disorders have also
been found: IC1-LOM (SRS pattern), MEG3-GOM (Kagami-Ogata syndrome), and

UPD(6)pat (87). However, no molecular correlate is found in about 15% of patients.
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This can be due to low-level mosaicism, molecular heterogeneity in BWSp, but also

overlapping features with other syndromes.

1.7.3 Inheritance and recurrence risk

The recurrence risk in BWS depends on the molecular background. In mosaic
genomic disorders like UPD and PUD, the recurrence risk for siblings and children is
not higher than the risk in the general population. For individuals with BWS due to a
de novo pathogenic CDKNIC variant, the risk for siblings is low but not negligible
due to the risk of somatic or gonadal mosaicism. If the mother is a carrier of the
variant, the recurrence risk is 50%. Only maternally inherited variants will cause
BWS, while individuals with paternally inherited variants are asymptomatic carriers,
as the gene is paternally imprinted. This implies that an affected male has a 50% risk
of passing on the variant to his future children, but they will all be asymptomatic. His
(maternal) siblings will have a 50% risk of inheriting the same variant as him.

In the case of a mosaic variant in the proband or carrier parent, the risk of children
inheriting the variant can be as high as 50% depending on which tissue contains the
variant and the mutation load. The mosaicism might not be detectable in DNA from
blood, but in other tissues might be informative. There are also examples of
asymptomatic parents with gonadal mosaicism, that is, that the variant is not present
in the bloodline (or other tested tissue) but must be present in the gonads as the
mother has two or more affected children with BWS. Testing of the ovaries is

impossible.

For BWS individuals with epimutations, such as isolated LOM of IC2, this is usually
a sporadic event, with a low recurrence risk both for siblings and children, but there
are exceptions (82) (81). This is not true for individuals with seemingly isolated
GOM of IC1 (hypermethylation). This is quite often (20%) caused by an IC defect,
either a small CNV or an SNV (76 ) (80) (79). The risk of affected siblings can be as
high as 50%, and the risk of passing on the variant allele to the offspring is also 50%,

but only affected/carrier females will have affected children. Sequencing of ICs is not
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available in the routine diagnostic for sporadic individuals, but high-resolution CNV

calling is included in commercials MS-MLPA kits for BWS testing.

Individuals with mosaic UPD(11)pat will have combined partial GOM of IC1 and
LOM of IC2. This picture can also be true for individuals with a partial trisomy 11p
(either isolated or because of an unbalanced reciprocal translocation). The latter
group will have a more severe syndromic presentation due to the underlying
chromosomal aberration and not have their own children, but the recurrence risk for
siblings can be high, depending on the size of the translocated elements. Most
translocations are usually unique and with an individual risk, but there is one
recurrent translocation involving 11p: t(4;11)(p16.2;p15.4), which has been reported
in literature several times and also ascertained in a large family in our clinic. The risk
of having a liveborn affected child with an unbalanced karyotype (der(4)
t(4;11)(p16,2;p15.4) translocation is 15%, and hence a combined 4p- (Wolft-
Hirschhorn syndrome) and BWS-phenotype if the balanced carrier parent is the
father, and 4p- and SRS phenotype if the mother is a carrier (88). The molecular

BWS anomaly in such cases is illustrated in Figure 14.

MLID can be caused by maternal factors, also called maternal-effect variants, with an
unpredictable but high risk of affected children (up to 100%), as seen in mothers with
a biallelic variant in PADI6, one of the genes involved in subcortical maternal
complex (SCMC) with impaired DNA methylation establishment in the oocyte, and
LOM at imprinted loci postzygotically. Mothers with biallelic variants in NLRP7 can
experience recurrent hydatiform moles, a phenotype mimicking non-mosaic genome-
wide paternal uniparental diploidy. In MLID, the gender of the carrier parent is not
relevant for the imprinting mechanism per se like in CNVs/SNVs/CDKNIC variants,
but as many MLID is caused by mutations in genes involved in the SCMC affecting

the oocyte, the mother is of particular interest also in these families.
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1.7.4 CDKN1C overview

CDKNIC (cyclin-dependent kinase inhibitor IC) is a small paternally imprinted gene
in IC2 in the BWS locus on chromosome 11p15. Only the methylated maternal
CDKNIC allele is expressed, as unmethylated promoters on the paternal allele allow
IncRNA expression of KCNQOT] that silence CDKNIC expression in cis (Figure
1). The gene encodes pS7kip2, localised in the nucleus, and functions as a negative
regulator of growth and cell proliferation by inhibiting CDK complexes in the G1
phase by the N-terminal CDK inhibition domain (89). In addition, CDKNIC is
implicated in the development of the embryo and tumourigenesis and is also
expressed in neuronal tissues. The middle part of the protein-coding gene consists of
a variable PAPA domain (proline-alanine repeat domain), and the C-terminal consists
of a PCNA (proliferating cell nuclear antigen) binding motif involved in preventing
DNA replication. For an overview, see (90). LOF variants (truncating and missense
variants in the CDK domain) cause BWS, while reported IMAGe mutations are all
missense variants located in the PCNA-binding motif. Even if these abrogate PCNA-
binding, the pathogenicity in IMAGe is not by LOF as truncating mutations lacking
PCNA lead to BWS, but by GOF, as IMAGe-mutants display increased protein
stability leading to impaired cell cycle progression in vivo (91-93), although not
found in earlier studies (94). The mechanism behind increased protein stability is not
fully elucidated but might be due to impaired proteasome-mediated degradation
caused by disruption of the putative C8 binding site (overlapping the PCNA-binding
motif) of the 20S proteasome (92) or due to decreased ubiquitination of IMAGe
mutants. CDKNIC variants associated with SRS probably bring about a milder

functional effect than IMAGe-associating variants (91).

CDKNIC have multiple isoforms due to different UTR regions and multiple start
sites, but also a transcript that uses a non-canonical reading frame for the last C-
terminal region, including the PCNA motif. The use of such non-canonical reading
frames is unusual for eukaryotic genes but is also seen in the “cousin” CDKN2A4.

Deep RNA analysis of CDKNIC has not been published, and a verification of all
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described transcripts and predicted isoforms in humans are missing. CDKNIC is
imprinted and predominantly maternally expressed, but with limited evidence and
conflicting results for paternal RNA expression levels in humans (95) (96), from ~5%

in fetal tissue and kidneys (97) to 20-50% in the blood (98).

1.7.5 Recommended follow-up and cancer risk

Cancer surveillance is recommended for (European) children with a risk of
developing a malignant childhood tumour of at least 5% (73) (99). Depending on the
molecular background, this is relevant for most BWSp individuals. Embryonal
tumours occurred in almost 8% of BWS individuals with an established molecular
diagnosis (99). There is not an increased risk of cancer in adult BWSp individuals.
The risk is highest for the IC1 GOM group; with an overall risk of 23-28%; followed
by UPD(11)pat with a risk of 14-16%, CDKNIC variants 7-9% and IC2 LOM 2-3%
(100) (99). The risk is also substantial in individuals fulfilling the BWS criteria, but
with no molecular diagnosis detectable, with 6.7% (100). A recent German
population study found an overall risk for childhood (<15 ys) tumour of 4.4% in
BWS, where the risk in the UPD(11)pat was the highest and reached 17.6% (101).
Surprisingly, they did not find any cases of cancer within the 31 individuals with IC1
GOM, but this was not statistically significant. Even though differentiated screening
protocols according to molecular subtypes have been proposed (100) (99), the BWS
consensus group (2015) advised a similar screening protocol for the three subgroups
with the highest risk, which involves abdominal ultrasound (screening for Wilms
tumour) every three months until the age of 7 years (73). This protocol should also
include individuals fulfilling the clinical BWS score but with no molecular cause,

while individuals with BWS due to IC2 LOM will not be included in the screening.

For mosaic genome-wide paternal UPD (PUD), the cancer risk is higher and lasts into
adulthood, and more comprehensive surveillance must be discussed (39) (43).
Postema et al. postulated a tumour risk of 79% in this group, and many develop more

than one tumour (39). As individuals with mosaic UPD(11)pat will present identical
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to PUD on the standard MS-MLPA test, further studies must be performed to
differentiate between these. Undisclosed PUD might have influenced the risk of

cancer in the UPD(11)pat group.

Isolated lateralized overgrowth (ILO) (in earlier terms, hemihypertrophy or
hemihyperplasia) is an asymmetric overgrowth of part of the body and a cardinal
feature in BWSp. ILO and normal results on molecular BWS tests is not considered
part of BWSp. However, cancer risk of 5% has been suggested, and these children
have traditionally followed the same surveillance as children with BWSp. The cancer
risk is based on the assumption that the risk is due to an undisclosed low-level mosaic
UPD(11)pat, and even though the consensus group stated that specific studies of
tumour risk were lacking, they advocate screening (73). A recent publication from the
International Society of Pediatric Oncology advocates not including individuals with
ILO in surveillance (102). Another study also showed no tumours in patients with
ILO without fulfilling other criteria; and concluded that the risk of cancer in this
group is low (103). This change is still under debate, but such intensive surveillance
can probably be dismissed in this group with lateralized overgrowth without an

additional point on the BWS score.

In BWSp, Wilms tumour (nephroblastoma) is the most common tumour, which has
with high survival rate in the general population (90%). Wilms in BWS often has a
better prognosis (less anaplastic and less metastatic) than in individuals without
BWS, but bilateral and multifocal tumours are common. This will influence the
choice of treatment. Other BWS-related tumours are hepatoblastoma, adrenal
carcinoma, neuroblastic tumours, and rhabdomyoblastomas. Other considerations in
the follow-up of BWSp patients are hypoglycemia due to hyperinsulinism, and this
can last for several years in rare cases. Recently individuals with (complete) IC2
LOM and LQTS have been described (82) (81). The authors propose an
echocardiogram in all BWS patients with IC2 LOM due to a small risk of KCNQ1
haploinsufficiency as an underlying cause of familial BWS in some patients, but there

is no consensus on this yet.
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1.8 Overview of Silver Russel syndrome and IMAGe

syndrome

Silver-Russel syndrome (SRS) is an imprinting disorder affecting about 1:30 000 to
1:100 000. Like BWSp, SRS shows a complex aetiology, including multiple
imprinting loci and genes (104). Patients present with intrauterine and postnatal
growth retardation but also severe feeding difficulties, hypoglycemia, asymmetry,
mild global delay, early central puberty and insulin resistance, and often present with
relative macrocephaly and prominent forehead. A scoring system is developed: NH-
CSS, but the specificity is relatively low, and in the case of non-molecularly
confirmed SRS diagnosis, the clinical diagnosis should only be used in patients
scoring at least 4/6 in the NH-CSS, including both a relative macrocephaly and
prominent forehead. Less specific but frequent findings (found in about half or more
of the patients) are the triangular face, fith finger clinodactyly, shoulder dimples,
micrognathia, excessive sweating, low muscle mass, low set and posteriorly rotated
ears, high pitched voice, and prominent heels.

In about half of individuals with SRS, LOM of IC1 in 11p15.5 is found (Figure 15).

Figure 15: IC1 LOM and SRS
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The most common cause of SRS is LOM of IC1 in the BWS locus on the paternal allele. The
normal situation is shown in Figure 2.
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An underlying microdeletion or SNV in IC1 is extremely rare (76). Less than 10% of
SRS patients show UPD(7)mat, although the causal gene(s) for SRS in chromosome

7 is not elucidated. The molecular origin can be confirmed in about 60% of
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individuals with SRS. CNVs are more prevalent in SRS than in BWS, and both large
maternal 11p15.5 duplications and small duplications restricted to IC2 are reported.
SNVs in imprinted genes are also found, with similar mechanisms to the maternally
inherited CDKNI1C GOF-variants and /GF2 LOF-variants. Low-level mosaic
UPD(11)mat is extremely rare in SRS and reported in four individuals only (105).
This cause of SRS might be underestimated due to the technical difficulties in
detecting mosaicism at such a low level. In addition, MLID and other overlapping
imprinting disorders have been reported, including maternal UPD of chromosome 14
(Temple syndrome) and 20 (20), and mosaic maternal uniparental diploidy, and
perhaps also maternal UPD(6). Maternal UPD(16) can also be found, but the
molecular mechanism does not involve imprinting; rather, low-level mosaicism of
trisomy 16. Surprisingly, discrepant molecular and clinical diagnoses have been

reported in BWS and SRS individuals (106) (75).

IMAGe syndrome, caused by GOF variant in the PCNA-binding domain of
CDKNIC, is partly overlapping the phenotype of SRS, and the acronym stands for
Intrauterine growth restriction, Metaphyseal dysplasia, Adrenal hypoplasia congenita,
and Genital abnormalities (107) (94). So far, less than 30 patients have been reported,
and there are no consensus diagnostic criteria yet, as not all individuals have all
features noted. Some have mildly delayed development, and there might be mildly
dysmorphic facial features that are less described, like low-set ears and wide nasal
bridge. One girl with IMAGe developed rhabdomyosarcoma, an embryological
tumour earlier reported in BWS (108).

1.9 Molecular testing in imprinting disorders

The first obstacle is knowing when to suspect an imprinted disorder. Recognition of
well-known and overlapping features such as disturbances of post-, pre- and
perinatally growth, including the placenta, endocrinological dysfunction, childhood
tumours, neurodevelopmental delay and hypotonia, and sometimes asymmetry or
congenital anomalies. Molecular testing in imprinting disorders includes both

methylation analysis and CNV analysis of the IC and corresponding loci. Commercial
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assays such as MS-MLPA kit ME034 from MRC Holland investigate both
methylation and CNVs and crudely covers most known imprinting disorders. In-
house MS tests can also be very sensitive but must be combined with CNV analysis.
For some disorders, further analysis, including screening for SNVs, is warranted,
typically performed using Sanger sequencing or NGS of CDKNIC, UBE3A, GNAS
etc. If a seemingly sporadic epimutation is found, including mosaicism, there can be
reason to suspect an underlying genetic variant posing a risk of additional disease
burden or an increased recurrence risk; an MLID, or a cytogenetic finding such as
UPD. In these cases, further evaluation and investigations might be needed. To
discriminate between a seemingly sporadic variant and UPD is relatively straight-
forward in BWS, as UPD affects both imprinting centres, unlike sporadic LOM of
IC2 or GOM of IC1, but in low-level mosaics, this distinction is challenging. In PWS,
discrimination of sporadic LOM at SNURF:TSS-DMR and a UPD(15)mat can be
crucial for establishing the recurrence risk, which is negligible in UPDs. Usually,
maternal UPDs are heterodisomies due to trisomy rescue, but due to recombination,
isodisomic regions are often present in the telomeric regions. Importantly though,
UPD(15)mat often displays complete heterodisomy due to the lack of recombination
(58). SNP arrays do not recognize these UPDs unless a haplotype analysis with a
comparison with parental SNPs is performed. For other chromosomes, complete
heterodisomies are extremely rare events. In case of a finding consistent with mosaic
UPD(11)pat, investigation of possible mosaic PUD is warranted due to the risk of
additional non-BWS features, risk of cancer and to establish the correct molecular
diagnosis. This can be performed by SNP array looking for low-level mosaicism or

by performing screening for MLID.

For individuals with sporadic BWS due to IC2 LOM without CNVs, further
investigation is usually not recommended. As many as 1/3 of these individuals might
have MLID, but clinical evaluation might be more informative than an MLID
screening for sporadic cases. IC2 CNVs are rare, but small duplications involving IC2
are reported (109), as well as one deletion affecting nearby genes in the IC2 and

induced IC2 LOM (110). For BWS individuals with IC1 GOM, 20% might have an
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underlying CNV or SNV. MS-MLPA assay ME030 (commercial vendor name) will
cover some of the small CNVs, but not SNVs. Sequencing of this region can be
offered upon request at certain labs. Small deletions or SNVs in IC1 will cause BWS
from a carrier mother but will be asymptomatic from a carrier father.

The risk must be carefully assessed in each case. In families with large duplications
involving both domains and both ICs, there is a risk of BWS from a carrier father but
SRS from a carrier mother. For smaller duplications or deletions, the outcome can be
hard to predict, and BWS from a carrier mother was proposed for a small deletion
inducing IC2 LOM. In contrast, a carrier father was predicted to have the risk of SRS
in offspring as the deletion included /GF2, but also induced paternal CDKNIC
expression due to lack of KCNQI1OT] despite normal methylation status in both
domains (110).

1.10 Imprinted gene network

The imprinted gene network (IGN) provides an explanation for the suggested
coregulation of imprinted genes. One possibility is that epigenetic misregulation of
one locus can affect another imprinted locus in trans, or that the expression of the
same or similar group of non-imprinted genes can be affected by different imprinted
locus, explaining the clinical overlap between imprinted disorders. This has been
shown for several imprinted genes in mice. One example in humans is that /GF?2 (on
Chr 11) was found to be deregulated in TS14, explaining the clinical overlap with
SRS. This is reviewed by others (111-113). So far, the IGN has not been confirmed in

more extensive studies in humans.

1.11 Anticipation in human diseases — an overview

Anticipation describes an unusual non-mendelian inheritance pattern, where the
disease strikes earlier and often also more severely in the succumbing generations
than the previous. This concept was debated from its first report around 1850,

rejected as a statistical artefact and explained by experimental errors like selection
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bias or modifying a normal allele in trans (114). It took a long journey before final
acceptance (115). Throughout the 1970s and later, other factors, including maternal
factors, mitochondrial DNA, modifier genes and imprinting, were investigated but
failed to fully explain the inheritance pattern in myotonic dystrophy and Huntington
disease, and later the anomalous inheritance pattern called the Sherman paradox in
families with fragile X syndrome. Howeler examined multiple families with
myotonic dystrophy and rejected Penrose’s statistical explanation (116), and finally,
anticipation was accepted and incorporated into genetic textbooks after the
discoveries of the molecular mechanism of these disorders in the early 1990ies.
Anticipation is usually associated with a dynamic mutation such as a trinucleotide
repeat expansion within a noncoding (or coding) segment that is unstable and can
expand through meiosis and mitosis. Human diseased affected by anticipation are
mainly of neurological origin and in addition to the aforementioned diseases, also
include Kennedy disease (spinal and bulbar muscular atrophy) and several
spinocerebellar ataxias. Dyskeratosis congenita represents another mechanism of
anticipation, where impaired telomerase activity leads to declining telomere length in
succumbing generations. Anticipation has not been reported in imprinting disorders

before the work presented in this thesis.
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2. Aims of the studies

Overall aim: To decipher the phenotypes and explore the molecular mechanisms in
three families with novel presentations within the Beckwith-Wiedemann syndrome

spectrum (BWSp).

2.1 Specific aims:

1) To investigate if the increased severity over generations in a BWS-family
correlated with increased levels of IC1 methylation, compatible with anticipation
(Article I).

2) To propose an explanation for this apparent anticipation (Article I).

3) To explain how a complex CDKNIC delins variant can have both gain-of-function
and loss-of-function effects, causing a mixture of IMAGe and BWS-like features
(Article II).

4) To find a potential link between this complex CDKN1C variant and developmental
delay (Article II).

5) To explore how a double paternal uniparental isodisomy of chromosomes 7 and 15

can cause a BWSp like phenotype (Article III).
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3. Methodology:

3.1 Data collection:

We ascertained the two families in articles I and II and the proband in article III
through our diagnostic clinic. They were all clinically examined and were given
genetic counseling. Routine lab analysis resulted in an initial molecular diagnosis in
the three families, but there were more questions to be answered in all. The

parents/guardians signed consent for further diagnostic studies and publication.

3.2 DNA analysis:

3.2.1 Sanger sequencing and NGS

Conventional Sanger sequencing of DNA in the region or gene in question was
performed in both families in articles I and II, including Long-Range PCR to look for
small CNVs in the IC1 in the family in article I. Furthermore, Next Generation
Sequencing (NGS) of the whole exome filtered against the parents as reference (trio-
analysis) was performed in articles II and III. Here, we looked for de novo variants in
the proband, not present in either of the parents, and hemizygous X-linked and
biallelic variants. In addition, we included inherited variants in a subset of genes,

most of which were imprinted.

3.2.2 CNV analysis

Routine diagnostics in all three families involved a type of chromosomal microarray
analysis called high-resolution SNP array (Cytoscan HD, Thermo Fischer), which
includes both oligos revealing copy number variation (CNV) like deletions or gains,
but also binary SNPs which in addition to CNVs can detect long continuous stretches
of homozygosity (LCSH), also called runs of homozygosity (ROH). These stretches
of homozygous SNPs can represent identity-by-descent where both haplotypes derive

from a common ancestor, inferring that the parents must be related. Alternatively,
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homozygosity is due to an ancient haplotype or uniparental disomy (UPD). Other
types of chromosomal microarrays lacking SNPs will fail to detect UPDs. For MLPA-
based CNV detection, see below.

3.2.3 Methylation analysis

MS-MLPA

To analyse the methylation pattern in the BWS locus in all three families, we
performed a diagnostic test with a Methylation Specific-Multiplex Ligation-
dependent Probe Amplification (MS-MLPA) analysis by MRC-Holland. MLPA
analysis is a sensitive test that can detect small CNVs in a specific region defined by
the probes. MLPA probes consist of two parts that must be perfectly hybridised to the
sample DNA and then ligated, PCR-amplified and further analysed. An unperfect
match to the sample will result in a lower relative peak and signal height of the
specific probe (deletion). MS-MLPA involves the reaction described above for CNV
detection and methylation analysis, including probes with a restriction site for the
methylation-sensitive Hhal restriction endonuclease. The Hhal enzyme will digest
unmethylated hybridised DNA, which will not be amplified, while methylated DNA
will produce a signal. MS-MLPA was performed in the three families.

Bisulfite analysis

Bisulfite conversion of DNA will change unmethylated cytosine residues (“C”) in the
DNA into Uracil (“U”). After amplification with bisulphite sequencing-specific PCR,
U will be replaced by Thymine (“T). However, methylated cytosines will remain
unchanged. Therefore, downstream assays can be performed to analyse the
methylation load in CpG islands. In article I, a PCR product including 12 CpGs in a
CpG island partly overlapping the MS-MLPA probes was subcloned, and Sanger
sequenced. In this family, 6-8 subclones were analysed per individual. We also
examined methylation patterns in two CTCF binding target sites in the IC1 CTS1
(B7) and CTS6 (B1), one on each side of the genomic IC1 variant, by NGS-based
deep bisulfite sequencing with depth >1000 reads (117). After sequencing and

alignment with the reference genome, we compared the DNA difference in CpGs in
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the positive strands. The ratio of the reads C/(T+C) in the position will display the
methylation ratio of that CpG.

3.2.4 Restriction enzymes and Sanger sequencing

In the family in article I, we wanted to investigate the parental origin of the IC1
variant. The variant is localised in an OCT binding site. If the variant was present on
the methylated allele, it must be of paternal origin, and vice versa; an unmethylated
allele must be of maternal origin. To differentiate, we first digested genomic DNA
with the methylation-sensitive restriction enzyme McrBc, which digests away
methylated DNA. After amplification and Sanger sequencing, we analysed the result
and compared it with the result after undigested DNA sequencing. If the variant is
apparently homozygous in digested DNA, the variant must be present on the
unmethylated maternally inherited allele. Another restriction enzyme, BstUI, was also
used when investigating an asymptomatic carrier. This enzyme will digest away
unmethylated DNA. An apparently homozygous variant present after such
predigestion indicates that the heterozygous variant originated from the methylated

paternal allele.

3.2.5 Linkage analysis

In the family in article 11, we wanted to investigate if the de novo CDKNIC variant in
the grandfather arose on his maternal or paternal allele. DNA from his parents was
available, so we chose to do a linkage analysis to analyse allele segregation by simple
polymorphic tandem repeat markers (microsatellites, STR markers), localised inside
and outside the CDKNIC gene. Finally, in article I, we compared the haplotype
around the genomic position in IC1 in the Norwegian family to identify carriers of the
variant. Also, we compared the haplotype to a French family harbouring the same

variant to see if they shared a similar genetic background or a haplotype.
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3.3 RNA-sequencing

We can analyse which genes are active and how much messenger RNA (mRNA) they
transcribe with RNA-sequencing. This analysis also tells us what transcripts, or
mRNA, are produced from a particular (mutated) allele. First, we prepared an RNA-
sequencing library where total RNA was isolated and fragmented (<200-300
basepairs). Then, we converted the RNA fragments to stable double-stranded cDNA
and added sequencer adapters. Lastly, we enriched the library by amplifying the DNA
by PCR and sequenced by NGS. This raw data must be quality-checked before we
fragment the reads and align these short reads to the reference genome. After
normalising the data, we can count the number of reads per gene in each sample. For
the boy in family III, we wanted to understand how the genetic aberration caused the
phenotype. Active genes will produce (or transcribe) more mRNA than inactive
genes, so by measuring the differences in transcription between fibroblast cells from
the boy and other individuals, we can get an overview of which genes are
dysregulated. Gene expression levels in big groups of genes were measured by
counting the reads in the boy’s mutated cells and compared to the gene expression
levels in six controls. Here, we searched for fold changes in the expression of specific
imprinted genes and particular gene sets. We aimed for a read depth of about 100 mill
reads per sample for this general transcriptome analysis. For fold change computation
and identifying differential gene expression, we used DESeq2. This involved
adjustments and normalisation of data, and considered differences in library size, read

count and content. Only genes fulfilling stringent data were further analysed.

In the family in article II, we were mainly interested in one gene: CDKNCIC, with
presumably low and very variable levels of expression. Therefore, ultra-deep RNA
sequencing was performed, i.e., about 250 million reads per sample. However, due to
the complexity of the familial variant, no reads containing the variants were mapped
to the reference genome, so we had to align the reads to a new reference that included
the variant. In addition, we wanted to scrutinize and count all CDKNIC transcripts in

this family to look for alternative transcripts and rare splicing events.
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3.4 Ethical considerations

We obtained signed consents in all three families. As all analyses were performed in

a diagnostic setting, approval from the Regional Ethics committee was not considered

necessary (118).
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4. Summary of results:

Below is a presentation of the main results from the three articles constituting this

thesis.

4.1 Article |

Evidence for anticipation in Beckwith-Wiedemann syndrome

We investigated a family with six individuals in two generations affected with BWS.
Unexpectedly, the symptoms were more severe in the 3 than the 2" generation, and
the methylation levels also increased. We wanted to find the molecular cause of BWS
in this family and to investigate if the gain of symptoms over generations correlated
with increased levels of IC1 methylation, compatible with anticipation. Lastly, we

aimed to propose an explanation for this apparent anticipation.

The younger individuals in the third generation presented with Wilms tumour,
macroglossia demanding surgery, macrosomia, and one outcome of neonatal death.
The three females in the second generation presented with tall stature, macrosomia at
birth, and neonatal macroglossia. Some clinical details like possible pregnancy
complications and placental size and histology were not reported in the article, and no
validated scoring system was used. Therefore, we retrospectively set a BWSp score
(73) (established in 2018) of 0 in the first asymptomatic generation, > 2 in the 2™
generation and > 5 in the 3™ generation. Methylation analysis by MS-MLPA
confirmed a gain of methylation of IC1 in the BWS locus in all affected family
members. However, the methylation level increased from average (0.48) in the
asymptomatic 1st generation, to 0.70 and finally 0.85 in the 2" and 3™ generation
respectively, thus reflecting the clinical impression. We confirmed the increasing
methylation of the same CpG island with bisulfite treatment and subclone
sequencing. In contrast, deep NGS-based bisulfite analysis of two CTCF target
binding sites (CTS) showed complete methylation in the 2™ generation in CTS1 (B7
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repeat, on the /GF2-end of IC1). The NGS-based methylation pattern in CTS6 (B1
repeat, close to the CpG island) showed a methylation pattern similar to the results
from MS-MLPA and bisulfite sequencing of the CpG island.

A heterozygous recurrent genomic variant in one of the OCT binding motifs of the
IC1 was detected NCBI37:11:2.2023019T>C (= Chr11(GRCh37):2.2023019A>Q),
explaining the familial imprinting defect (76). We showed that the variant was
present on the asymptomatic maternal grandmother’s paternal allele with the use of a
methylation-sensitive restriction enzyme in the analysis. Furthermore, we confirmed
the carrier status in other family members by haplotype analysis and found that the

variant arose on a different haplotype than in the previously published French family.

In the sumitted anticipation in BWS (1), Table I displayed median values instead of
mean values. This implied only minor changes and did not inflict the interpretation. A

revised version of Table I is with correct mean values is included below as Table 3:

Table 3: Mean degree of ICR1 methylation in the first, second and third generations
with 95% confidence intervals (parentheses).

Bisulphite
MLPA analysis sequencing
1. generation (n=2) 0.48 (0.45-0.51) 0.47 (0.39-0.55)
2. generation (n=3) 0.70 (0.65-0.75) 0.77 (0.74 - 0.80)
3. generation (n=3) 0.85 (0.82-0.88) 0.86 (0.81-0.91)

4.2 Article Il

Deep exploration of a CDKN1C mutation causing a mixture of Beckwith-
Wiedemann and IMAGe syndromes revealed a novel transcript

associated with developmental delay.

Here we investigated a family with a young boy with a BWSp score of 8 (“classical”

BWS), who also presented with additional features like growth restriction, postnatal
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microcephaly, small kidneys, and dysmorphic features and delayed development,
which are not included in BWSp. On the contrary, many of these additional features
are present in mirror syndromes of BWS like IMAGe and SRS. Molecular diagnostic
investigation for BWS detected a heterozygous, pathogenic delins variant in
CDKNIC (NM_000076.2) ¢.822 826delinsGAGCTG, replacing five nucleotides
with six others in the junction between exons 1 and 2 of the main isoform. Other

diagnostic analyses (CMA, WES, MS-MLPA) were normal.

We aimed to determine how a delins in CDKN1C can have both gain-of-function and
loss-of-function effects, causing a mixture of IMAGe and BWS features. We also

wanted to explain his developmental delay.

Sanger sequencing confirmed that the delins-variant was heterozygous in the
proband, his unaffected mother and maternal grandfather. However, the variant was
not present in the grandfather’s parents. Further analysis of different tissues clearly
stated that the maternal grandfather was mosaic for the variant, and microsatellite
analysis confirmed that the variant had occurred on his maternal allele and explained
his mild BWS features. Due to the location of the indel at the intron-exon junction,
we hypothesised that the variant induced frameshifting to a non-translated truncated
transcript, with LOF explaining the BWS phenotype, but also that alternative splicing
using different acceptor sites occurred. By investigating the sequence manually, we
predicted different alternatives of the commonly used isoforms CDKN1C-A and -B,
including truncated transcripts with a C-terminal being out-of-frame (alternative
acceptor site 1) and a non-truncated transcript including reported IMAGe-variants
(alternative acceptor site II). Lastly, we speculated that the variant could affect an
alternative transcript (CDKNIC-201) with a non-canonical reading frame in the last
exon. This mutated alternative transcript would be in-frame, creating a mutated
hybrid protein with a normal N-terminal like in alternative isoform D, while the C-
terminal part would be of A/B type. In total, we proposed the possibility that the
delins variant could give rise to four highly different mutant transcripts. Semi-

quantitative real-time-PCR (qPCR) showed low expression of the CDKNIC
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transcripts, especially in fibroblast-RNA. qPCR confirmed the presence of the
alternative transcript CDKNIC-201 in blood-RNA from all individuals but not in
fibroblast-RNA, where only the common transcripts CDKN1C-202/204 were found.
We detected the mutated standard transcript in the affected males but not in the
asymptomatic mother. We did not have qPCR-assays that enable us to investigate the
existence of the mutated CDKNIC-201 transcript, nor the transcripts derived from

alternative acceptor sites.

We further analysed the transcripts by ultradeep RNAseq of the patient, the mother
and the maternal grandfather. We included blood and fibroblast-derived RNA from
the boy and blood-derived RNA only from the mother and grandfather. We had to
map the reads to a custom-made reference genome which included the delins-variant,
as no complex delins-reads were mapped to the initial analysis with the NCBI

reference genome.

This analysis answered many of our questions:
e RNAseq confirmed the presence of three out of the four predicted mutant
transcripts:
o Mutated isoform A, consensus splice site (Asp274GlufsTer12)
o Mutated isoform A, alternative acceptor site I (Asp274GlufsTerd7)
o Mutated Isoform D = hybrid D-A/B, 128aa
o Not detected: Mutated isoform A, alternative acceptor site 11
(Asp274 276delinsAlaVal)

e The proportion of transcripts from the mutant allele was about 50% in the boy
(higher in fibroblast than in blood), 25% in the mosaic grandfather and only
6% in the mother.

e Splice defects were confirmed, and alternative acceptor site I activation
occurred in the boy’s fibroblasts.

e The alternative transcript CDKNIC-201 was documented in patients and

controls and represented 16-42% of the total reads. However, the majority of
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the delins reads involved this transcript, probably explained by the fact that

most predicted mutant transcripts were expected to succumb to NMD.

4.3 Article Il

Double paternal uniparental isodisomy 7 and 15 presenting with

Beckwith-Wiedemann spectrum features

We investigated a newborn boy who presented with BWSp phenotype
(placentomegaly, hyperinsulinism, enlarged viscera, hemangiomas, and earlobe
creases) in addition to conjugated hyperbilirubinemia. He fulfilled the clinical BWSp
score with five points, whereas four are required for the clinical diagnosis. However,
we did not find a molecular BWS-correlate. On the contrary, SNP-array revealed
iUPD(7) and iUPD(15) (Figure 16). A double UPD has never been reported in
patients before. This leads us to explore how a double paternal uniparental isodisomy
of chromosomes 7 and 15 can cause a BWS-like phenotype. Further analysis with

MS-MLPA confirmed a clinical suspicion that both iUPDs were of paternal origin.

Figure 16: Result from UPD analysis by SNP array
Chr. 11 (normal) Chr. 7 (iUPD) Chr. 15 (iUPD)
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Screenshot of the result from SNP array, where we did not find any likely pathogenic CNVs.
To the left, chromosome 11 shows normal results with no indication of UPD mosaicism in
the BWS locus. The first row displays the copy number oligos aligned at Log?2 ratio 0,
interpreted as copy number neutral. In the middle and third row (allelic difference and
BAF), the SNPs show normal distribution, with AA, AB and BB distributed as expected. In
the middle frame, the result from chromosome 7 is presented. The first row shows normal
CNV calling. Then there is an automatic LSCH interpretation from the software (the filled
bar) due to the lack of a heterozygous AB line in rows 2 and 3, indicating LSCH of the whole
chromosome due to iUPD. In the third frame, a similar result from the smaller acrocentric
chromosome 15 displays iUPD.
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This analysis also included DMRs on chromosomes 6 and 14, which showed a
normal methylation pattern. UPD(15)pat implied a diagnosis of Angelman syndrome,
which at the time was clinically unexpected. We confirmed the results in DNA from a
separate blood sample and a skin biopsy. WES did not provide any additional
findings that could explain his BWSp or hyperbilirubinaemia. Therefore, we
hypothesized that the dysregulation of imprinted genes in chromosomes 7 and 15
could interfere with the expression of other imprinted genes on chromosome 11 or
perhaps 14, in accordance with the theory of the imprinted gene network. We
performed RNAseq on fibroblast-derived RNA normalized against six samples from
another run to look for an unexpected expression pattern of imprinted genes. The
paternally expressed PEG10 (7q21) was overexpressed, with a six-fold versus an
expected two-fold expression in UPD(7)pat. Among the up-regulated differently
expressed genes (DEGs) in fibroblasts, about 1/10 referred to genes included in gene

sets annotated in “growth” from geneontology.org.

In the submitted article on double UPDs (3), we wrongfully describe PEG10 to be
paternally imprinted. PEG10 is a paternally expressed gene, and hence maternally
imprinted. This mistake is made both in the abstract (page 1/14) and in the start of
discussion (page 7/14, end of the first paragraph). A similar mistake is present in the
end of the result section, (page 6/14) “In summary, (...) highest FC where all
paternally imprinted”, where “imprinted” should be replaced by “expressed”.

Alternatively, “paternally imprinted” should be replaced by “maternally imprinted”.
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5. Discussion

5.1 Methodological considerations

5.1.1 Article | — Anticipation in BWS

Clinical phenotyping:

The clinical details in the family presented in article I are incomplete, especially for
the 2nd generation (the affected mothers). Some pregnancy-related details are
omitted, and more details on the macroglossia and protruding abdomen in childhood
would be interesting. In addition, the use of a scoring system should have been
included. The consensus BWSp scoring system was not developed at the time of
publication (73), but other scoring systems were available. A BWS score would have
made it easier to compare the clinical scores across the generations and look for
significant changes. More details would also make it easier to see if there were more

numerous symptoms, not only a more severe presentation of the symptoms.

Methylation analysis:
As we wanted to investigate and validate increasing methylation levels, we chose

three different methylation analyses:

e MS-MLPA, diagnostically easy-available MS-MLPA, is widely used in
diagnostics and can be compared with the results from other centres.

« We chose subclone bisulfite sequencing as the first verification of the results
from MS-MLPA. This analysis was readily available in-house without much
extra cost. Our initial aim was to confirm the result from MS-MLPA, and we
chose clones overlapping MS-MLPA.

« Finally, we chose NGS-bisulfite sequencing that gives multiple reads of the
methylation depth from several differently methylated sites, not just
surrounding the CGI described above. This analysis would gain additional

information, not just verification.
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Pyrosequencing with bisulphite sequencing could have been an alternative analysis,
which can be used to detect small changes in methylation, including low-level
mosaicism. Unfortunately, this technique demanded special equipment and

adjustments at the laboratory and was unavailable for us.

To search for an underlying IC1 variant, we performed MLPA and CMA, while long-
range PCR and Sanger sequencing of genomic DNA from one of the affected family
members in the second generation were performed by a collaborating laboratory. We
also tested the asymptomatic grandmother by Sanger sequencing when the familial
variant was detected. However, we chose to do a haplotype analysis to confirm the
segregation of the variant in the phenotype in other family members. We also used
this information to easily compare with the French family's haplotype and investigate
if the variant arose on different genetic backgrounds. Functional analysis of the
variant had already been performed, which concluded that the variant affected

OCT4/SOX2 binding, and further validation of this variant was not indicated (76).

Bisulfite sequencing:

Regarding the bisulfite sequencing of clones, there are some remarks. Firstly, the
PCR product chosen for analysis partly overlaps the region already covered by the
MS-MLPA probes, designed for confirmation only. Furthermore, the PCR product
did not include the IC1 or the region surrounding the OCT binding site variant
disclosed in the family. Secondly, the number of clones (6-8) obtained is low, and as
only half of these alleles are expected to be maternal, a random skewing cannot be
excluded. We considered five out of 12 data points noninformative as they were
highly methylated in all samples, including controls (Article I, Suppl. Table 1). Two
out of three controls (three individuals excluding the grandparents) had high
methylation values also in the informative data points, not reflecting their normal
phenotype, and had a normal MS-MLPA and NGS-based bisulfite result. Such a
result can be regarded as a general challenge with the subcloning technique, and we
cannot use the results alone to make conclusions.

Thirdly, we did not discriminate allele-specific (maternal or paternal) clones. This

might have been possible by including an informative SNP. Hence, this analysis does
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not prove that the maternal alleles are indeed hypermethylated (and not
demethylated), as we cannot rule out a random overload of methylated paternal

clones.

NGS-based bisulfite analysis

NGS-based bisulfite analysis addressed most of the remarks mentioned above. This
analysis covered IC1 and the genomic region surrounding the OCT variant, and the
ultra-deep sequencing addressed the second remark, although the identical CpGs
were not analysed. We could potentially have missed a different methylation pattern
in these two regions, but this is less likely as the methylation level in MLPA, bisulfite
subclone sequencing, and NGS are consistent. Methylation analysis of additional
CTSs (CTS1-7) might have answered if other CTSs showed a gradual increase in
generations like CTS6 (B1), but the cost of such analyses was an obstacle. Finally,
our analysis demonstrated an anticipation effect in the H19 promoter region and

CTS6 (B1) but not in CTS1 (B7).

Control groups
We did not conduct a comparison with other (sporadic) IC1-GOM BWS patients and
age-matched controls, as we did not have access to a relevant control group or

inclusion of other patients in our case report.

5.1.2 Article Il — Three faces of CDKN1C

The boy presented clinically with a very high suspicion of BWS, and we found the
molecular cause through diagnostic work-up with MS-MLPA and Sanger sequencing
of CDKNIC. CMA and trio WES analysis did not explain his non-BWSp features, so
we decided to investigate the complex CDKNIC variant further. We suspected a
combined LOF and GOF effect, the latter caused by different predicted splicing
events. The in silico interpretation of the variant was crucial for generating
hypotheses for further studies in this family. This extended interpretation included the
BLAST search of the short, frameshifted C-terminal tail predicted from the use of
alternative acceptor site I, which led us to the CDKNIC-201 transcript.
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Calculating the parental expression levels to analyse imprinting effect and leakage
was challenging due to two main reasons: Variable nonsense-mediated mRNA decay
(NMD), with a probable false low proportion of reads including premature
termination codons (PTCs), and low mapping of the variable PAPA encoding region
by RNA seq, with a positive selection of reads with the CDKNIC-201 transcript not

harbouring this region.

A new analysis with suppression of NMD before RNA-Seq might be more
informative in our family, but due to technical reasons, we prefer comparing results

only from the same RNA-seq flow cell.

We first conducted cDNA Sanger sequencing and qPCR to verify the different
transcripts, but this was inadequate due to multiple hypothetical transcripts and low
expression. Therefore, RNAseq to analyse CDKNIC transcripts was necessary. In
planning this, we compared to already performed RNAseq in other patients and found
a low expression of CDKNIC. This demanded a more costly ultra-deep RNAseq. As
tissue-specific frameshifting was suspected, multiple tissued should preferably be
investigated. However, RNA can be difficult to extract, and we did not have access to
relevant control tissues. Therefore, we only included blood and fibroblast-derived
RNA. Biopsies from other relevant tissues like the placenta, brain and adrenal cortex
were not ethically justifiable nor possible to obtain. We also extracted RNA from
urine by the “Urine Exfoliated Cell and Bacteria RNA Purification Kit, cat#2250”
and “Urine Collection and preservation tubes” (Norgen Biotek Corp, Thorold, ON,
Canada). Unfortunately, there was no urine-RNA yield from the patient or controls

(not included in the article).

We also performed protein studies, and several Western blots on CDKN1C were
made. We used lysates from fibroblasts from the patient and family members, healthy
controls and HeLa-cells, HEC293 cells, and anonymous chorion villi, with two
different Ab p57Kip2 antibodies with both N-terminal (EP2515Y, ab75974) and C-

terminal (Cell signalling #2557) binding, all with inconclusive results with no or very
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weak bands, and bands with variable sizes outside protocol standards.
Cytosol/nuclear fractionation was also unsuccessful. This is probably due to a very
low amount of CDKN1C expressed, and the results are not shown. Similar
unsuccessful attempts at protein studies have been reported before (95). We did not

include the protein studies in the published article.

The functional analysis performed by others has not always been straightforward, as
technical analysis and interpretation are challenging. Due to low expression,
functional analysis of the variant cannot be performed in fibroblast cells. Analysing
HEC293-derived cell lines is possible, but there is no established test for GOF/LOF
in this gene. /n vitro analysis should also be interpreted with caution, exemplified by
the analysis of R281X in HeLa-cells. This variant unexpectedly stimulated protein
function in vitro, i.e. a GOF-effect. However, the patient had a classical BWS-
phenotype without additional features apart from some missing teeth, and hence in
vivo NMD and LOF was suspected (84). A similar analysis for our variant was

therefore not initiated.

The alignment and mapping of reads, including the complex variant and variant
calling, proved challenging in both NGS-based DNA and RNA sequencing. The
variant was called as multiple single events in trio-based WES and was not even
mapped to the reference genome in RNAseq. The latter is relevant for studies using
RNAseq as a first-tier test when searching for potential splicing consequences in

relevant tissues for an undisclosed variant.

5.1.3 Article lll — Double UPD

The boy in article III presented with neonatal overgrowth and endocrine disturbances,
and an imprinting disorder like BWS was immediately suspected. However, testing
for BWS (MS-MLPA) was normal. UPDs can escape molecular detection, and the
initial CMA performed in another hospital was based on an array CGH (comparative
genomic analysis) that will only detect CNVs and not CNV-neutral UPDs.
Alternative methods, such as SNP-based CMA, will detect iUPD and mixed UPD,
visualised by single LCSH, but not total hUPD. Our clinical suspicion of an
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imprinting disorder made us perform another CMA that indeed allowed us to detect
the UPDs. It could be argued that a SNP-array as the first CMA screen in patients
with developmental delay or congenital anomalies is more time-consuming and costly
than array-CGH. However, we considered the higher resolution for CNVs and the
ability to detect LSCH (UPD) clearly outweigh these concerns in clinical practice,

particularly in the suspicion of an imprinting disorder.

The finding of a double UPD of two imprinted chromosomes warranted further
investigations. For methylation analysis in the boy, we performed MS-MLPA
involving both chromosomes 7 and 15 on blood-DNA as a diagnostic workup. After
that, we confirmed the findings in separate samples from different tissues. His
phenotype was reminiscent of a mosaic paternal uniparental diploidy (PUD), which
would have had dramatic clinical consequences due to the increased risk of cancer.
Therefore, we opted to completely rule this out, even though mosaic PUD was not
found in SNP-array and is not readily compatible with non-mosaic iUPDs. A more
global methylation analysis and a CMA and methylation analysis in skin biopsy were
therefore performed with a normal result. The MS-MLPA analyses ruled out other
known imprinting disorders affecting chromosomes 6, 11 and 14, in addition to 7 and
15. We did not test for methylation aberration on chromosome 20 as this was not

clinically suspected.

An alternative analysis might have been the MS-MLPA kit ME034 (multilocus
imprinting), which would include chromosomes 19 and 20, but this kit was not
available in-house. We also considered a more comprehensive genome-wide
methylation analysis. However, as all MS-MLPA was completely normal apart from
chromosome 7 and 15, and the patient did not show asymmetry or other signs of
mosaicism, this costly analysis was not indicated. In retrospect, results from
commercially available platforms designed to analyse multiple imprinting defects
across known genes and loci involved in imprinting disorders (like EpiSign) might be
easily compared to other patients with isolated iUPD(7) and iUPD(15)pat in the

future. However, this was beyond the scope of this study and was unlikely to have
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clinical benefit for the boy. Instead, we were more interested in the clinical
consequences of the imprinting defects and wanted to look at the transcription of

genes by RNAseq.

For optimalisation of this analysis, several skin biopsies, separated in time and
localisation, should have been drawn and analysed in the same run. Both ethical
issues and costs were obstacles to this. It is likely impossible to obtain placenta
biopsy for RNA extraction in clinical practice, even in similar patients. The need for
additional healthy and age-matched controls is not that important. RNA from patients
with isolated paternal iUPD(15) and (7) could have been included for comparison.
However, such biopsies are extremely difficult to obtain, as even single iUPDs are
rare. As a result, the normalisation of RNAseq data excluded many transcripts from
further analysis, including MEST, one of the candidate genes implicated in growth
restriction in UPD(7)mat.

5.2 Discussions of findings

5.2.1 Article | — Anticipation in BWS

Methylation analysis:

Based on studies of a three-generation family in article I, we have molecular data that
support our clinical observation that anticipation can occur in Beckwith-Wiedemann
syndrome. We detected the anticipation effect on methylation in DMS more proximal
to H19: CTS6, CTS7 and the CpG island. In contrast, methylation at the CTS1 closest
to the variant does not exhibit an anticipation effect but is fully hypermethylated
already in the second generation with mild BWS symptoms. To the best of our
knowledge, this is the first report of anticipation in an epigenetic syndrome. We
recommend using the term “anticipation” only in families when there is both a
clinical and molecular correlation. A “clinical anticipation” without a molecular
correlate has been reported (117). Our finding is reinforced by a separate study on a
three-generation-BWS family harbouring the same variant, reported as “methylation

anticipation” by Sun et al. in 2019 (77). Here, additional DMSs were analysed
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(CTS1-7, IGF2-DMRO, IGF2-DMR?2). In CTS1-5, only a slightly increased degree of
methylation of 2% from the second to the third generation occurred, and like our
result, complete methylation of CTS1 already occurred in the second generation. The
other DMSs (CTS6-7, IGF2-DMRO0/2 and H19 promoter) analysed in their study
showed a mild GOM in the second generation and high GOM in the third, which is
also in accordance with our finding in CTS6, where the anticipation in methylation is
found. They could not find an increased phenotypic severity across generations, as
the second generations already had classical BWS. Clinical anticipation was therefore
not confirmed. Furthermore, Sun et al. described a convex shape of the curves
representing the methylation levels in the second generation in the OCT variant
family, not found in controls nor individuals with sporadic IC-GOM. A larger GOM
in DMSs closer to the variant than more distant DMSs explained the shape change in
the overall methylation curve. A similar pattern was also documented in BWS
individuals with other OCT variants but not in BWS individuals with sporadic IC1
GOM (119). Sun et al. included healthy children as controls in their study and
confirmed a consistent normal methylation level of around 50% in all DMSs,
although somewhat higher (about 60%) in CTS7. They also studied age-related
somatic demethylation in IGF2-DMRO and found a slight decline in methylation of
about 5% from young children (median age 4) to adulthood (20-40 years) (77).
However, the demethylation was stable from early childhood. If this age-related
demethylation is comparable for all DMSs in this domain, an adjustment would
probably not affect the result in our study, as two out of three of the individuals in the
3 generation in article I were older than all the control children in that study. In
families with BWS due to OCT variants in IC1, complete methylation of all DMSs
will probably be reached within a few generations, and one generation might even be
sufficient. However, this could depend on the variant, genetic background and
external factors. For a female with seemingly sporadic BWS with complete GOM in
IC1 due to an OCT variant, further (molecular) anticipation in the next generation
(her children) is not possible. However, this implies that her mother must be carefully
clinically examined, as she might have milder phenotypic features that escaped

clinical attention, particularly in adulthood.
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Hypothesis on impaired germline imprint switching

In contrast to random postzygotic remethylation explaining the apparent anticipation,
our data suggest that the maternal and paternal H79/IGF?2 alleles are treated
differently during oogenesis and that only the paternal alleles are subject to
demethylation. Although this new idea needs animal studies for verification, it aligns
with experimental studies on mouse embryonic carcinoma cell lines showing
suppressed demethylation of de novo methylation upon OCT disruption (120).
Furthermore, our hypothesis is the only in line with our data so far. We outline the
hypothesis in Figure 17, an improved version of figure 4 in the published article (1).
The different handling of the alleles regarding parental origin in the oocytes must be
linked to the variant. A female with BWS due to sporadic IC1 hypermethylation will
produce healthy offspring and, hence, the oocyte can demethylate both paternal and
maternal hypermethylated alleles. Our hypothesis is hard to prove without additional
families with identical or another tentative mild variant. However, the hypothesis
could potentially have been dismissed by conflicting results in other family members,
data from generation IV, or data on the paternal transmission of a partly
hypermethylated OCT binding site variant allele.

The gonadal imprinting switch in the oocytes involves mainly the paternal allele
demethylation but also the demethylation maintenance during post-fertilisation
development, e.g., an ability to resist the de novo remethylation after implantation.
Our hypothesis mainly involves a defect in the demethylation process in the gonads.
Alternative explanations focusing on impaired maintenance of a hypomethylated
maternal allele are not excluded. The OCT binding site variant impairs the ability to
resist remethylation. Demethylation is used in establishing hypomethylation and
maintenance due to the protection of somatic remethylation. OCT proteins are
required for DNA demethylation, and the OCT motifs might function as methylation
sensors and, in the hypermethylated state, will suppress demethylation activity in cis.
Lack of OCT/SOX binding might have a double effect: Diminished demethylation in

the gonads and impaired protection from remethylation (120).
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Figure 17: Model of impaired germline imprint switching by BWS IC1 OCT variant
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However, a recent study showed that SOX2 is a so-called super pioneer transcription
factor, able to overcome repressive epigenetic marks like methylation (121). SOX2
binding accompanied by OCT4 binding inhibits DNMT1-dependent methylation
maintenance during replication leading to passive demethylation. In our family,
diminished SOX/OCT binding increased remethylation, placing the main
pathomechanism as a postimplantation methylation defect, not related to the gonadal
switch (74, 121). This is reinforced by a recent function study on different OCT
binding site variants in the A2 repeat in the human IC1 transfected into a P19 cell
system, including the variant in article I. They confirmed that the variants indeed
disrupted postzygotic maintenance of hypomethylation by suppressing induction of
demethylation (74). The variant in our family was associated with more DNA
demethylation residual activity than others, confirming our in-silico assumptions that
this substitution might be milder. Probably, the demethylation suppression is limited
to the nearby CTSs, explaining the completely demethylated CTS7 in the 2nd
generation in our family and the “curves” found by others. However, whether or how

these variants affect demethylation in the gonads is still unknown.

This implies that the anticipation effect (in DMSs further away from the variant) is
difficult to explain by suppressed demethylation maintenance and must involve
stochastic methylation events and other transacting factors. However, we find it
unlikely that our observations on anticipation combined with the recent publication
are entirely due to random differences in protection from secondary remethylation

(77), so our hypothesis is not rejected.

The genomic variant found in this family is recurrent (76) (77) and localised in the
OCT4/SOX2 binding site in the A2 repeat. Other studies have also reported recurrent
pathogenic IC1 variants, most of which are localised in A2, although one SNV was in
the putative consensus site for SOX2 in B3. IC1 SNVs were also found to be more
common than CNVs (12% vs 8%) (119). Extensive IC1 analysis is recommended in
IC1 GOM individuals (73), but analysis restricted to the A2 repeat might be sufficient

in most families.
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5.2.2 Article Il — Three faces of CDKN1C

RNAseq confirmed all the predicted transcripts but one; the mutated transcript due to
the use of alternative acceptor site II. This transcript might not be expressed if this
alternative acceptor site is not used. Alternatively, a tissue-specific expression could
be present even though not detected in our limited blood- and fibroblast-derived RNA
analysis. A low expression beyond our detection is not excluded, but the clinical
significance of deficient expression is unknown.

The C-terminal delins variant in the CDKN/C family is predicted to cause both a
LOF and a GOF. In addition, a novel isoform D is mutated with an unknown function
and consequence. We further discuss the potential consequences of each of the
mutant transcripts detected. Finally, we decipher the phenotype in the boy into three

different “faces”, linked to three different transcripts.

In our article, we argue that

e The mutated isoform from the main transcripts using the canonical splice sites,
Asp274GlufsTerl2, causes LOF and BWS.

o The use of alternative acceptor site I of the main transcripts,
Asp274GlufsTer47, can lead to IMAGe features. However, the non-confirmed
mutated product from the alternative acceptor site 11,

Asp274 276delinsAlaVal, would make a better candidate.
e The mutated hybrid isoform from the novel isoform D with C-terminus from

the common A/B isoforms might cause a neurodevelopmental phenotype.

In our article, we postulated an NLS (N-terminal localisation signal) KRKR
immediately terminal to the delins variant, and we were speculating whether an
expressed mutant transcript missing this signal would induce pathogenicity. Another,
even more, N-terminal NLS has later been confirmed as a nuclear localisation signal
and that a missense change inferring a substituting of the last amino acid residue in
CDKNI1C — R316W— which is also the last arginine in the NLS: RKRLR. The variant
was identified in an individual with BWS, and the mutated protein delocalised from

the nucleus to cytosol in transfected HEK293 cells (90). This might have implications



82

for our patient, as the expressed mutated (hybrid) isoform D now includes a new
nuclear signal that was not present in wt-isoform D. The localisation of wt-isoform D
is so far unknown, but there is a possibility that the hybrid mutant will mislocalise

into the nucleus.

Transcripts including stop codons and nonsense-mediated decay

As the truncated transcript from the consensus splice site encoding
p-Asp274GlufsTer12 (common isoform A/B) was present in both blood and
fibroblasts, NMD had not cleared all transcripts with premature stop codons (PCT) at
the point of analysis. This was unexpected since the PCT was located ~ 100
nucleotides upstream of the last exon-exon boundary, more than 50 nucleotides that
usually is required to trigger NMD (122). The predicted C-terminally truncated
protein product contains substitutions of the same amino acids reported in IMAGe
individuals, even though the substitutions do not produce reported IMAGe-variants.
If the transcript is not degraded, this product might also have IMAGe-like effects.
The RNA product from alternative acceptor site Il would include known IMAGe
substitutions a not be terminated. However, we did not detect this transcript in our

analysis.

Non-degraded C-terminally truncated transcripts could potentially exhibit a toxic
effect causing developmental delay, but we consider another candidate for the
neurodevelopmental phenotype; the mutant CDKN1C-20]— with an expression

of ~40% of all CDKNIC-transcripts in the family. Expression level in the healthy
control was lower, only 15.6%. The lower reading depth could partly explain the less
accurate result in control. However, NMD partly clearing mutated non-CDKNIC-
201-transcripts with PCTs will increase this family's relative amount of

mutated CDKNIC-201. In contrast to wtCDKNIC-201, mutated CDKNI1C-201 uses
the canonical reading frame, resulting in a potentially mislocalised fusion product that

may cause the unusual features in the boy.

The reason why RNA analysis verified a high level of RNA suspected to succumb to
NMD must be addressed elsewhere. However, NMD is known to be variable and
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could also be an in vitro artefact. Furthermore, NMD-suppression in general for this
gene is highly unlikely, as no other reported individuals with
truncating CDKNIC variants in the same region have a developmental delay or

IMAGe-phenotype (84).

Parental expression and paternal leakage

Due to variable NMD, the calculation of the relative transcripts can be misleading
when measuring the degree of imprinting. Mutated CDKNIC-201 is not predicted to
degrade at the RNA level. Looking at this transcript only, the mother expressed
1/14=7.1% delins CDKN1C-201 of total CDKN1C-

201, grandfather 16/32=50.0% and the boy 30/44=68.2% (blood) and 50/81=61.2%
(fibroblasts), demonstrating a slightly higher degree of imprinting than the other
mutated CDKN1C transcripts, shown in figure 5 in the article. RNA-Seq does not
map in the repetitive PAPA region. This means that any attempt to quantify
transcripts, including the PAPA region, must be interpreted cautiously. The RNAseq
read depth in the GC-rich PAPA region is almost zero (see Suppl 4 in article III).
Other transcripts lacking PAPA (e.g. CDKNIC-201) could be wrongfully reported as
more abundant. This reduces opportunities for detailed and unbiased parental
expression analysis.

Our data add to earlier reports of maternal expression in humans (with ~1/20
expression of the presumed paternal allele) in all tissues examined but the fetal brain
(94), where biparental and higher expression was found. Later studies have reported
maternal only expression in fibroblasts (95), biallelic expression verified with RT-
PCR in blood and kidney in 3/5 BWS individuals (96), and lastly, a leaky (20-50%)
paternal allele in lymphoblasts verified with RNA-seq, although statistically
insignificant due to the low number of reads (98). Mouse studies have shown

that external factors can challenge Cdknlc-imprinting in utero, i.e., maternal protein
deprivation causes lifelong de-repression of the paternal allele (123), which indicates
that imprinting status and expression are not static. Deep RNA-Seq analysis of
several informative CDKNIC families with a substitution not predicted to undergo
NMD could elucidate the degree of imprinting in blood and fibroblasts. However,
since the CDKNIC-output from RNAseq was so variable and often low, such an
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analysis would probably only give uncertain estimates, and only the ratios in that
tissue could be determined, which probably does not reflect, e.g., brain tissue. Our
findings imply that analysis of expression of different isoforms, including isoform D

(A6NKS&S) in the brain, is clinically more relevant.

Neurodevelopmental phenotype

We argue that the CDKN1C-201 is highly expressed in the brain, that the protein is
involved in cortical development, and that a mild neurological phenotype is
overrepresented in BWS. Additional studies supporting CDKN1Cs involvement in
brain development are also published: A constitutive knockout of Cdknlc in mice
drives brain overgrowth (macrocephaly and cortical hyperplasia), while brain-specific
conditional deletion drives cortical thinning, nonobstructive hydrocephalus and
cerebellar malformation (124, 125). A conditional heterozygous Cdkn1c-flox mat
induced microcephaly and severely affected cKO mice (126). The translation into
human brain development is missing, but this remains to see whether isoform D

might explain some of this in the future.

CDKNIC and other members of the CIP/KIP proteins are intrinsically disorganised
proteins (IDPs), meaning that there is no rigid 3D conformation, and parts of the
proteins are disorganised and often fold after binding to partners (127). The C-
terminal region (Cyclin-dependent kinase inhibitor domain) is highly disorganised, a
feature of functional promiscuity and plasticity, probably partly by post-translational
modification like phosphorylation. CDKNIC has three phosphosites; Ser28
(conserved), Ser282 and Thr310. This implies that the complexity of the gene and its
isoforms are even more significant than anticipated, making it more challenging to
generate hypotheses on the functions of this gene, both wildtype and mutated

isoforms.

Loss-of-Function versus Gain-of-Function effects
A combination of IMAGe and BWS in the same individual has not been described
before. However, phenotypic elements from both gene activation and loss-of-function

in the same individual were reported as early as 1994, with a fascinating example
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involving another imprinted gene, GNAS, encoding the G-protein Gsa-subunit. Two
unrelated boys harbouring A366S-substitutions presented with testotoxicosis and
precocious puberty due to constitutive activation in the cool testis, but the
thermolabile Gsa led to Gs-degradation at body temperature and hence LOF and
clinically pseudohypoparathyroidism la (128). Other examples of both GOF and
LOF effects from the same variant are RET-mutations leading to oncogenic activation
and clinically Multiple Endocrine Neoplasia type 2A but also Hirschsprung

disease (129), FNLA-mutations with both activating (Oto-palato-digital spectrum
disorders) and inactivating (periventricular nodular heterotopia) effects (130) (131)
(132), a GDF5-mutation causing simultaneous multiple synostoses and brachydactyly
(133) and lastly an SMCHD [-variant present in both Bosma arhinia microphthalmia
syndrome and facioscapulohumeral muscular dystrophy type 2, and likewise one

individual with both conditions (134).

5.2.3 Article lll - Double UPD

We verified a clinically suspected imprinting disorder in the newborn boy, but the
result of double UPD was surprising and novel. For patients fulfilling the BWS score
but having an alternative explanation for the findings, the diagnosis of BWSp is
inappropriate. An example of this can be Kagami-Ogatas syndrome (KOS), i.e. due to
UPD(14)pat, that can present with cardinal BWSp features including omphalocele
and macroglossia, and suggestive features like polyhydramnios/placentomegaly,
childhood tumour with hepatoblastoma, and macrosomia, possibly achieving BWSp
score of eight points (19). Neither UPD(7)pat or UPD(15)pat (Angelmann syndrome)
are associated with BWSp, but we still think the double UPD is the explanation for
his phenotype. Trio WES was performed to look for alternative genetic disorders,
particularly recessive diseases demasked by the UPDs, but this analysis was also

negative within the limitations of the test.

A series of similar patients or a molecular correlate is needed to prove an association
between BWSp phenotype and the double paternal UPDs (or UPD(7) alone).
A literature search indicated that UPD(7)pat could be implicated in overgrowth and

placentomegaly, but the data is not convincing. However, the more specific and rare
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feature of conjugated hyperbilirubinaemia with or without hyperinsulinism seemed to
be enriched in patients with paternal UPD, including UPD(7) and mosaic PUD, and
screening for imprinting disorder can be implemented in patients with unexplained
conjugated hyperbilirubinemia. However, our analysis did not find a suitable

candidate gene for this phenotype among the differentially expressed genes.

The RNAseq did not support the Imprinting Gene Network (IGN) as there were no
other imprinted genes outside chromosomes 7 and 15 among the differently
expressed genes fulfilling the criteria. On the other hand, we did find upregulation of
several genes, of which 1/10 were enriched in gene sets involved in growth.
Moreover, PEG10 on chromosome 7 was found to be upregulated beyond expectation
(sixfold vs doubling of the expression level). PEG10 is also among 11 confirmed
genes imprinted in the placenta and, therefore, an excellent candidate to be implicated
in neonatal and placental overgrowth (10). Only 11 genes were confirmed to be
imprinted in the placenta, including three genes in the BWS loci on 11p15.5 (IGF2,
H19 and PHLDA?2), three in chromosome 14q32.2 (DLK1, RTL1, MEG3), and two in
chromosome 7q (PEG10, MEST), and no genes originating from chromosome 15.
Another recent study on a BWSp correlate in ruminants, Large Offspring Syndrome
(LOS), which overlapping symptoms and molecular background, found upregulation

of PEG10 in affected LOS animals, supporting the role of PEG10 in BWS (135).

PEG10 upregulation should preferably have been confirmed in another experiment
with a different tissue sample from the boy. However, even if this were confirmed,
the cause of the upregulation would still be unknown. Are the upregulations solely
due to the UPD(7)pat, the combination with UPD(15)pat, or perhaps a combination of
any two paternal UPDs, or another undisclosed molecular cause? PEG1( expression
should be compared in other UPD and PUD patients. In summary, we suspect the
UPDs to cause the BWSp, perhaps due to PEG10 overexpression, but the molecular

links remain to be proven.
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Interestingly, our articles highlight two genes with a remarkable and rare feature;
both PEG10 (paternally expressed) and CDKNIC (maternally expressed) have
alternative reading frames giving rise to very different protein isoforms. PEG0 has a
longer isoform PEG10-RF1/2 translated from -1 ribosomal frameshifting from the
same mRNA (136). We also showed that CDKNIC has a translated isoform D
(A6NKS88) from the hitherto not confirmed transcript CDKNIC-201 involving
frameshifting of the last coding exon. Alternative transcripts are common in
eukaryotes, but non-canonical reading frames are rare in human genes, as discussed
in article II, but are more common in prokaryotes. PEG10 is a retrovirus-like gene
that belongs to a retrotransposon family and includes a retroviral GAG domain.
Retroviruses that use RNA as the genetic code contain all three reading frames,
exploiting the potential with as little RNA as possible. In contrast, eukaryotic cells
usually only have one reading frame. Genes with multiple reading frames may need
more robust regulations like monoallelic expression, or retroviral-like structures

attract methylation.

5.2.4 Recurrence risk and implications for genetic counseling

The recurrence risk of BWSp in these families must be assessed individually and
depends on the molecular background. In the families in the articles, I and II, an
autosomal dominant inheritance pattern was found, where heterozygous carrier
females, disregardless of being clinically affected or not, would have a 50% risk of
having a child with BWSp. We offered family members testing, and prenatal
diagnostic and preimplantation genetic diagnostics were discussed. The affected
children will be offered counseling follow-ups in the future. The clinical features in
these families are highly variable. In the family with the OCT variant, a high risk of
childhood cancer (Wilms tumour) is highly relevant, as they belong to the molecular
subgroup of BWSp (IC1 GOM) with the highest overall tumour risk of 28%.

In contrast, the CDKNIC family in article II belong to the group with an overall risk
of childhood cancer of 6.9%, and abdominal ultrasound screening for neuroblastoma
is warranted (73). Moreover, a pregnant mother carrying an affected child

with CDKNIC associated BWSp will have a high risk of pregnancy-related

complications, like preeclampsia, and polyhydramnios. In addition, a high risk of
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abdominal wall defects and the child's high mortality risk must be addressed. All
newborns with BWSp must be assessed for hypoglycemia and hyperinsulinism, but in
this CDKNIC family, there might also be a risk of life-threatening congenital adrenal
hypoplasia.

For the family presented in article III, the double UPD was considered a sporadic
event associated with increased maternal age, with a low recurrence risk for UPD and
negligible risk to other family members. Nevertheless, we offer prenatal diagnostics
in this family due to advanced maternal age. The cancer risk in the affected boy is
unknown. However, BWSp-like screening was offered, as individuals with classical
BWSp with a positive score but without a molecular correlate have an overall risk for

childhood tumour of 6.2% (73).

5.3 Limitations of the present studies

All three articles describe single families with novel molecular findings. However,
the most significant limitation of this study is the lack of confirmation in additional
families, and not being able to repeat the experiments and validate the hypotheses.
Furthermore, when dealing with rare disorders and individual families we cannot
adjust for socioeconomic factors or analyse the individual’s genetic and
environmental background. Besides the family presented in article I (4dnticipation in
BWS), only two other families with either clinical or molecular anticipation have been
published (113) (74). The most significant limitation is the lack of confirmation in
multiple families. Therefore, the clinical relevance is probably limited only to a
minority of BWS families with IC GOM. However, the variant seems to be recurrent,
so possibly similar families can be detected and described in the future, hopefully
allowing for more conclusive evidence. Furthermore, other studies have not
reinforced the hypothesis generated in article I. On the contrary, the defects are
documented to involve postzygotic maintenance rather than the gonadal switch (71).

However, the anticipation effect is yet to be explained by another hypothesis.
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The likelihood of detecting the CDKNIC variant described in article II in other
individuals is extremely low. However, the findings can still be of value for other

patients, either with isoform D variants or combined BWS and IMAGe.

In the boys in articles II and I1I, we searched for alternative molecular explanations
for their atypical phenotype by trio WES analysis. However, this analysis has known
limitations, and variants can go undetected. This could happen due to inadequate lab
analysis, pipelines or interpretations, or other obstacles like a quality failure,
pseudogenes and repeats, complexity of the variant, inheritance pattern, synonymous

variants, (deep) intronic variants, and CNVs.

The genetic findings in the articles in this thesis are all extremely rare. However, the
basic genetics we learned will be helpful to scientists and clinical geneticists
specializing in rare disorders. In addition, the molecular findings in the three families
will hopefully inspire others dealing with imprinting disorders to search for a
potential underlying mechanism, which is required to give adequate genetic

counseling.
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6. Main Conclusions

We present evidence for clinical and molecular anticipation in a family with
Beckwith-Wiedemann syndrome (BWS) and gain of methylation in imprinting centre
1 (IC1) due to an underlying pathogenic OCT binding site variant in IC1 in cis. The
methylation level increased through the generations in differently methylated sites in
IC1 that had the longest physical distance to the variant. Furthermore, we presented a
hypothetical explanation for this, inferring different handling of the parental

chromosomes during the gonadal reset of imprinting.

We also documented tissue-specific frameshifting and different molecular
pathomechanisms for a single delins-variant in CDKNIC, explaining both BWS and
the mirror syndrome IMAGe in the index boy. Moreover, the complex variant
affected a hitherto not reported D-isoform of CDKN1C (CDKNI1C-D, also called
A6NKS8S8) with high expression in the brain. We speculate that mutated isoform D is
the cause of neurodevelopmental delay in the boy, not earlier described as associated

with CDKNIC.

Lastly, we report on a baby boy with a double paternal uniparental isodisomy (iUPD),
involving the two imprinted chromosomes 7 and 15. The UPD(15)pat is a rare cause
of Angelman syndrome, which only later became clinical evident in the boy, while
the UPD(7)pat is not known to be pathogenic or associated with a phenotype.
However, since we did not find any other molecular explanation for his BWSp,
including methylation disturbances on 11p15.5 or evidence for an imprinted gene
network, it remains possible that our finding of overexpression of the imprinted gene
PEG10 (7921.3) caused his overgrowth, and PEG0 appears to be a good candidate

gene for intrauterine growth regulation.

Isodisomic UPDs are related to increasing maternal age and can result from meiotic
errors different from the traditionally non-disjunction type of errors. We outline the

most probable maternal meiotic errors causing the double paternal UPDs.
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6.1 Implications for clinical practice:

Anticipation is documented in BWS with IC1 GOM. A mother in a BWS
family might present as mildly or unaffected carrier, and the pedigree can be
misleading. Familial BWS is not excluded in a sporadic patient with partial or
incomplete GOM in IC1, in whom we usually suspect a postzygotic, mosaic
epimutation. All individuals with IC1 GOM should be tested for an underlying
pathogenic variant in IC1, starting with CNV analysis, followed by an A2
repeat analysis to ensure correct information for genetic counseling.
CDKNI1C-201 (isoform D) should be included as a transcript possibly
associated with a neurodevelopmental delay and analysed in clinical studies.
Since this transcript is not included in publicly available databases used in
variant interpretation, such as gnomAD, Alamut and Decipher, it will be
difficult to detect a missense VUS in the standard transcripts (CDKNIC-
202/203/204) that may induce frameshifting in CDKNIC-201.

Combined GOF and LOF caused by the same variant in a gene must be kept in
mind as a possibility in individuals with unusual phenotypic presentations.
Multiple reading frames leading to different isoforms with different functions
can be present in small, imprinted genes, and this must be manually searched.
This study highlights the relevance of UPD in clinical settings when an
imprinting disorder is suspected due to huge placental size, neonatal
overgrowth, endocrine abnormalities and specific developmental disorders.
Imprinting disorder beyond BWS should be included as a differential
diagnosis in neonatal hyperinsulinism and conjugated hyperbilirubinemia.
High-density SNP-array is superior to array-CGH in clinical settings and
detects UPDs, not limited to imprinting disorders. However, SNP-array will
not detect complete heterodisomies, which is common in UPD(15)mat
(Prader-Willi syndrome), and MS-MLPA is needed when screening for causes
of neonatal hypotonia.

In BWSp individuals with macrosomia and placentomegaly, UPD(7)pat or

other paternal UPDs should be in the differential diagnosis spectrum.
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7. Future perspectives

We were the first to describe molecular anticipation in BWS in article [ in 2013. It
has since been frequently cited, indicating its relevance to the science of imprinting
disorders and mechanisms. Probably, it was an important inspiration for the
publication of a similar family with molecular anticipation in BWS (77). Therefore, a
natural next step after these studies would be to investigate how the IC1 variants
affect gonadal imprinting. This could be done using transgenic mice with a human-
type IC1 defect to model the molecular consequence of the different variants found

by us and others.

The anticipation mechanism in imprinting disorders might not be limited to BWS.
Another disorder involving an intergenic DMR is Kagami-Ogata syndrome (KOS) on
chromosome 14q32 (gDMR): MEG3/DLK1:1G-DMR. 10-20% of KOS are due to an
epimutation (GOM), often due to an underlying microdeletion. Indeed, an underlying
SNV in the IG-DMR imprinting centre should also be investigated, even in milder
KOS with partial GOM.

To investigate possible brain interaction partners of CDKNIC-201 (A6NK88), we
have recently performed yeast two-hybrid (Y2H) screening (unpublished). The results
are still very preliminary with a candidate gene KMT2C (MLL3), but this and similar
approaches could potentially reveal more about how rare mutations in alternative
transcripts might cause disease through disturbed functional networks. The article

on CDKCNI is cited in NCBI’s review on IMAGe

syndrome https://www.ncbi.nlm.nih.gov/books/NBK 190103/, highlighting the

clinical relevance of the finding, and hopefully, this will inspire other clinicians and

scientists to investigate similar complex variants.

Further studies on growth patterns might clarify whether a UPD(7)pat overgrowth
phenotype exists. Our study points to PEG0 as a candidate growth regulator, and
individuals with UPD(7)pat might be eligible for gene expression and phenotype
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correlation studies. UPD(7) pat should be tested in individuals with BWS-like
overgrowth without 11p15.5 aberrations. It is also important to analyse PEG10
expression in individuals with molecularly verified BWS to look for associated

upregulation, as indicated in LOS ruminants (135).

Our articles may stimulate further studies on small, imprinted genes with non-
canonical reading frames like PEG10 and CDKNIC. In addition, there might be other

clinically relevant undisclosed transcripts with a novel function.

Another study published at the same time as article III showed that PEG10 is a target
of UBE3A and that UBE3A is a posttranslational negative regulator of PEG10,
while PEG10 mRNA levels remain unaltered in Angelman syndrome neurons

and UBE3A-rescued neurons (137). In other words, individuals with AS, regardless of
mechanism, might have elevated brain PEG10 protein due to decreased
posttranslational degradation. They also found that increased PEG10 levels might
affect neuronal migration and thus contribute to the pathophysiology in AS. There
was no indication that the affected boy in article III with increased PEG10 mRNA
level and AS had a more severe neurological phenotype than expected. On the
contrary, our initial impression was a slightly milder AS phenotype in him, but he is
too young for formal assessments. Further studies on PEG10 might shed light on this
in the future.
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Classical Beckwith-Wiedemann syndrome (BWS) was diagnosed in two sisters and their male cousin. The children’s mothers
and a third sister were tall statured (178, 185 and 187 cm) and one had mild BWS features as a child. Their parents had
average heights of 173 cm (mother) and 180 cm (father). This second generation tall stature and third generation BWS
correlated with increased methylation of the maternal H19/IGF2-locus. The results were obtained by bisulphite treatment and
subclone Sanger sequencing or next generation sequencing to quantitate the degree of CpG-methylation on three locations: the
H19 promoter region and two CTCF binding sites in the H19 imprinting control region (ICR1), specifically in ICR1 repeats B1
and B7. Upon ICR1 copy number analysis and sequencing, the same maternal point variant NCBI36:11:2.1979595T >C that
had been described previously as a cause of BWS in three brothers, was found. As expected, this point variant was on the
paternal allele in the non-affected grandmother. This nucleotide variant has been shown to affect OCTamer-binding transcription
factor-4 (OCT4) binding, which may be necessary for maintaining the unmethylated state of the maternal allele. Our data
extend these findings by showing that the OCT4 binding site mutation caused incomplete switching from paternal to maternal
ICR1 methylation imprint, and that upon further maternal transmission, methylation of the incompletely demethylated variant
ICR1 allele was further increased. This suggests that maternal and paternal ICR1 alleles are treated differentially in the female
germline, and only the paternal allele appears to be capable of demethylation.
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INTRODUCTION
Beckwith-Wiedemann syndrome (BWS, OMIM no. 130650) is an
overgrowth condition caused by epigenetic or genetic alterations in
the imprinted H19/IGF2-KCNQI/CDKNIC locus, spanning nearly
1 Mb in 11p15.5." The two major causes of BWS are increased IGF2
expression or decreased CDKNIC expression. The growth inhibitor
CDKNIC is normally expressed from the maternal chromosome 11.
On the paternal chromosome, inhibition of CDKNIC is associated
with the expression of a long noncoding RNA called KCNQIOT]I or
LITI antisense to KCNQI, the potassium channel gene involved in
long-QT-syndrome type 1 and Jervell/Lange-Nielsen syndrome. In
contrast, the growth factor IGF2 gene is expressed from the paternal
chromosome only. On the maternal chromosome, the noncoding
RNA gene H19 is expressed instead. The choices between H19 or IGF2
expression, and LITI or CDKNIC expression, are regulated
epigenetically. IGF2 expression is associated with methylation of the
insulator (CTCF) binding sites between H19 and IGF2, also called
imprinting centre region 1 (ICR1), and CDKNIC expression is
associated with methylation of the LITI promoter, also called
imprinting centre region 2 (ICR2).

The regulation of 11p15.5 imprinting that causes monoallelic
paternal IGF2 expression and monoallelic maternal CDKNIC expres-
sion is complex, which also explains why there are many different

molecular causes of BWS.2 The most common cause is reduced
expression of CDKNIC, which is usually due to sporadically occurring
reduction in maternal ICR2 methylation (~50% of BWS cases), but
sometimes associated with maternal CDKNI1C mutations (5-10%).
The second most common cause is IGF2 overexpression, usually due
to paternal uniparental disomy of 11p (~20% of BWS cases), but
also to inappropriate ICR1 methylation on the maternal allele, which
inhibits HI9 and stimulates IGF2 expression (~5%).' In the latter
situation, small deletions or mutations in the ICR1 that are likely to
disrupt the insulator function of the region have been observed with a
high sibling recurrence risk.>~® Recently, it was found that such small
and overlapping deletions of ICR1 had variable effects on methylation
of the maternal ICRI, indicating that maintenance of maternal
hypomethylation was partly dependent on the spatial arrangement
of the CTCF binding sites.®

Here, we describe a family with a previously reported ICR1 single
nucleotide variant (NCBI36:11:¢.1979595T>C) in an OCTamer-
binding transcription factor-4 (OCT4) binding site and a gradual
increase in ICR1 methylation over the next two generations, the first
generation being tall statured, the second generation having full-BWS
phenotype with Wilms tumours. This family indicates that ICR1
mutations may affect the ability to establish a maternal ICR1
methylation pattern of the paternal allele in female gonads, that is,
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to demethylate the paternal ICRI1 region. Our data also indicate that
the maternal and paternal ICR1 alleles are treated differently in the
maternal gonads, that is, that the maternal alleles are not demethy-
lated (if methylated) in the maternal germ line, and may later be
subject to a passive (stochastic) increase in methylation. To the best of
our knowledge, this is the first description of anticipation in an
epigenetic syndrome.

PATIENTS AND METHODS

Family

BWS was diagnosed in two sisters (III-1 and III-2) and their male cousin (III-3,
see Figure 1). Elective caesarean section was performed in both sisters due to
large babies. Both sisters had classical BWS features including Wilms tumour
and visceromegaly. III-1 was born in week 38 with macroglossia and large
kidneys, birth weight was 4860 g (860 g>97.5" centile), length 53 cm (97.5%
centile). As an infant, she was successfully treated for Wilms tumour with
chemotherapy. At age 6 years, an operative tongue reduction was performed.
1II-2 was born at term with macroglossia and large kidneys, birth weight 5280 g
(880 g>97.5" centile). At age 9 months, she was nephrectomised due to Wilms
tumour in her right kidney and mild nephroblastomatosis in her left kidney
was also detected. The sisters are now 10 and 13 years, and both have good
school performances and growth parameters in upper percentiles (III-1 97.5%
centile and I1I-2 95T centile). Their male cousin (I1I-3, DZ twin) died from
medical complications after a caesarean section in week 29. There was marked
polyhydramnios. Birth weight was 2130 g (330 g>97.5" centile), length 44 cm,
head circumference 28 cm and he had visceromegaly (especially of the kidneys),
macroglossia and general subcutaneous oedema. In comparison, his healthy
unaffected DZ sister 11I-4 was 1170g (5™ centile), 38 cm and had the same
head circumference at birth. None of the three affected children had neonatal
hypoglycaemia, were markedly asymmetric or had transverse creases on their
ear helices. The children’s two mothers and the mothers’ sister were tall
statured (178, 185 and 187 cm, that is, lengths from the 96 centile and above)
with large hands, and at least one had mild BWS features (large tongue,
protruding stomach) as a child (II-1 in Figure 1). The sisters’ parents had
heights of 173 cm (mother, 85t centile) and 180 cm (father, 75™ centile), and
none of them had any BWS-like features as infants. II-1 was born at term with
a large tongue and birth weight 5kg (0.4kg>97.5" centile). 11-3 and 1I-4 are
DZ twins born in week 31 with birth weights 1800g (50™ centile) and 2350 g
(99™ centile), respectively, and 11-4 also had a large tongue. All sisters have very
mild and asymptomatic scoliosis, no hemihyperplasia and normally sized
tongues as adults.

Methylation specific multiplex ligation-dependent probe
amplification (MS-MLPA) analysis and bisulphite treatment
followed by subclone sequencing

Blood DNA samples were obtained from all individuals except I1I-1 and III-2,
where only saliva DNA samples could be obtained. MS-MLPA copy number
and methylation analysis of the BWS/Silver-Russell syndrome region on
chromosome 11 was done in the routine diagnostic laboratory using the
SALSA MLPA MEO030 kit version C2 (MRC-Holland, Amsterdam) and
following the manufacturer’s instructions. We also obtained saliva DNA
samples from II-1 and II-4 to compare with the results of MS-MLPA analysis
of blood DNA, and similar levels of methylation was found: 0.7 in saliva DNA
from both individuals, compared with 0.71 and 0.75 in their blood DNA
(Figure 1). The bisulphite conversion of DNA was performed with Applied
Biosystems methylSEQr Bisulphite Conversion Kit (Life Technologies, Carlsbad,
CA, USA), according to the manufacturer’s protocol. PCR was performed
using primers designed by Methyl Primer Express Software v1.0 (Applied
Biosystems, Life Technologies) for bisulphite sequencing-specific PCR. Forward
primer: 5 -ATTATTTTGGTTTTTGGTGAGG-3" (unconverted: 5'-ACCACCT
TGGCCTTTGGTGAGG-3'); reverse primer: 5'-ATACCATAAAAATTCCCC-
CATA-3' (unconverted: 5'-ATGCCATGGAAATTCCCCCATG-3) (HG19: chrll:
2019867-2020153). M13 tails were added to all the primers as part of our
routine to obtain uniform PCR conditions. PCR was performed in a 25pl
reaction containing 1x AmpliTaq Gold 360 Master Mix Forward (Invitrogen, Life
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0.46/0.49/0.53 0.49/0.45/0.54

0.71/0.71/0.81 0.60/0.87/0.63

0.75/0.71/0.74

m 1 2 3

1.06/0.90/0.84 0.82/0.82/0.73 0.67/0.86/0.85

Figure 1 Family pedigree. The degree of methylation of the locus between
HI19 and ICR1 was investigated by routine MLPA testing and bisulphite
subclone sequencing, indicated by the (first ratio/) and (/middle ratio/),
respectively. The methylation of the CTCF binding site 6 (CTS6) within the
Bl repeat was investigated by bisulphite next generation sequencing,
indicated by the (/final ratio) below the pedigree symbols.

Table 1 Mean degree of ICR1 methylation in the first, second and
third generations with 95% confidence intervals (parentheses)

MLPA-test Bisulphite sequencing

0.48 (0.45-0.51)
0.71 (0.66-0.76)
0.84 (0.81-0.87)

0.47 (0.39-0.55)
0.75 (0.72-0.78)
0.86 (0.81-0.91)

1. generation (n=2)
2. generation (n=3)
3. generation (n=3)

Abbreviations: ICR1, imprinting control region; MLPA, multiplex ligation-dependent probe
amplification.

Technologies, Carlsbad, CA, USA), 16% 360 CG enhancer (Invitrogen, Life
Technologies), 10pm forward primer and 10pM reverse primer. The PCR
conditions were as follows: denaturation at 95 °C for 5min, 5 cycles of 95 °C for
305, 50 °C for 2min and 72 °C for 3 min, followed by 35 cycles of 95 °C for 305,
58 °C for 1 min and 72 °C for 3 min, and finally a hold at 60 °C for 60 min. The
PCR products were then cloned using TOPO TA Cloning Kit for Sequencing
(Invitrogen, Life Technologies), following the manufacturer’s instructions. Ten
clones were purified using QIAprep Spin Miniprep kit (Qiagen, Hilden,
Germany) and sequenced by Sanger sequencing using the BigDye Terminator
v1.1 Cycle Sequencing Kit (Applied Biosystems, Life Technologies, Calrsbad, CA,
USA) with T3 or T7 primers. Clean up was performed using the using Big DyeX
Terminator purification (Applied Biosystems, Life Technologies). The sequences
were resolved on a 3730 Genetic Analyser (Applied Biosystems, Life Technol-
ogies) and analysed with QUMA (Riken, Japan). To calculate the average
methylation level in controls (1= 5, including the grandmother of the family)
and affected (1= 3 per generation, see Figure 1), the average of all measurements
per sample was first calculated, and thereafter the mean per group (Table 1). For
MS-MLPA, four repeated measurements per sample were done, and for
bisulphite sequencing, seven informative positions with differential methylation
were measured once per patient (see Supplementary Table 1 and Supplementary
Figure 1 with legend for details). Five data points were noninformative because
they were highly methylated in all samples with no difference between patients
and controls (Supplementary Table 1), and these data points were therefore
excluded. The individual MS-MLPA and bisulphite data can also be seen in
Figure 1, and mean data with 95% confidence intervals can be found in Table 1.

Bisulphite treatment followed by next generation sequencing

Bisulphite treatment was conducted using the EZ DNA Methylation-Gold Kit
(Zymo Research Europe, Freiberg, Germany) according to the manufacturer’s
manual. For each individual bisulphite amplicon libraries were generated and
sample-specific barcode sequences were added. The amplicons were purified,
diluted and clonally amplified in an emulsion PCR before sequencing on the
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Figure 2 lllustration of the H19/IGF2 ICR1. Above the line approximate positions of CTCF binding sites are marked with green dots, and OCT4 sites are
marked with blue dots. The position of a CpG island in the HI9 promoter is shown above the line. Below the line the differentially methylated CpG sites
investigated by the routine MLPA kit are marked with red dots, and these sites are not included in the segment from the CpG island (marked as ‘PCR
product’) that was investigated by bisulphite treatment followed by subclone sequencing and that contained seven differentially methylated CpG sites. The
position of the common ~ 1.8 kb microdeletion® associated with BWS is marked with a red bar, and the OCT4 binding site mutation is also shown, as well
as the sequencing result of |I-3 before and after McrBc digestion of methylated DNA. Please note that the g.2023019A>G mutation corresponds to the
T>C mutation on the antisense strand, which was described byl0. The position of CTCF binding sites (CTS) in ICR1 are shown, and of these CTS6 and

CTS1 were investigated by next generation bisulphite sequencing.

Roche/454 GS junior system was carried out. For subsequent data analysis the
Geneious software (Biomatters, Auckland, New Zealand) and BigAnalyzer HT
were used.” A detailed description has been published elsewhere.® A minimum
of 1058 reads for each sample was obtained. The average conversion rate was
99.0% for CTSI and 99.1% for CTS6.

ICR1 sequencing

After confirmation of complete 11p15 grandmaternal haplotype segregation
with large growth/BWS (Supplementary Figure 2), ICR1 and the H19 proximal
promoter (HG19:chr11:2,020,402-2,024,682) were sequenced by standard meth-
ods from a product of 4281 bp generated using primers 5'-TGCACATACTTTG
CACATGG/CGCTGTGGCTGATGTGTAG-3/, as described;® further details are
available on request. To determine the parental origin of the sequence variant,
200 ng genomic DNA was cleaved using restriction enzyme McrBc (New England
Biolabs, Ipswich, MA, USA) following the manufacturer’s instructions; then DNA
was desalted and concentrated using Amicon 30K microconcentrator columns
(Millipore, Billerica, MA, USA) before amplification using primers 5'-CAACACA
AGGATCCTAGACC/TCTTCGTATCGGGCCATATC-3' and Sanger sequencing.

RESULTS

Our family shows dominant inheritance of BWS with a clinical
picture that is compatible with anticipation (Figure 1). This impres-
sion was in line with the results of the routine MS-MLPA methylation
testing of the BWS locus, which showed an increase in ICR1
methylation from normal level (0.49) in the grandmother to ~0.71
in the second generation with tall stature and ~0.84 in the third
generation (Table 1, Supplementary Table 1), in the three children
with classical BWS (Figure 1). These data were reproduced by
bisulphite treatment and subclone sequencing to measure the degree
of CpG-methylation of the HI9 differentially methylated promotor
region (Figure 2).

European Journal of Human Genetics

To investigate whether the same tendency could be found in the
CTCF binding sites (called CTS and numbered from 1 to 7) of the
ICR1 repeats (Figure 2), the degree of methylation of two such sites
was investigated by highly quantitative next generation bisulphite
sequencing: CTS6 in B-type repeat B1, on the H19-side of ICR1, and
CTSI1 in B-type repeat B7, on the IGF2-side of ICR1 (Figure 2).
Although CTS1 was fully methylated already in the grandmother’s
children (II-1, II-3 and II-4; Supplementary Table 1), CTS6 showed
the same tendency towards increased methylation from generation II
to III. In the mothers of generation II, the average degree of
methylation was 73%, and in their children, the average degree of
methylation was 81% (Figure 1). It thus seems that CTS1 was more
prone to acquire methylation than CTS6.® To further illustrate the
molecular correlation to the observed clinical anticipation,
methylation heat maps of the degree of CTS1 and CTS6
methylation from the grandmother to daughters to grandchildren
are shown in Figure 3. Of note, the degree of methylation in CTS6
correlates well with the clinical severity (Figure 3), that is, the number
of BWS symptoms and findings (see above; 1I-3 <II-4 <II-1 and III-
2 <III-1<III-3). All normal individuals had heat map plots showing
average (~50%) methylation (Supplementary Figure 3).

As dominant BWS can be associated with mutations in ICRI,
between the H19 noncoding RNA gene and the growth factor gene
IGF2, this region was examined for mutations or deletions. Long-
range PCR did not detect any microdeletions in ICR1 that could
explain imprinting disturbances. However, ICR1 sequencing revealed
the same maternal point variant NCBI36:11:¢.1979595T >C
(NCBI37:11:2.2023019T > C, see Figure 2) that had been described
previously as a cause of BWS in three brothers.!® To determine the
parental origin of the variant, genomic DNA was digested with the
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Figure 3 DNA methylation analysis: Heat maps of the methylation patterns
obtained by next generation bisulphite sequencing of two CTCF binding
sites: CTS1 and CTS6. The heat maps are ordered from left to right by the
degree of methylation, and this also corresponds to the clinical severity.
Only data from individuals harbouring the allele with the OCT4 binding site
mutation is shown. The pedigree marks below the panels are the same as in
Figure 1. Lines represent sequence reads, columns CpGs. Blue -
unmethylated — maternal (mat); red — methylated — paternal (pat); white —
missing sequence information.

methylation-sensitive restriction enzyme McrBC, which digests
methylcytosine-containing DNA, and then amplified and sequenced.
In the digested DNA from II-1 and II-3, the variant became
apparently homozygous (II-3 result shown in Figure 2), indicating
that it was present on the partially unmethylated, and therefore
maternally inherited allele. In I-2, the non-affected grandmother,
the opposite was found, indicating that the point variant was
on the grandmother’s paternal allele. Haplotype and sequencing
information showed that the three sisters in generation II and the
three affected children in generation III inherited this point variant,
but not by the unaffected DZ sibling in generation III (Supplementary
Figure 2).

DISCUSSION

From a clinical point of view, the second generation tall stature and
third generation BWS in our family suggested anticipation (Figure 1).
Alternatively, the increased clinical severity might be a random result
of variable expression, not uncommon in BWS (see e.g. Scott et al.'!).
However, the increasing degree of methylation from the unaffected
carrier grandmother of a paternal ICR1 variant over the two
subsequent generations gave a molecular correlate to the observed
anticipation (Figures 1 and 3, Table 1). The increased degree of ICR1
methylation was found both on routine MLPA-based methylation
testing and bisulphite subclone sequencing of the CpG island region
in the HI9 promoter, and bisulphite next generation sequencing of
the CTCF binding site in the Bl repeat region of ICR1 (CTS6), but
not the more IGF2-proximal CTCF binding site in the B7 repeat
(CTS1) (Figures 2 and 3). Upon ICR1 sequencing to find a cause of
the apparent anticipation, a previously found variant affecting OCT4
binding was found (Figure 2).1° Tt was highly unlikely that this
represented a founder mutation as the other family was French and
the Norwegian family had no known French roots. Nevertheless, to
exclude that this could be a founder mutation, Christine Gicquel was
most helpful and sent us the SNP information of the ICR1 locus in
their family, and when compared to our family, a common haplotype
was excluded. We could therefore conclude that the same
NCBI37:11:.2323019T>C (NCBI36:11:1979595T >C) variant had
occurred on two different genetic backgrounds.

Anticipation in Beckwith-Wiedemann syndrome
S Berland et al

Normal
situation

OCT binding
deficiency

|
v
|
%
|

I -4 -

Figure 4 The imprinting status of the grand-grand-paternal allele after
grandmaternal and maternal transmissions. The OCT4 binding site mutation
apparently causes incomplete demethylation upon grandmaternal
transmission (A), and further methylation upon maternal transmission (B).
Of note, further demethylation, as in A, was not seen in B (marked by
the X), suggesting that only paternal alleles can be demethylated in the
maternal  gonads. Blue = methylated (paternal pattern) and
red = unmethylated (maternal pattern).

Recently, a family with another variant reducing OCT4 binding was
described.® This variant 1979624A>C was 31 nt centomeric to the
1979595T > C variant found by Demars et al.!” and us. Of note, in
this family there were two affected brothers with prolonged post
pubertal growth and final heights above the 99" centiles (204 cm and
208 cm, respectively), which is atypical for BWS patients. They also
had renal problems, one had cysts and the other had a Wilms tumour,
and neither was markedly asymmetric. This suggests that there may
be clinical features that distinguish ICR1 mutation patients from
other patients with BWS. None of the reported patients had the
characteristic ear creases and growth did not decelerate in their teens,
resulting in final statures above the 97.5t centile. If the latter also will
hold true for the third generation in our family is yet unknown, as
they are all children. Nevertheless, if a child with BWS and ICR1
hypermethylation has a tall statured mother, this should alert to the
possibility of dominant inheritance, especially if the child also has
Wilms tumour. Absence of ear creases should strengthen this
suspicion.

It has previously been shown that the T>C variant in the ICR
region affects OCT4/SOX2 binding,'!” and our data can be interpreted
to imply that the variant interferes with gonadal switching from
paternal to maternal imprinting. The same may be true for the A>C
variant reported by Poole et al.® In the latter case, however, classical
BWS occurred already in the first generation. One explanation for this
discrepancy could be that the A>C variant is more detrimental to
OCT4 binding than the T>C variant. Alternatively, the cause could
be random variability in clinical expression. Our family suggests,
however, that true anticipation as an explanation for increased clinical
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severity may take place in BWS. This is supported by a recent report
on the consequences of ICR1 microdeletions, where at least two of the
six families had features compatible with anticipation, described as ‘a
kind of epigenetic memory effect’ by the authors.® Possibly, the
phenomenon of anticipation in BWS is not limited to OCT4 binding
site mutations, but could be an explanation for non-penetrance in
ICR1 deletion families as well. This has implications for genetic
counselling of BWS families with ICR1 deletions or mutations.
Transmission through the male germline implies a potential BWS
risk not necessarily in the next, but in subsequent generations if the
mutation is passed through the female germline. Second, transmission
of the mutation through the maternal germline may first give rise to
BWS in later (third and fourth) generations if the mutation is ‘mild’

From a more fundamental biological perspective, our findings give
clues to how gonadal imprinting switching is regulated. The grand-
mother inherited a fully methylated paternal allele containing the
T>C variant from her father, and a normal demethylated maternal
allele from her mother. In the next generation, her three daughters
inherited the grandpaternal ICR1 allele (with the T>C variant) and
they had methylation levels of around 73%. This implies either that
the grandpaternal allele was incompletely demethylated in their
mother’s gonads or that the variant allele was completely demethy-
lated in the germline, but had reduced resistance to subsequent
postzygotic remethylation. There are experimental data to support
both of these suggestions.'? A recent study showed that interference
with OCT4 binding in P19 embryonic carcinoma cells rendered the
H19 allele partially resistant to demethylation, but also that when
partially methylated, further methylation seeding (remethylation)
could easily take place.!> Methylation seeding implies that
inappropriate methyl groups recruit binding proteins that directly
and indirectly promote both histone compaction and further DNA
methylation. Moreover, on a more general genomic scale it has been
shown that maintenance of imprinting marks in early zygotic
development requires not only protection against postfertilisation
demethylation, but also protection against somatic remethylation.'* A
similar requirement for OCT4/SOX2-binding elements to maintain
the maternal demethylated state has been found in the Prader-Willi/
Angelman syndrome imprinting centre.!®

To explain anticipation, reduced protection against somatic remethy-
lation is not enough. There must also be an element of demethylation
resistance in the germline. However, even if the mutation caused only
partial ICR1 demethylation to take place in the female germline
(grandmother and daughters), one would still expect less ICRI1
methylation in third generation (the children with BWS), not more.
This remains true even if a susceptibility to somatic remethylation
should vary somewhat from individual to individual. Of note, the
grandpaternal (normal) allele inherited by III-4 (also confirmed by
haplotyping, see Supplementary Figure 2) was completely demethylated
in the same maternal gonad that could not demethylate the grand-
maternal allele (II-4 in Figure 1). This indicates that mutations
interfering with OCT4 binding may have different effects in paternal
and maternal inheritance. Apparently, unlike the paternal allele, the
maternal allele is incapable of being actively demethylated in the
maternal germline—otherwise there would have been no anticipation.
Our hypothesis on differential handling of paternal and maternal alleles
in the maternal gonads is illustrated in Figure 4.

In conclusion, we have both clinical and molecular evidence for the
occurrence of anticipation in rare cases of BWS, and our data also
indicate that only paternally inherited HI19/IGF2 loci are demethy-
lated in the maternal germline.
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Supplementary Figure 1: This figure shows how the degree of methylation of an
ICRI1 segment (see Figure 2 for location) was measured by cloning and bisulphite
sequencing, exemplified by three family members: 1-2, 1I-4 and III-3. The segment
contained 7 differentially methylated CpGs (the seven first positions) and 5 non-
informative CpG positions that were excluded because of no differences between
patients and controls, and stably high methylation degrees of 75-93%. The CpG
positions are represented by circles, and a filled circle indicates methylation. In [-2
(grandmother), six subclones were successfully analysed, in the I1-4 and I1I-3 eight
subclones. All individual bisulphite sequencing data can be found in Figure 1 and

Suppl. Table 1.

Supplementary Figure 2: Pedigree with results from the linkage analysis. The

haplotypes are coloured, the red haplotype harbours the familial mutation. Upper right
box shows the STR-marker names and position. The family’s T>C variant is localized
between the second and third marker. There are crossovers in individuals III-3 and III-

4. In individual I1-4, the *marks a probable polymerase slippage.

Supplementary Figure 3: DNA methylation analysis: Heat maps of the CTS1 and
CTS6 methylation patterns obtained by next generation bisulphite sequencing in
normal (control) individuals without the OCT4 binding site mutation. The pedigree
marks below the panels are the same as in Figure 1. Lines represent sequence reads,
columns CpGs. Blue — unmethylated — maternal (mat); red —methylated — paternal

(pat); white - missing sequence information.
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Original research

Deep exploration of a CDKN1C mutation causing a
mixture of Beckwith-Wiedemann and IMAGe
syndromes revealed a novel transcript associated

with developmental delay
Siren Berland

ABSTRACT

Background Loss-of-function mutations in COKN1C
cause overgrowth, that is, Beckwith-Wiedemann
syndrome (BWS), while gain-of-function variants in the
gene’s PCNA binding motif cause a growth-restricted
condition called IMAGe syndrome. We report on a boy
with a remarkable mixture of both syndromes, with
developmental delay and microcephaly as additional
features.

Methods Whole-exome DNA sequencing and
ultra-deep RNA sequencing of leucocyte-derived and
fibroblast-derived mRNA were performed in the family.
Results We found a maternally inherited variant in
the IMAGe hotspot region: NM_000076.2(CDKN1C)
€.822_826delinsGAGCTG. The asymptomatic mother
had inherited this variant from her mosaic father with
mild BWS features. This delins caused tissue-specific
frameshifting resulting in at least three novel mRNA
transcripts in the boy. First, a splice product causing
CDKN1C truncation was the likely cause of BWS.
Second, an alternative splice product in fibroblasts
encoded IMAGe-associated amino acid substitutions.
Third, we speculate that developmental delay is
caused by a change in the alternative CDKN1C-201
(ENST00000380725.1) transcript, encoding a novel
isoform we call D (UniProtKB: A6GNK88). Isoform D is
distinguished from isoforms A and B by alternative
splicing within exon 1 that changes the reading frame
of the last coding exon. Remarkably, this delins changed
the reading frame back to the isoform A/B type, resulting
in a hybrid D—A/B isoform.

Conclusion Three different cell-type-dependent RNA
products can explain the co-occurrence of both BWS and
IMAGe features in the boy. Possibly, brain expression
of hybrid isoform D—A/B is the cause of developmental
delay and microcephaly, a phenotypic feature not
previously reported in CDKN1C patients.

INTRODUCTION

The imprinted and predominantly maternally
expressed cell cycle inhibitor CDKNIC located
to 11p15.5 encodes a negative growth regulator
also called p575'"%. This gene is associated with
two contrasting phenotypes: the overgrowth
disorder Beckwith-Wiedemann syndrome (BWS
[MIM:130650]) and the growth-restricted IMAGe
syndrome ([MIM:614732], an acronym for Intra-
uterine growth restriction, Metaphyseal dysplasia,

," Bjorn Ivar Haukanes,' Petur Benedikt Juliusson,* Gunnar Houge'

Adrenal insufficiency and Genital abnormalities).'
IMAGe and rare cases of Silver-Russel syndrome
(SRS) are caused by gain-of-function (GoF) muta-
tions in the PCNA-binding motif of CDKN1C,
while loss-of-function (LoF) mutations are found in
8% of BWS cases.”™

CDKNI1C is a cyclin-dependent kinase inhib-
itor (CDI) belonging to the CIP/Kip family and
encoded by a small gene with three to four exons
of which two to three are protein coding. Other
members are p21“P' (CDKN1A) and p27XP!
(CDKN1B), which inhibit cell growth in G1 and
can cause cell-cycle arrest. The ENSEMBL data-
base (ensembl.org) contains several CDKNI1C
transcripts encoding different isoforms; CDKN1C-
202 encodes the 316aa isoform A, CDKN1C-203
encodes an alternative isoform A with different
UTRs, CDKN1C-204 encodes the 305aa isoform
B with an alternative start site and CDKN1C-201
encodes the 131aa A6NK88 isoform that we call
isoform D (see figure 1). CDKN1C has an N-ter-
minal CDI (cyclin-dependent kinase inhibitor)
domain, a central PAPA (proline-alanine) repeat
and C-terminally the PCNA (proliferating cell
nuclear antigen)-binding motif and an overlap-
ping putative KRKR-containing nuclear localisa-
tion signal.

BWS is most often caused by sporadic loss-of-
methylation (LoM) of imprinting centre 2 (IC2)
on the maternal chromosome 11 that results
in diminished CDKNIC expression, found in
about 50%-60% of BWS, followed by paternal
segmental uniparental disomy (UPD) 11p also
involving the paternally methylated imprinting
centre 1 (IC1) of the IGF2-H19 domain in about
209%.° IC1 gain-of-methylation (GoM) has been
reported in 5%-10% of the patients, whereas
microdeletions of IC1 and CDKNIC variants
are important causes of familial BWS. Other
chromosomal CNVs, balanced rearrangements,
multilocus imprinting disturbances and mosaic
genome-wide paternal UPD are rare causes of
BWS. Typical features are omphalocele/umbilical
hernia, macroglossia, neonatal hyperinsulinism,
Wilms tumour, lateralised overgrowth, macro-
somia, ear creases and pits, large internal organs,
adrenal fetal cortex cytomegaly and renal abnor-
malities.” © Genotype—phenotype correlations are
reported as CDKN1C mutations have higher rates

BM)
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BWS variants

\
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IMAGe-like variants .~
|
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b

Protein isoforms:

ENST00000414822.7 I:' Ex1

J
-

1 j|> A: NP_000067.1 - CDKN1C31622

‘
= =

CDKN1C-202

ENST00000430149.2 Ex1

CDKN1C-203

ENST00000440480.6 ~ [EXI] q Ex2

CDKN1C-204

ENSTOO000380725.1  me ez |
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Figure 1

|- B: NP_001116102 - CDKN1C30522
‘

‘

—

PCNA binding site
aa 272-288
Nuclear signal
aa 278-281

Overview of CDKNTC transcripts according to ENSEMBL GRCh38.p11, and corresponding protein isoform A. Above, the localisation of the

patient’s delins variant (purple and open vertical box) and reported IMAGe and Beckwith-Wiedemann syndrome (BWS) mutations. The transcripts are not
drawn to scale. The narrow bars represent untranslated regions (UTRs). To the left, ENSEMBL reference transcripts, to the right protein isoforms (NCBI
protein reference sequences if known). Below, isoform A (316 aa, NP_000067.1) with amino acid borders, domains, motifs, repeats and their approximate
localisation. The protein isoform A of 316 aa is encoded by two different transcripts (COKN1C-202 and CDKN1C-203) with different lengths of UTRs but
encoding identical amino acids. Isoform B (305 aa) uses an alternative start methionine, 11 aa downstream. AGNK88 is the UniProtKB accession code for
the 131 aa protein isoform that we call isoform D. COKN1C-206 (encoding isoform C) is not included in this figure as this transcript was not detected in our

analysis.

of preterm birth, cleft palate, abdominal wall defect, capillary
malformations and ear signs, while intrauterine overgrowth
and tumours are less common.” * CDKN1C-restricted BWS
features are also reported, including maternal pre-eclampsia,
genital abnormalities, polydactyly, polythelia and posterior
fossa abnormalities.” *~

Maternally inherited GoF variants can cause IMAGe
syndrome, an SRS-like phenotype,” and short stature with
diabetes," but such variants are rare causes of growth restric-
tion.”” ™" IMAGe was first described in 1999' and linked to
CDKNI1C in 2012.* Besides, SRS phenotype with salt-wasting
due to adrenal insufficiency mimicking IMAGe was described
in two patients with 11p15 maternal duplications."” So far,
only 12 molecularly confirmed IMAGe/SRS-like families are
reported, and all variants but one which we consider to be
of unknown significance (VUS),"” are located in the PCNA-
binding site.* 13 205 Most studies suggest that IMAGe/SRS
variants increase protein stability, '* *°2® although not confirmed
by Kerns et al."* The mechanism is not fully elucidated but
might include impaired proteasome-mediated degradation.*”
Clinical findings include short stature, neonatal adrenal hypo-
plasia, hypercalciuria, metaphyseal dysplasia with delayed
bone age, low-set and posteriorly rotated ears, frontal bossing
and relative macrocephaly, and less frequently hearing loss and
craniosynostosis.”” A Drosophila melanogaster IMAGe model
showed impaired eye and wing growth,® demonstrating that
cdknlc plays a role in cell proliferation in multicellular organ-
isms. There are no consensus criteria for IMAGe syndrome,
and metaphyseal dysplasia and adrenal hypoplasia are not
present in all. So far CDKN1C has not been associated with a
neurological phenotype in humans, but developmental delay
is reported in a few patients with BWS with structural brain
abnormalities.” '' 2’ Furthermore, a mixture of IMAGe and
BWS has not been published before.

Here, we report on a boy heterozygous for a delins variant
in CDKN1C, replacing five nucleotides with six others in the
junction between exons 1 and 2 of the main isoform. This delins

caused a mixture of IMAGe and BWS-like features, and possibly
also developmental delay as no alternative causes for this were
found. We aimed to determine how this complex variant could
have both GoF and LoF effects and to find a potential expla-
nation for the affected brain function. Our work revealed that
a novel CDKNIC transcript with a non-canonical C-terminal
reading frame encoding isoform A6NK88 (named isoform D
by us) was also affected by the delins, and as isoform D is also
expressed in the brain, this could be the cause of his develop-
mental delay.

METHODS

The boy and his family were clinically examined, given genetic
counselling and consented to RNA analysis to investigate the
molecular consequences of the CDKN1C variant.

Sanger sequencing

We used CDKN1C reference sequence NM_000076.2 encoding
a 316 aa protein (isoform A). Sequence pilot (JSI Medical
Systems, Ettenheim, Germany) software was used for interpre-
tation. DNA was isolated from peripheral blood obtained from
the boy, his parents, his mother’s siblings, maternal grandparents
and maternal grandfather’s parents, and sequenced. To explore
the mosaic pattern in the maternal grandfather, we analysed
additional DNA obtained from buccal swab, urine and fibro-
blasts from four distinct skin biopsies.

RNA isolation, sequencing of cDNA and qPCR

Total RNA was isolated from fibroblasts from biopsies of
healthy skin (two biopsies from the boy, one from his mother
and four from his grandfather), one epidermal nevus in the
boy and also from blood samples (from the boy, both parents
and the grandfather) by using the RNeasy Mini Kit (QIAGEN,
Hilden, Germany) for fibroblasts and PAXgene Blood RNA Kit
(QIAGEN) for blood samples. cDNA was synthesised following
the manufacturer’s protocol. The variant was amplified by
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quantitative qRT-PCR using different primer sets taking alter-
native acceptor site usage into account and also spanning the
variant affecting transcript ENST00000380725.1 CDKN1C-201
(for a full list of transcripts, see figure 1). The primer sequences
are given in online supplemental file. We examined expression
levels of wt (wild type) and mutant (delins) CDKN1C, and wt
CDKN1C-201 by qRT-PCR on RNA isolated from both blood
and cultured fibroblasts from the boy (all biopsies), his mother
and grandfather (where we picked the biopsy with highest muta-
tion load), and blood from his father. Primers and probes were
from Applied Biosystems, Life Technologies, and assessment of
B2M (beta-2-microglobulin) RNA (Applied Biosystems) served
as endogenous controls. At least two runs per experiment were
performed, and two different probes for both CDKN1C-201
and mutant CDKN1C were analysed.

Total RNA deep sequencing

We used blood-derived RNA from the boy, his mother and
grandfather, and an unrelated healthy adult female, and fibro-
blast RNA from the boy’s skin biopsy #2. Whole transcriptome
sequencing libraries were generated using the Illumina TruSeq
Stranded Total RNA kit with Ribo-Zero Gold depletion for fibro-
blasts and Ribo-Zero Globin depletion for blood, according to
the manufacturer’s protocols. Libraries were quality checked on
the Agilent Bioanalyzer system and accurately quantified using
the KAPA qPCR quantification kit. Libraries were paired-end
sequenced on the Illumina HiSeq4000 system with a read
length of 2x75 nt. Sequencing was performed ultra-deep for
all libraries (~250 million reads per sample). RNA-sequencing
reads were aligned to the human genome reference (GRCh38)
using HISAT2 (V.2.0.5).® ?° Reads aligned within the coding
part of the genome (adequate Gencode gtf annotation file) were
counted using featureCounts.>* To resolve alternative CDKN1C
transcripts, we created supplementary reference files in FASTA
format and realigned reads. Data were visualised in IGV (Inte-
grative Genomics Viewer V.2.3.74) (online supplemental file).
We only considered splice junction tracks (SJTs) when counting
reads and manually checked all reads in a region of interest. All
samples were run in the same flow cell.

Whole-exome sequencing

Whole-exome sequencing (WES) was performed on genomic
DNA isolated from blood from the patient and parents. DNA
samples were prepared using SeqCap EZ MedExome Target
Enrichment Kit (Roche NimbleGen, Madison, WI) and followed
by paired-end 150 nt sequencing on an Illumina NextSeq500.
The paired-end reads were aligned using the Burrows-Wheeler
Alignment tool and variant calling was performed using the
Genome Analysis Toolkit (GATK; Broad Institute, Cambridge,
MA) according to GATK’s Best Practices guidelines. Mean
#reads per base pair in the exome was 83X with 97.7% of the
base pairs covered at least 10 times. Data annotation and inter-
pretation were performed using the NGS module of Cartagenia
Bench Lab software (Agilent, Santa Clara, CA).

CNV and methylation analysis

The boy’s DNA isolated from peripheral blood and fibroblasts
(two from normal skin and one benign nevus) was analysed for
11p15 CNVs and methylation aberrations by SALSA MS-MLPA
Probemix ME030-C3 BWS/RSS (MRC-Holland, Amsterdam,
NL). Also, DNA from blood was tested for other imprinted
diseases using the SALSA MS-MLPA Probemix ME032-A1

Table 1  Clinical findings in the patient and possible associations to
CDKN1C-related syndromes

IMAGe

Clinical features BWS (score) (NH-CSS) New

X(1)
Pre-eclampsia in mother X

X ()
X(2)

Polyhydramnios

Omphalocele

Large tongue

Neonatal hypoglycaemia
Neonatal apnoea X
Infraorbital crease X
Midface retrusion X
Long and grooved philtrum X
Nevus flammeus
Ear creases
Patent ductus arteriosus X
Inguinal hernia X
Cryptorchidism, bilateral X
Small testes

Small for gestational age

Long gracile diaphysis

Broad metaphysis

Delayed bone age

Bifrontal bossing

Low set, posteriorly rotated ears

Feeding difficulties

Broad nasal bridge and tip

Hypotonia

VX X X X X X X X X X X X X

Small kidneys

Thin upper lip

Strabismus ?
Rib synostosis

Developmental delay

X X X X X X

Microcephaly (postnatal)
Relative macrocephaly at birth X (1)

The number in parentheses are criteria score according to Beckwith-Wiedemann
syndrome (BWS) clinical consensus score and Netchine-Harbison Clinical Silver-
Russel Syndrome score (NH-CSS).6 %

UPD7-UPD14, and for genomic CNVs by CytoScanHD Array
(Thermo Fisher Scientific, Waltham, MA).

Microsatellite analysis

To determine CDKN1C haplotypes and allele segregation, and
to explore on which parental allele the grandfather’s de novo
variant arose, an informative haplotype was set up by simple
tandem repeat markers amplified by PCR and size determined.
There were two informative markers upstream and four down-
stream of CDKNI1C (online supplemental file). The haplotype
analysis was performed on DNA from peripheral blood from the
patient, his parents, his mother’s siblings, maternal grandparents
and the grandfather’s parents.

RESULTS

Clinical history and findings in the boy

Clinical findings in the patient are summarised in table 1 and illus-
trated in figure 2. Omphalocele was discovered by routine ultra-
sound in week 19 of gestation, amniocentesis was performed,
and the pregnancy was complicated by maternal hyperemesis,
pre-eclampsia, diabetes from week 29 and later polyhydramnios.
He was born after caesarean section in gestation week 3442

Berland S, et al.J Med Genet 2022;59:155-164. doi:10.1136/jmedgenet-2020-107401
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Figure 2 Boy at age 3 months (A, C, D), 6 months (B) and 27 months (G, F), with clinical features of both Beckwith-Wiedemann syndrome (ie,
omphalocele, midface retrusion, large cheeks, hypertelorism with down-slanted palpebral fissures, infraorbital and ear creases, a fading glabellar capillary
malformation, and a long and marked philtrum with a thin upper lip, wide mouth with a high palate and macroglossia) and IMAGe (slender habitus, feeding
difficulties, frontal bossing, broad nasal bridge and a wide tip, low set and posteriorly rotated ears, long and slender finger and toes). Radiographs of leg (G)
showing long and slender diaphysis and broad metaphysis, with a delayed bone age of fingers (F).

with birth weight 2160g (—1.1 SDS), birth length 42cm (—2.5
SDS) and head circumference 32cm (0 SDS) (all measurements
adjusted for prematurity). Placental weight was on the 90th
percentile. Apgar score was 3/5/7 after 1, 5 and 10 min, respec-
tively. He had mild hypoglycaemia (1.5 mmol/L) and compro-
mised respiration. The giant omphalocele also contained liver
tissue, and he underwent several surgeries before the abdominal
wall finally was closed at 3 months of age. He suffered from
apnoeic spells and needed CPAP until he was discharged from
the hospital 5 months of age. He was exclusively fed by naso-
gastric tube for the first 5 months, and the tube was removed
after 12 months. At the age of 3 years, he had been through
more than 20 surgeries, including for patent ductus arteriosus,
inguinal hernia and cryptorchidism. He had dysmorphic features
as illustrated in figure 2, small intra-abdominal testes, multiple
benign epidermal nevi and mild hypotonia. At follow-up at 25
months of age, his length was 0.8 SDS, weight —2.0 SDS and
he was now microcephalic (=2.7 SDS). Motor milestones were
delayed; he could sit at 15 months and walk without support
at 2 years and 10 months of age. At age 3 years, he could
speak a few simple words, and at age 5 years he had 3—4 words
sentences with articulation problems. He had a normal neuro-
logical examination, hearing, vision and social development,
but marked global delayed yet without formal assessment. He
received speech, education and physical therapy. Cerebral MRI
was normal, repeated abdominal ultrasounds from the age of 4
months showed small kidneys bilaterally and no organomegaly.
At 2.5 years, an ACTH-stimulation test did not reveal adrenal
insufficiency, and skeletal X-ray showed long and slender diaph-
yses, broad metaphyses, a fusion of left fourth and fifth ribs,
and a 1.5-year delay in bone maturation. At age 5 years, his
length was —1.5 SDS, head circumference centiles unchanged,

confirming a postnatal/secondary microcephaly (—2.5 SDS), and
he still had a low BMI of 12.9 (—2.8 SDS). He was scheduled
to cancer surveillance every sixth month until 7-8 years of age.

Family history

The boy’s phenotypically normal parents are
consanguineous, the mother was 28 and the father 42 years at
his birth. Clinical examination and birth history in the mother
were negative for BWS features. Head circumferences were
at 99th percentile (mother) and 60th percentile (father). The
maternal grandfather was >35 kg at birth, and a large tongue was
commented on neonatally, suggesting macroglossia. At examina-
tion at age 58 years, he was 181cm tall with a wide mouth,
slightly short halluces, no asymmetry, a normal skeletal X-ray
survey and normal cognition.

non-

Diagnostic workup

During pregnancy, a normal male karyotype 46,XY was found in
amniotic fluid cells. After birth, clinical suspicion of BWS in the
boy warranted MS-MLPA of the BWS region, which was normal
in DNA from blood, skin and epidermal nevus. However,
sequencing of CDKN1C verified BWS (see next section). Due
to borderline short stature, developmental delay and postnatal
microcephaly, further analyses were performed with normal
results: high-resolution CNV analysis, UPD screening and trio-
based WES.

Interpretation of the CDKN1C variant

Sanger sequencing of CDKN1C (NM_000076.2/
ENST00000414822.7) revealed a heterozygous delins variant
in the sequence encoding the PCNA binding motif affecting the
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Figure 3  Predicted impact of the delins variant ¢.822_826delinsGAGCTG on DNA and isoform A. Upper panel shows the CDKN1C intron 2/exon 3
junction with reference amino acids on top and the reference nucleotide sequence (ENST00000414822.7, CDKN1C-202) just below. Intron sequences

are written in lower case letters and exon sequences in capital letters. The five deleted nucleotides are in green. The bottom line shows the mutated
sequence with the six inserted nucleotides in red, the three adjacent AGs (potential acceptor sites/AS) underlined and the out-of-frame sequence marked

in blue. The lower panel shows details of the predicted amino acid sequence and changes introduced by the delins variant in amino acid numbers
according to protein isoform A (316aa—NP_000067.1). On top reported IMAGe (black) and Silver-Russel syndrome (SRS)-like variants (magenta) from
literature with the corresponding amino acid change, then the reference protein product, followed by the mutated products using the consensus AG
(p.Asp274GlufsTer12), the protein product if alternative acceptor site | is used (p.Asp274GlufsTer47) and the protein product if alternative acceptor site Il is
used (p.Asp274_276delinsAlaVal). Parentheses (...) represent 21 amino acids omitted from the figure.

5’-end of exon 2: ¢.822_826delinsGAGCTG. The delins caused
frameshifting and a premature termination codon (PTC) about
100 nucleotides upstream of the exon 2-3 junction. This change
should either lead to nonsense-mediated mRNA decay (NMD)
or synthesis of a truncated protein Asp274GlufsTer12, that is, an
LoF change that fits with BWS phenotype. However, the delins
also introduced two new putative splice junction AG acceptor
sites, in addition to the consensus AG site (figure 3, upper panel).
Use of alternative acceptor site I will also lead to a frameshift
and a new stop codon, but in the very last protein-coding exon,
that is, Asp274GlufsTer47, which should escape NMD (figure 3,
lower panel). The corresponding protein product contains a
modified C terminus including substitutions of four IMAGe-
associated amino acids and introduce the known GoF variant
Phe276Ser.* Use of alternative acceptor site 1T would be in line
with the canonical reading frame of the protein’s C-terminal
part, but also include deletion of three and insertion of two new
amino acids in the PCNA-binding motif: 274_276delinsAlaVal.
This would modify one IMAGe residue (Asp274Ala), but also
introduce a previously reported IMAGe-associated substitu-
tion: Phe276Val (figure 3).* This alternative transcript can be
compared with known IMAGe-mutated transcripts, resulting in
increased protein stability or affected PCNA binding.

The predicted out-of-frame C-terminal product from alter-
native acceptor site I, p.(Asp274GlufsTer47) (figures 3 and
4), was analysed by BLAST and found to be almost identical
to CDKN1C-201, encoding a 131 amino acid isoform we call
isoform D (UniProtKB accession A6NK88). Isoform D consists
of the common CDI domain with a unique C-terminal D-tail,
marked in red in figure 4, and its alternative splicing bypasses the
PAPA-repeat region (figure 1). In addition to the PCNA-related
amino acid substitution, the delins could also affect isoform D
by introducing a frameshift that changed the reading frame back
to the canonical reading frame (marked in yellow in figure 4).
The predicted hybrid protein had elements from two distinct

isoforms, D and A/B, where the D-type splicing causes direct
connection of the CDI domain to an altered PCNA-binding
motif, and where delins-induced frameshifting causes the C
terminus to be of A/B type and not D type.

Diagnostic analysis of the family

The boy’s asymptomatic mother was also heterozygous for the
delins, compatible with a paternally imprinted allele in her, and
further family studies including haplotype segregation analysis
confirmed that the variant arose de novo on the grandfather’s
maternal allele. The mild BWS features in the grandfather indi-
cated mosaicism, which was confirmed by DNA analyses of
multiple tissues; only wt was present in fibroblasts from three
out of four skin biopsies and a buccal swab, while the delins
was found in blood, urine sediment and skin biopsy from the
left leg. cDNA Sanger sequencing and qPCR cDNA sequencing
confirmed the presence of both wt and (at a lower level) the
delins allele in the boy, his mother and grandfather. Gene expres-
sion levels appeared generally low. Only in fibroblasts from the
boy, the delins seemed to be more abundant than the wild-type
transcript. Primers were also designed to cover the use of the two
alternative splice acceptor sites illustrated in figure 3, but corre-
sponding isoform-A/B-derived transcripts were not detected.
However, sequencing demonstrated that wild-type isoform D
(CDKN1C-201) transcript was present in blood from all family
members and controls, and the delins-CDKN1C-201 transcript
was present in blood from the boy.

Semi-quantitative real time-PCR (qPCR) verified the presence
of both CDKNI1C (isoform A/B) and CDKN1C-201 (isoform
D) transcripts in blood samples from the patient, parents and
grandfather. Also, isoform A/B was found in fibroblasts from
all family members. Transcript levels were low compared with
the B2M control and considerably lower in fibroblasts than in
blood. Expression of delins-CDKN1C was seen in blood from
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IsoA, 316aa
IsoB, 305aa

Mut-IsoA consensus:
Asp274GlufsTer12

Mut-IsoA-alt. AS-I:
Asp274GlufsTerd7

Mut-IsoA-alt. AS-II :
Asp274_276delinsAlaVal

IsoD=A6NK88, 131aa

Mut-IsoD=hybrid D-A/B, 128aa

agAT.TTC.TTC.GCC.AAG..

2gAG.AGC.TGT.CGC.CAA.G..

agagAG.CTG.TCG.CCA.AG..

agagagCT.GTC.GCC.AAG..

cgcagATT.TCT.TCG.CCA..

agAGA.GCT.GTC.GCC.AAG..

Figure 4 Overview of the predicted protein products. From top, wild-type isoform A (encoded by transcripts ENST00000414822.7=CDKN1C-202 and
ENST00000430149.2=CDKN 1C-203), wild-type isoform B (ENST00000440480.6=CDKN1C-204), followed by three predicted CDKN1C protein variants
of mutated isoform A depending on the splice acceptor site used; consensus acceptor site and alternative acceptor sites | or II. At the bottom, isoform D
(ABNK88, encoded by ENST00000380725.1=CDKN1C-201, with a reading frame different from isoforms A and B) and the mutated isoform D (hybrid
isoform D—A/B), consensus acceptor site used. The colours correspond to regions in figures 1 and 3, where intron sequences are written in lowercase letters
and exon sequence in capital letters. The five deleted nucleotides are in green. The six inserted nucleotides in the mutated (delins) sequences are shown in
red, and the out-of-frame sequence marked in blue. t denotes a predicted transcript that was not found on RNA sequencing.

the boy and grandfather, but not the mother, while expression
in fibroblast was very low in the boy and undetectable in others.
Results from cDNA sequencing and qPCR are not shown.

NGS-based cDNA sequencing

Ultra-deep RNA-seq was done for a more quantitative non-
biased analysis of all transcripts, including the delins variant.
The results are illustrated in figure 5. In summary, the analysis
confirmed that the level of delins was 40%-50% in the boy
(higher in fibroblast than in blood), 25% in the mosaic grandfa-
ther and 6% in the mother; that activation of alternative acceptor
site I occurred in the boy’s fibroblasts; and that CDKN1C-201
represented 16%-42% of the total CDKN1C mRNA reads but
accounted for the majority of the delins reads. Neither standard
nor ultra-deep RNA sequencing could verify the presence of a
predicted fifth transcript CDKN1C-206 (ENST00000647251.1)
that encodes a putative 175 aa protein product labelled isoform
C (CCDS86169.1).

All RNA-seq samples had in total >340million reads after
filtering, and the numbers of CDKN1C tracks spanning splice
junctions (SJTs) were between 35 and 204 (figure SA). Visu-
alisation of the alignment to NCBI Build 38 is presented with
the counting of SJTs (online supplemental file). No delins reads
were mapped against Build 38, and we suspected mapping
problems. We then created three new FASTA reference files
with the delins for accurate mapping (online supplemental file),
one based on the consensus splice site and two with alternative
acceptor sites I and II. Alignment to one of these putative delins
splice sites unmasked the delins-specific tracks, while the other
two alignments did not add more data and were therefore not
further analysed. Figure SA shows the result from the mapping
of transcripts CDKN1C-202, CDKN1C-203, CDKN1C-204
(combined) and CDKN1C-201 against the reference sequence
(green columns), and the distribution was compared with the
sum of other CDKN1C transcripts. Likewise, the pink columns
show the distribution of delins-mapped reads. The total distribu-
tion of delins and CDKN1C-201 is also presented. SJTs presented
as arcs in IGV (online supplemental file) showed that the vast
majority of expressed transcripts have splicing from 5-UTRs of

different lengths, including CDKN1C-201 and CDKN1C-204,
and both use the alternative Met11 amino acid downstream and
have four exons. In contrast, CDKN1C-202 and CDKN1C-203
always start at Met1 and have three exons. CDKN1C-203 uses
an alternative acceptor splice site five nucleotides downstream
in the last exon and can be distinguished from other transcripts.
The coding part of CDKN1C-201 continues into exon 4, while
this exon is making a 3’-UTR in other transcripts.

DISCUSSION

This family, where the index case has a mixture of diametri-
cally opposed growth-related syndromes due to the same delins
variant in CDKN1C, illustrates that the biological complexity of
this small gene goes far beyond imprinting. Due to intricate gene
splicing with frameshifting, this delins has an LoF effect on some
isoforms and GoF effect on another. The latter is unexpected for
a five against six nucleotides exchange and is due to the creation
of a new splice acceptor site two nucleotides downstream of the
canonical AG. Furthermore, we demonstrate that an alternative
isoform with a different C-terminal reading frame (that we call
isoform D, corresponding to transcript CDKN1C-201) is also
affected, which turns the C terminus of isoform D back to the
isoform A/B reading frame. If the hybrid D-A/B isoform tran-
script is expressed in the brain, this could be the cause of his
developmental delay.

The asymptomatic carrier mother expressed the delins at a
low level, as expected for a leaky paternally imprinted allele. The
maternal grandfather was mosaic for the delins on his maternal
allele, in agreement with an intermediate expression level. As a
cautious note, the relative levels of the transcripts are not indica-
tive of the degree of imprinting due to variable and poor expres-
sion, also affected by presumably inconsistent and non-uniform
NMD. Variation in NMD efficiency within mRNA with the same
PTC and subpopulations of mRNA escaping decay are reported,
and this can contribute to explaining variation between individ-
uals and between different tissues.*! 3>

Ultra-deep RNA sequencing proved to be superior to conven-
tional RNA analysis, particularly on fibroblast RNA. Such unbi-
ased sequencing verified the use of alternative acceptor site [ and
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A Map: Ref seq Build 38; wt SIT ex 2-3 Map: FASTA file with delins; delins SIT ex2-3 % delins % 150D
COKNIC- COKNIC- CDKNIC- CoKNIC- Altl AC
202,203,204 201 202,203,204 201 150 AB ToRaliads
Iso A+ 150D 150 A+B 150D passing filter
Total Wt % (reads) % (reads) Total delins % (reads) % (reads) % (reads) % (delins/total) % (isoD/Is0ABD)
Patient -8l 62 77.4% (48) 22.6% (14) a3 30.2% (13) 69.8% (30) 41.0% (43/105)  41.9% (44/105) 476,053,970
Control-Bl as 84.4% (38) 15.6% (7) = - 0% (0/45) 15.6% (7/45) 371,783,318
Mother-Bl 33 60.6% (20) 39.4% (13) 2 50% (1) 50% (1) 5.7%(2/35)  40.0%(14/35) 379826523
Grandfather-BI 58 72.4% (42) 27.6% (16) 20 20% (4) 80% (16) 25.6%(20/78)  41.0% (32/78) 340,350,007
Patient-Fibr 9 66.3% (61 33.7% (31) 112 44.6% (50) 44.6% (50 10.7%(12) [54.9% (112/204) 39.7% (81/204) 340,350,007
= wt CDKN1C

Patient, blood

6%

Grandfather, blood

Patient, fibroblasts

Mother, blood

m wt CDKN1C-201

m CDKN1C Delins Consensus
(BWS)

m CDKN1C-201 Delins (ID?)

CDKN1Calt. AS | Delins
(IMAGe?)

Female control, blood

Figure 5 Result from NGS-based cDNA sequencing. (A

A) The number of reads spanning exon junctions (splice junction tracks, SITs) after mapping to

the reference sequence (from Genome Build 38, green background) and the delins-containing sequence (manually designed reference sequence, pink
background). Reads with delins are shown in red. All reads were manually checked, and only SJTs spanning exons 2—3 are counted. Numbers are derived
from figures as in the last part of the online supplemental file 1. Of note, reference sequence mapping did not detect any delins reads, probably because
they were filtered out due to the complexity of the delins variant. (B) Sector diagrams illustrating the distributions of documented transcripts from RNA
sequencing of RNA derived from blood samples and fibroblast. The percentages are calculated from the numbers in figure 5A. It was not possible to
discriminate all CDKNTC transcripts by RNA sequencing, so CDKN1C-202, CDKN1C-203 and CDKN1C-204 are collectively referred to as COKNTC in this
figure, but CDKN'1C-201 transcripts (isoform D, UniProt: AGNK88) are identified. Green and blue colours represent wt reads of COKN1C and CDKN1C-201,
respectively, and red and purple colours represent delins reads using the consensus acceptor site in COKNTC and CDKN1C-201, respectively. A fifth
transcript (yellow) with delins CDKN'1C using alternative acceptor site |, p.(Asp274GlufsTer47), was only documented in RNA from fibroblasts in the boy. The
predicted or hypothetical clinical consequences of each of the four different mutated transcripts are noted in parentheses.

enabled us to quantify the expression of different transcripts,
which again suggested which isoforms were most abundant.
RNA sequencing as a first choice in a diagnostic pipeline would
have been unsuccessful in this family as the delins could not be
mapped with a single track against the reference sequence, but
we solved this by mapping against dedicated reference files.

In summary, the boy fulfilled the clinical criteria of BWS—an
overgrowth condition—despite being rather small and micro-
cephalic, with a total score of 8, with two cardinal features
(omphalocele and macroglossia) and four suggestive features
(see table 1).° Macrosomia or neonatal overgrowth is common
in BWS but is considered a suggestive and not a cardinal feature.
There is no clinical consensus for IMAGe, but many of his non-
BWS features overlap with this diagnosis. Adrenal insufficiency

was never confirmed, but a mild and transient neonatal insuf-
ficiency could have been masked by continuous intravenous
treatment of a leaking omphalocele. Genital abnormalities are
described in both IMAGe and BWS, but small testes in IMAGe
only.?? Even though the renal size is not discussed in IMAGe
(only fetal renal cortex size), his renal hypoplasia could very
well be an IMAGe mirror of renal hyperplasia in BWS. Skel-
etal abnormalities are important findings in IMAGe, but besides
asymmetry less important in SRS and are not features of BWS.
Clinically, he did not pass the Netchine-Harbinson SRS score,
having 3/6 criteria which is below the 4/6 limit.>* His being small
for gestational age, feeding difficulties, mild skeletal abnor-
malities and small testis are compatible with IMAGe, but this
diagnosis is not definite as adrenal hypoplasia and metaphyseal
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dysplasia were not documented. The clinical findings point to
dual molecular effects with both LoF (BWS) and GoF (IMAGe)
in CDKN1C. The latter can be explained by p.Asp274_276de-
linsAlaVal encoding transcript from alternative acceptor site II,
but we could not confirm expression of this transcript in the two
tissues tested. Another hypothetical GoF candidate is the p.As-
p274GlufsTer47 encoding transcript from alternative acceptor
site T with a verified GoF substitution Phe276Ser.* This tran-
script encodes an alternative C-terminal abolishing the PCNA-
binding site, but the product might also be non-functional or
degraded. Probably NMD is inefficient as a protective mecha-
nism in CDKN1C as the truncated transcript from the consensus
splice site, that is, encoding p.Asp274GlufsTer12 which is well
within theoretical criteria for NMD, was present in both blood
and fibroblasts.>* This mutant product also substitutes IMAGe-
related amino acids (figure 3) and might also have GoF effects.

A combination of opposing phenotypes due to a single muta-
tion in the same gene is not reported earlier for CDKN1C, but
for GNAS, another imprinted gene, this is not new.”* Other
genes where a variant is reported to cause both GoF and LoF
effects are RET, FLNA, GDF5 and SMCHD1.>** In general,
multinucleotide variants are potentially more damaging than
single-nucleotide variants, illustrated by our family.*"

The most intriguing finding was that the delins also affected
a hitherto not confirmed transcript using a non-canonical
reading frame—CDKN1C-201—which represented ~40% of all
CDKNIC transcripts in the family (figure SA). In contrast to wt
CDKN1C-201, delins-mutated CDKN1C-201 used the canon-
ical reading frame, resulting in a hybrid D-A/B product that may
be the cause of the unusual features in the boy. Alternative non-
canonical reading frames are common in prokaryote and mito-
chondrial genes, but less so in eukaryotic and human genes, and
another cell-cycle inhibitor gene, CDKN2A, is perhaps the most
known example. This gene encodes at least two different proteins
from different reading frames, p16(INK4) and p14(ARF). Both
of these have splice variants, p16-gamma and p12, respectively,
with tissue-specific expression.*! ** Maybe this kind of regulatory
complexity is a peculiarity of cyclin-dependent kinase inhibitors.

Our study identifies CDKN1C-204 (isoform B) as the most
abundant transcript, followed by CDKN1C-201 (isoform D).
The GTEx portal (gtexporal.org) suggests CDKN1C-201 to be
the most abundant isoform, particularly in the brain, followed
by the isoforms encoded from CDKN1C-204 and CDKNI1C-
202, but this could be explained by poor coverage of the PAPA-
repeat region not included in the CDKN1C-201, that is, be
artefactual. CDKN1C-201 is only reported in humans and some
higher primates.

Despite high CDKN1C expression in the embryonic brain,
developmental delay and microcephaly are not considered
features of either BWS or IMAGe, although brain abnormalities
are reported in some patients.” '' ** However, behavioural and
emotional difficulties and autistic spectrum disorders were found
to be more frequent in BWS than controls, especially among
patients with IC2 defects.** Moreover, in a cancer predisposi-
tion syndrome clinic, half of the patients with BWS or isolated
hemihypertrophy needed special therapy.* Protein studies in
embryonic brains of mice and rats suggested that Cdkn1lc regu-
lated newly formed migrating neurons,*® and played a CDI-
independent role in the maturation of midbrain dopaminergic
neurons.*” Differential spatial and temporal Cdknlc expression
in embryonic brain could be important for neurogenesis and
gliogenesis, differentiation and generation of adult neural stem
cells.**=° During cortical development, the differentiation of
projection neurons was regulated via Cdknlc.”' According to

a recent study, increased neuronal Cdknl expression resulted
in abnormal social behaviour, implying that tightly regulated
monoallelic expression is beneficial for neurological func-
tion.”> Unexpectedly, brain-specific conditional deletion of the
imprinted paternal cdk1c allele in mice resulted in microcephaly
and thinning of the neocortex, despite low paternal expression
(19%-29% of maternal levels) in control brains.*

The delins-mutated hybrid D-A/B transcript is our best expla-
nation for the child’s developmental delay. Brain damage due to

neonatal hypoglycaemia or an untreated adrenal crisis was highly
unlikely, and his brain MRI was normal, but prematurity and long
hospitalisation might be contributing factors. Comparison with other
IMAGe patients is difficult as many are not molecularly confirmed

and could include phenocopies like MIRAGE syndrome.** Neither
a high-resolution CNV analysis nor a trio-WES revealed alterna-
tive explanations for his developmental delay, but this cannot be
excluded before further similar cases confirm a neurological associ-

ation to CDKN1C-201. We searched the literature for other variants
that may affect CDKN1C-201 and came across a BWS family with a

variant ¢.821-9C> A with an unknown function.” Unfortunately, no
RNA was available to check the molecular consequence (Brioude,
personal communication).

In summary, our findings demonstrate that a single delins variant

can give rise to three distinct phenotypes through different molec-
ular pathomechanisms. A hitherto not reported transcript CDKN1C-

201, encoding an isoform D (A6NK88) with abundant brain
expression, is also affected by the variant. Further functional studies

or additional patients are needed to address the role of isoform D

in brain development and to verify if changes to this isoform may

cause a third face of the CDKN1C spectrum: developmental delay.
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SUPPLEMENTARY FILE

1. CDKNIC Primer Sequences qPCR and sequencing of cDNA
RNA-Seq alignment

Haplotype analysis

ANowN

RNA-seq, IGV-view

Supplementary 1: Primers

CDKNIC Primer sequences used for RNA-sequencing (cDNA):
CDKNIC-F1 CAGGAGCCTCTCGCTGAC

CDKNI1C-F2 TGTCCGGGCCTCTGATCTCCGAG
CDKNI1C-F3 TGTCCGGGCCTCTGATCTCCGCTG
CDKNIC-R1 TTTGGGCTCTAAATTGGCTCAC
CDKNI1C-R2 ACCGAACGCTGCTCTGCGGCA
CDKNIC-R3 ~ AGCCGCCGCt

For analysis of CDKNI1C-201 and CDKNIC-206 (XM_005252732.4,
ENS00000647521.1) that encodes a putative 175aa protein product labeled isoform C
(UniProtKB AOA2R8YFP9), we also used the following primers:

CDKN1C-201/206-5UTRex1 GGACAGCCAGCACATCCACGATG

CDKN1C-201/206-5UTR GACGCAGAAGAGTCCACCACC

RealTime-probes for RNA expression (qPCR):

Hs 00175938 _m1 CDKNI1C(NM_000076.2)

Hs 00908985_m1 CDKNI1C-206

APZTEAZ CDKNIC(NM_000076.2) specific mutation
probe)

Hs 00187842 ml B2M reference probe

20170628 CDKNI1C.sds Probe specific for 206-transcript:

XM_005252732.4
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Supplementary 2: Alignment used for generating FASTA files used as designated
reference files for mapping the complex delins variant.

The two ref seq files were aligned using EMBOSS NEEDLE to illustrate where the
delins is in the sequence (see line # 901 in the alignment file), deleted nucleotides are
marked in green in RefSeq, and inserted nucleotides in red). Alignment parameters are
included at the top of the file.

Program: needle
Rundate: Wed 22 Jan 2020 06:51:17
Commandline: needle

—auto

519U nce emboss_needle-120200122-065114-0865-20608599-p2m. asequence
—-bsequence emboss_needle-120200122-065114-0865-20608599—-p2m.bsequence
—datafile EDNAFULL
—gapopen 10.0
—gapextend 0.5
—endopen 10.0
—-endextend 0.5
—aformat3 pair
—-snucleotidel
—-snucleotide2
Align_format: pair
Report_file: stdout

HEHHHEEE RIS

Aligned_sequences: 2
1: CDKN1C_RefSeq_B38
2: CDKN1C_Dellns
Matrix: EDNAFULL
Gap_penalty: 10.0
Extend_penalty: 0.5

Length: 2802

Identity: 2798/2802 (99.9%)
Similarity: 2798/2802 (99.9%)
Gaps: 1/2802 ( 0.0%)
Score: 13968.0

P HBEHBHBEHBEHEEHRREHERESR

CDKN1C_RefSeq 1A GACTGGAGTTGCAGCATTTTTCGGCCTCTTTATTTAGAAC 50

|II||I||II||I||II||I||II||I||II||I||II||I||II||I||
CDKN1C_Dellns 1 A GAGTTGCAGCATTTTTCGGCCTCTTTATTTAGAAC 50

CDKN1C_RefSeq 51 C AGACGGCTCAGGAACCATTT 100

IIII|I|IIII|I|IIII|I|IIII|I|IIII|I|IIII|I|IIII|I|I
CDKN1C_Dellns 51 C GCTCAGGAACCATTT 100

CDKN1C_RefSeq 101 TAACAGACTTGTCTTCAAGTTTCAGATAAACACAGTCATAATAAGAGAGA 150

FECLECEET LT LT LT L
CDKN1C_DelIns 101 TAACAGACTTGTCTTCAAGTTTCAGATAAACACAGTCATAATAAGAGAGA 150

CDKN1C_RefSeq 151 C AGCTAGATGGGCATGTATGGCAGCTA 200
IIII|IIIIII|IIIIII|IIIIII|IIIIIIIIIIIIIIIIIIIIIIII
CDKN1C_DelIns 151 C GATGGGCATGTATGGCAGCTA 200

CDKN1C_RefSeq 20

i

CAGCTTGTGAGTGACCCCCTTCCCCAGAGTCCGCGATGAAAATAAAGTTA 250

FECELEEEE L P L EEEE T
CDKN1C_DelIns 201 CAGCTTGTGAGTGACCCCCTTCCCCAGAGTCCGCGATGAAAATAAAGTTA 250

CDKN1C_RefSeq 251 CACTTGTCAATAACCAGATGTGGGAGATGGAGAGTGCCTTTGGCATAACC 300

FECEREEEEE TR L LT L
CDKN1C_DelIns 251 CACTTGTCAATAACCAGATGTGGGAGATGGAGAGTGCCTTTGGCATAACC 300

CDKN1C_RefSeq 301 AATAACCGAGCTAGTGCGTGGCAGAGCGGTCCACGCCTGGACATAAATAG 350

FELEEEEEE TP E L L EEEEEE LT
CDKN1C_DelIns 301 AATAACCGAGCTAGTGCGTGGCAGAGCGGTCCACGCCTGGACATAAATAG 350

CDKN1C_RefSeq 351 AAAATATAAGTTAGTATAACTTTAAAAACTTTTTGTACAAATATACATGG 400
NN RN NN RN N RN NN RO RN NN RRRRANNRRAY
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CDKN1C_DelIns 351 AAAATATAAGTTAGTATAACTTTAAAAACTTTTTGTACAAATATACATGG 400

CDKN1C_RefSeq 401 TTTTTTTATTTTTTCCTTTTTTTTTTCTTTTTTCTTTTTTTTGCACTGAG 450
PLLEEEEE T e e i

CDKN1C_DelIns 401 TTTTTTTATTTTTTCCTTTTTITTTTTCTTTTTTCTTTTTTTTGCACTGAG 450

CDKN1C_RefSeq 45

iy

TTTCAGCAGAGATTAAACATTTTATATAAATGACTCTTAAAGCTTTACAC 500

PLCCELEEEECEE P e e e e e e e
CDKN1C_DelIns 451 TTTCAGCAGAGATTAAACATTTTATATAAATGACTCTTAAAGCTTTACAC 500

CDKN1C_RefSeq 501 C AGTGTACCTTCTCGTGCAGAATACATTTAGATATAAAAAGA 550

II\IIIIIIIIIIIII\IIIIIIIIIIII\\IIIIIIIIIIII\IIIIII
CDKN1C_DelIns 501 C CCTTCTCGTGCAGAATACATTTAGATATAAAAAGA 550

CDKN1C_RefSeq 551 CGTTATTAAT. 600
II\II III|IIIII\\IIIIII|IIIII\\IIIIIIIIIIII\IIIIII
CDKN1C_DelIns 551 C 600

CDKN1C_RefSeq 601 CTGCTCTGCGGCAGCCGCCGCCGGTTGCTGCTACATGAACGGTCCCAGCC 650

[LCCELCEEEEE L L L L L PP L LT
CDKN1C_DelIns 601 CTGCTCTGCGGCAGCCGCCGCCGGTTGCTGCTACATGAACGGTCCCAGCC 650

CDKN1C_RefSeq 651 GAGG CCCTTCCAACGTC AGGTTCCCTC 700

II\||||||||||||\\||||||||||||\\IIIIIIIIIIII\IIIIII
CDKN1C_DelIns 651 G 700

CDKN1C_RefSeq 701 CTCTTTGGGCTCTAAACTGCGAGGAGAGGGGCGGTCAGCAAAGCCGGCGG 750

FLLEEEE L E L EEE LTI
CDKN1C_DelIns 701 CTCTTTGGGCTCTAAACTGCGAGGAGAGGGGCGGTCAGCAAAGCCGGCGG 750

CDKN1C_RefSeq 751 GGACCCGGCGGGTCGGCCCTCCGCGCCCCCCCAGGTGCGCTGTACTCACT 800

FEELEECEEEEEEEE L L L L LT rr
CDKN1C_DelIns 751 GGACCCGGCGGGTCGGCCCTCCGCGCCCCCCCAGGTGCGCTGTACTCACT 800

CDKN1C_RefSeq 801 TGGCTCACCGCAGCCTCTTGCGCGGGGTCTGCTCCACCGAGCCCACGCCA 850

PECLLLLLLLLEEEEEEE L P
CDKN1C_DelIns 801 TGGCTCACCGCAGCCTCTTGCGCGGGGTCTGCTCCACCGAGCCCACGCCA 850

CDKN1C_RefSeq 851 G TCGCCCGACGACTT 900
I|\IIIIIIIIIIII\\IIIIIIIIIIII\\IIIIIIIIIIII\IIIIII
CDKN1C_DelIns 851 G CGACTT 900
CDKN1C_RefSeq 901 C TGATCTCTTGCGCTTGGCGA-AGAAATCTGCGGGCGACAGC 949
II\IIIIIIIIIIII\\IIIIIIIIIIII [Jeee LLCLLLTTLLTLLL
CDKN1C_DelIns 901 C TCTCTTGCGCTTGGCGACAGETCTCTGCGGECGACAGE 950

CDKN1C_RefSeq 950 GCGCGCGGCCGGTCAGGGCGGGGCCGGCCCGGAGACCCGAGAGGGGGLLG 999

FECLEEEELLEEEEE L EEEE L LE L P LT
CDKN1C_DelIns 951 GCGCGCGGCCGGTCAGGGCGGGGCCGGCCCGGAGACCCGAGAGGGGGCCG 1000

CDKN1C_RefSeq 1000 GGAGAGGGCGCGGGGCGCGGGCCGGCCGGGGTGGGGGCGCCGTCCCCGCC 1049

FELLECEELELEEEEEELEEEE L LTI
CDKN1C_DelIns 1001 GGAGAGGGCGCGGGGCGCGGGCCGGCCGGGGTGGEGGCGCCGTCCCCGCC 1050

CDKN1C_RefSeq 1050 C GCGGCGGGTCAGCTTTGTTTACGTCGCCGCGCAATGT 1099

I|\IIIIIIIIIIII\\IIIIIIIIIIII\\IIIIIIIIIIII\IIIIII
CDKN1C_DelIns 1051 C TCAGCTTTGTTTACGTCGCCGCGCAATGT 1100

CDKN1C_RefSeq 1100 GCTGTGTAAGCATTTCCCCTTGTCCCGCGGCCAAGCCCCCCGGGGCCGCC 1149

FLLEEEEE LT EEE L EEEEE L EE LTI
CDKN1C_DelIns 1101 GCTGTGTAAGCATTTCCCCTTGTCCCGCGGCCAAGCCCCCCGGGGCCGCC 1150

CDKN1C_RefSeq 1150 GCCGCGCTTAACCCCCTCCACGCCGTGCTCACGGCGCCCGGCCGCGCCCG 1199

FLLLEEEEEEREEEE TR EE L LTI
CDKN1C_DelIns 1151 GCCGCGCTTAACCCCCTCCACGCCGTGCTCACGGCGCCCGGCCGCGCCCG 1200

CDKN1C_RefSeq 1200 GGGAGGGGCTCCCGCGGCCGGGGGCGAAAACTGCGCTCCCGGGGGGTCGC — 1249

FLLEEEEELTEEEEE L L L L L LT
CDKN1C_DelIns 1201 GGGAGGGGCTCCCGCGGCCGGGGGCGAAAACTGCGCTCCCGGGGGGTCGC — 1250

CDKN1C_RefSeq 1250 GGCCGGGATTCAGCCTCCCACCCCGCCCGCGCGAAGCCGCTGGAGGGCAC — 1299

FLLUEEEETTEEEEEEEEEE L EL LTI
CDKN1C_DelIns 1251 GGCCGGGATTCAGCCTCCCACCCCGCCCGCGCGAAGCCGCTGGAGGGCAC — 1300

CDKN1C_RefSeq 1300 AACAACGGGGCGGGGAGGGGGGTAAGGGCGCAGCCGCGCCCTGAGCGCTG 1349
FEPEEEEEEEEEEEE PR E LT T
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CDKN1C_DelIns 1301 AACAACGGGGCGGGGAGGGGGGTAAGGGCGCAGCCGCGCCCTGAGCGCTG 1350

CDKN1C_RefSeq 1350 CGGGCCCTTTAATGCCACGGGAGGAGGCGGGAACCCAGCGAGGCCCCCGA 1399

FLECELEEELEEEE R e L L L L L LEEE L EEL LT
CDKN1C_DelIns 1351 CGGGCCCTTTAATGCCACGGGAGGAGGCGGGAACCCAGCGAGGCCCCCGA 1400

CDKN1C_RefSeq 1400 GGGCTGGGGGGACCGGCCGGCCGGACAAAGCGGGGCCGGGCCGGGCCGGG 1449

FLEEECEEELEEEL TR R P LEEE L L EErL L
CDKN1C_DelIns 1401 GGGCTGGGGGGACCGGCCGGCCGGACAAAGCGGGGCCGGGCCGGGCCGGE 1450

CDKN1C_RefSeq 1450 GCGGGGCCGTGCGGGGCTCACCGGAGATCAGAGGCCCGGACAGCTTCTTG 1499

FCECELEEELEEEE T e e L e E ey
CDKN1C_DelIns 1451 GCGGGGCCGTGCGGGGCTCACCGGAGATCAGAGGCCCGGACAGCTTCTTG 1500

CDKN1C_RefSeq 1500 ATCGCCGCGCCGTTGGCGCTGGCGGCCGCGGTGCCGGCCGCGGGACGTCC 1549

[LECELEEELEEE P e L L L L L L
CDKN1C_DelIns 1501 ATCGCCGCGCCGTTGGCGCTGGCGGCCGCGGTGCCGGCCGCGGGACGTCC 1550

CDKN1C_RefSeq 1550 CGAAATCCC 1599

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CDKN1C_DelIns 1551 C 1600

CDKN1C_RefSeq 1600 CCTGGTTCGCGCCCTGCTCGGCGCTCTCTTGAGGCGCCGCGTCCGGGGCC 1649

FLECEEREEE R e e e e e e ey
CDKN1C_DelIns 1601 CCTGGTTCGCGCCCTGCTCGGCGCTCTCTTGAGGCGCCGCGTCCGGGGCC — 1650

CDKN1C_RefSeq 1650 GGGGCCGGGGCGGGGGCCGGGGCCGGGGCCGGGGCCGGGGCTGGGGCCGG 1699

FLECELEEELEEEE R L L L L L L L L e
CDKN1C_DelIns 1651 GGGGCCGGGGCGGGGGCCGGGGCCGGGECCGGGGCCGGGGCTGGGGCCGE 1700

CDKN1C_RefSeq 1700 GGCCGCGACTGGAGCCGGGGCCGGAGCCGGAGCCGGAGCCGGGGCCGGGG 1749

FEECELEEEL R R LR L L L LE L EEr
CDKN1C_DelIns 1701 GGCCGCGACTGGAGCCGGGGCCGGAGCCGGAGCCGGAGCCGGGGCCGGGE 1750

CDKN1C_RefSeq 1750 CCGGGGCCAGGACCGCGACCGCGACCGGAGCCGCGACCGGAGCCGCGACC 1799

FCECELEEELEEELEEE LR L L L L LT
CDKN1C_DelIns 1751 CCGGGGCCAGGACCGCGACCGCGACCGGAGCCGCGACCGGAGCCGCGACC — 1800

CDKN1C_RefSeq 1800 GGAGCCGGAGCCGGGGCCGGGGCTGGAGCCAGGACCGGGACTGGGGGCGG 1849

FEECELEEEL R R L L L LT EErnr
CDKN1C_DelIns 1801 GGAGCCGGAGCCGGGGCCGGGGCTGGAGCCAGGACCGGGACTGGGGGCGG 1850

CDKN1C_RefSeq 1850 GGTGGACGCCGGGGCCGGGACCGGGACACTAGGCAGCTGCTCCGGCGCCT 1899

FLECEREEELEEEE R LR L L L e ey
CDKN1C_DelIns 1851 GGTGGACGCCGGGGCCGGGACCGGGACACTAGGCAGCTGCTCCGGCGCCT — 1900

CDKN1C_RefSeq 1900 CCTCGAGGCCGTCGAGGGACTCAGCGGCCGGCTCGAGGGGCGGGCTGACA 1949

FLLLEEEEELLEE L EE L LT
CDKN1C_DelIns 1901 CCTCGAGGCCGTCGAGGGACTCAGCGGCCGGCTCGAGGGGCGGGCTGACA — 1950

CDKN1C_RefSeq 1950 GCCACCGCGACCGCGACGGGCCGCGGCGCCAGCAGCAGGCGGCAGCGCCC 1999

FECELEEEEELLEEEE L EEEEE L EE L P L LT
CDKN1C_DelIns 1951 GCCACCGCGACCGCGACGGGCCGCGGCGCCAGCAGCAGGCGGCAGCGCCC — 2000

CDKN1C_RefSeq 2000 CACCTGCACCGTCTCGCGGTAGAACGCGGGCACCGAGTCGCTGTCCACTT 2049

FECELECEETLEEEE L L ELEEE LT
CDKN1C_DelIns 2001 CACCTGCACCGTCTCGCGGTAGAACGCGGGCACCGAGTCGCTGTCCACTT — 2050

CDKN1C_RefSeq 2050 CGGTCCACTGCAGGCGTCCAGGGCCCCGCAGCGGCATGTCCTGCTGGAAG — 2099

FELEEEEEEEEEEEE LT L L L LT LT
CDKN1C_DelIns 2051 CGGTCCACTGCAGGCGTCCAGGGCCCCGCAGCGGCATGTCCTGCTGGAAG — 2100

CDKN1C_RefSeq 2100 TCGTAATCCCAGCGGTTCTGGTCCTCGGCGTTCAGCTCGGCCAGGCGGGC — 2149

|II||I||II||I||II||I||II||I||II||I||II||I||II||I||
CDKN1C_DelIns 2101 TCGTAATCCCAGCGGTTCTGGTCCTCGGCGTTCAGCTCGGCCAGGCGGGC — 2150

CDKN1C_RefSeq 2150 CTGCAGCTCGCGGCTCAGCTCCTCGTGGTCCACCGGCCCGAAGAGGCTGC — 2199

|II||I||II||I||II||I||II||I||II||I||II||I||II||I||
CDKN1C_DelIns 2151 C CTCGCGGCTCAGCTCCTCGTGGTCCACCGGCCCGAAGAGGCTGC 2200

CDKN1C_RefSeq 2200 GGCAGGCGCTGGTGCGCACTAGTACTGGGAAGGTCCCACGGGCGACAAGA 2249

FECELEEETLEEEEEE L e
CDKN1C_DelIns 2201 GGCAGGCGCTGGTGCGCACTAGTACTGGGAAGGTCCCACGGGCGACAAGA — 2250

CDKN1C_RefSeq 2250 CGCTCCATCGTGGATGTGCTGCGGAGGGACGCGTCGGACATGGCCCGGGG 2299
IIII|IIIIII|IIIIII|IIIIII|IIIIIIIIIIIIIIIIIIIIIIII
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CDKN1C_DelIns 2251 CGCTCCATCGTGGATGTGCTGCGGAGGGACGCGTCGGACATGGCCCGGGG — 2300

CDKN1C_RefSeq 2300 CTGCGCAAACGCGGGCAGCGAGAGAGGAGAGGACAGCGAGAAGAAGGGGA — 2349

FLECEEEEELEEEE R R P L P L L L EEEL LT
CDKN1C_DelIns 2301 CTGCGCAAACGCGGGCAGCGAGAGAGGAGAGGACAGCGAGAAGAAGGGGA — 2350

CDKN1C_RefSeq 2350 AAGGAGAGGAGGAGAGGGCGGAGGCCGGGCGCAAGGGAGACCCCGCGCCG 2399

FECCECEEELECEEEEE L L L L L LT EEL L
CDKN1C_DelIns 2351 AAGGAGAGGAGGAGAGGGCGGAGGCCGGGCGCAAGGGAGACCCCGCGCCG 2400

CDKN1C_RefSeq 2400 CCCGACTCTGCGTGTGCGAGGGACGCGGCGGCTACCTGGCTGTCCGGTGG — 2449

FEECELEEEEEEE e e e e e e e eeerny
CDKN1C_DelIns 2401 CCCGACTCTGCGTGTGCGAGGGACGCGGCGGCTACCTGGCTGTCCGGTGG — 2450

CDKN1C_RefSeq 2450 TGGACTCTTCTGCGTCGGGTTCGCCTGTCTCGTCCGGACGGCAGCCGCGC — 2499

FLCEEEELECEE e e e e e ee e eern
CDKN1C_DelIns 2451 TGGACTCTTCTGCGTCGGGTTCGCCTGTCTCGTCCGGACGGCAGCCGCGC — 2500

CDKN1C_RefSeq 2500 CCCCTCGATGCCTGCTGGCTAGCTCGCTCGCTCAGGCCTGGCCGGCACCC — 2549

FCLEELEEELEEEE L e ey
CDKN1C_DelIns 2501 CCCCTCGATGCCTGCTGGCTAGCTCGCTCGCTCAGGCCTGGCCGGCACCC — 2550

CDKN1C_RefSeq 2550 CTCGAGCACAGCGCACTTGGCCTGTGGAACGCCCAGCCCGCCTGCGCCCC 2599

FEECELEEEE R T e e L et eeern
CDKN1C_DelIns 2551 CTCGAGCACAGCGCACTTGGCCTGTGGAACGCCCAGCCCGCCTGCGCCCC 2600

CDKN1C_RefSeq 2600 CTTTATACGCGCGGGCCCCACCCCCGTGCGCGCGGGCCCGGCCGCGATTA 2649

FEECEEEEEE R R L L L EEE L L LT
CDKN1C_DelIns 2601 CTTTATACGCGCGGGCCCCACCCCCGTGCGCGCGGGCCCGGCCGCGATTA 2650

CDKN1C_RefSeq 2650 GCATAATGTAGTATTTTCAGTTTCAACAACACCACGGCGATTGGCGGCCG 2699

FCLEELREEE LT e e e e e e ey
CDKN1C_DelIns 2651 GCATAATGTAGTATTTTCAGTTTCAACAACACCACGGCGATTGGCGGCCG — 2700

CDKN1C_RefSeq 2700 C GCGCACCGCCCATTGG 2749

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CDKN1C_Dellns 2701 C CGCACCGCCCATTGG 2750

CDKN1C_RefSeq 2750 CCGCGCGCACACCCACCGGGGGCGGGGCGGGGCGCGCGGCCGGGGCGCGC — 2799

FCECECEEELEEELE L L L L LR L
CDKN1C_DelIns 2751 CCGCGCGCACACCCACCGGGGGCGGGGCGGGGCGCGCGGCCGGGGCGCGC — 2800

CDKN1C_RefSeq 2800 GG 2801

[
CDKN1C_Dellns 2801 GG 2802
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Haplotype analysis in the family with informative (simple tandem repeat) markers (to
the left) confirm that the de novo CDKN1C delins in the maternal grandfather

occured on his maternal allele
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Supplementary 4. Results from CDKNIC RNA-sequencing displaying Splice Junctions Tracks

a RefSeq; index boy and healthy control (blood) b Ref Seq; mother, maternal grandfather (blood) and
index boy (fibroblasts)
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All results from RNAseq are presented in IGV (The Integrative Genomics Viewer). (a) and (b) represent
mapping against reference sequence genome assembly GRCh38.p11. (¢) and (d) were mapped against a
FASTA file containing the delins variant, using the consensus splice site as reference.

Panel (a) and (c) show results from analysis of blood-derived RNA from index patient and a healthy control,
while (b) and (d) show results from blood-derived RNA from the asymptomatic heterozygous mother, the
mosaic grandfather, and at the bottom fibroblast-derived RNA from the index patient.

The four Ensembl transcripts are shown at the top; first CDKN1C-202 (named IsoAl in the figure to ease
reading), then CDKNI1C-201 (IsoD), followed by CDKNIC-204 (IsoB) and CDKN1C-203 (IsoAS). Isoform A
(316aa) is encoded by two transcripts of different UTR-length, CDKN1C-202 (L for ”long”) and
CDKNIC-203 (S for “’short”). Where the two transcript can not be distinguished, the L/S is omitted. The
transcripts are read from the reverse strand (from right to left in the figures). The junctions track displays arcs
connecting alignment blocks from a single read. For RNA data these connections normally arise from splice
junctions, called Splice Junction Track (SJT). Below each arc, the corresponding isoform (A, B or D) and the
total number of (manually checked) SJTs are reported, with delins-containing reads in red. The total number of
reads at specific points are marked by arrows. SITs on the same line do not necessarily correspond to the same
transcript.
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Double paternal uniparental isodisomy
7 and 15 presenting with Beckwith-
Wiedemann spectrum features
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Hospital-Ulleval, 0424 Oslo, Norway; 6Department of Clinical Science, University of Bergen, 5007 Bergen, Norway

Abstract Here we describe for the first time double paternal uniparental isodisomy (iUPD) 7
and 15 in a baby boy with features in the Beckwith-Wiedemann syndrome spectrum (BWSp)
(placentomegaly, hyperinsulinism, enlarged viscera, hemangiomas, and earlobe creases) in
addition to conjugated hyperbilirubinemia. His phenotype was also reminiscent of
genome-wide paternal uniparental isodisomy. We discuss the most likely origin of the
UPDs: a maternal double monosomy 7 and 15 rescued by duplication of the paternal chro-
mosomes after fertilization. So far, paternal UPD7 is not associated with an abnormal phe-
notype, whereas paternal UPD15 causes Angelman syndrome. Methylation analysis for
other clinically relevant imprinting disorders, including BWSp, was normal. Therefore, we
hypothesized that the double UPD affected otherimprinted genes. To look for such effects,
patient fibroblast RNA was isolated and analyzed for differential expression compared to six
controls. We did not find apparent transcription differences in imprinted genes outside
Chromosomes 7 and 15 in patient fibroblast. PEG10 (7g21.3) was the only paternally im-
printed gene on these chromosomes up-regulated beyond double-dose expectation (six-
fold). We speculate that a high PEG10 level could have a growth-promoting effect as his
phenotype was not related to aberrations in BWS locus on 11p15.5 after DNA, RNA, and
methylation testing. However, many genes in gene sets associated with growth were up-
regulated. This case broadens the phenotypic spectrum of UPDs but does not show evi-
dence of involvement of an imprinted gene network.

[Supplemental material is available for this article.]

INTRODUCTION

In uniparental disomy (UPD), both chromosomes in a pair are derived from the same parent
(Engel 1980). The two chromosomes can be identical (isodisomy) or homologous (heterodi-
somy). Meiotic or mitotic recombination can result in a mixture of homozygous (identical)
and heterozygous segments. Most UPDs are of maternal origin and caused by trisomy rescue
after errors in the first meiotic cleavage (MI) in the oocyte (Kotzot and Utermann 2005; Nakka
etal. 2019). In contrast, complete isodisomies are often of paternal origin (Scuffins et al. 2021).
Gamete complementation is an anecdotal cause of UPD (Liehr 2014). Segmental UPDs due to
mitotic recombination of the maternal and paternal homologs often display mosaicism.
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UPDs can be phenotypically neutral but can also be associated with disease in multiple
ways; imprinting disorder, low-level mosaicism of an original aneuploidy, a more complex
event (supernumerary marker chromosomes, chromothripsis), or demasking of a recessive
disease caused by a pathogenic variant carried by only one of the parents. Imprinted genes
are tightly regulated, resulting in monoallelic expression in a parent-of-origin-specific and
sometimes tissue-dependent manner. Chromosomes 6, 7, 11, 14, 15, and 20 contain im-
printed genes that can result in abnormal development if the chromosome pair derives
from one parent only. Remarkably, developmental disorders related to imprinting often
have overlapping features. Growth disturbances are common, and paternal UPDs often
lead to increased intrauterine growth (paternal UPD6/11/14/20 and mosaic genome-wide
paternal UPD), whereas many maternal UPDs cause growth restrictions (maternal UPD7/
11/14/15/20 and mosaic genome-wide maternal UPD). Endocrine dysregulation and neuro-
developmental delay are also frequently observed in imprinting disorders.

Complete (nonsegmental) UPDs are rare in the general population but show a higher
incidence in patient populations. UPD was found in 3.73% of discarded morphologically
abnormal embryos (Xu et al. 2015) and in 0.31% of about 32,000 diagnostic exome trios,
of which 39% were isodisomies (Scuffins et al. 2021). No double UPD was found in this large
patient study. A population screen suggested that UPD occurs in 1/2000 births (0.05%)
(Nakka et al. 2019). This study also reported six double UPDs without further details, and
their data suggested an incidence of double UPD of 1/50,000 births. The most frequent
UPDs in this data set involved Chromosomes 1, 4, 16, 21, 22, and X. This contrasts with
the UPDs found after literature search in patient populations, in which all involved imprinted
chromosomes (Chromosomes 6, 7, 11, 14, and 15). The mothers of children with UPDs were
significantly older than those of non-UPD children, implying a maternal age effect due to
meiotic errors (Nakka et al. 2019; Scuffins et al. 2021).

Chromosome 15 is the most common chromosome involved in UPD formations in diag-
nostic settings, accounting for both maternal and paternal UPDs (Scuffins et al. 2021).
Previous publications describing UPDs found a general overrepresentation of imprinted
chromosomes like Chromosome 7 (Liehr 2014), but this probably reflects an ascertainment
bias as these present with a recognizable phenotype and have readily available diagnostic
tests in most developed countries (Nakka et al. 2019). UPD(15)mat (maternal UPD15) often
displays heterodisomy (hUPD) or mixed hUPD and isodisomy (iUPD) and result from trisomy
rescue. UPD(15)mat is found in ~25% of Prader-Willi syndrome (PWS) patients (Grugni et al.
2008), whereas UPD(15)pat (often iUPD) is a rare cause of Angelman syndrome, present in
~6% (den Besten et al. 2021). iUPD(15)pat can be caused by postzygotic monosomy 15 res-
cue after maternal meiotic errors, mitotic segregation errors, or rescue of an isochromosome
formation. In contrast, paternal hUPD due to trisomy rescue after a paternal meiotic error is
rare (Engel 2006). Angelman syndrome is caused by the lack of the maternally expressed
UBE3A in the brain. The phenotype includes mild neonatal hypotonia, epilepsy, a character-
istic face, microcephaly, ataxia, usually severe developmental delay without expressed lan-
guage, and a normal life span, but no overgrowth (den Besten et al. 2021).

UPD(7)mat is a cause of Silver-Russell syndrome (SRS), a growth-restricted syndrome.
UPD(7)pat is regarded as phenotypically neutral unless a recessive disease is demasked
(Hoffmann and Heller 2011), although one report on tall stature suggested a contrasting
growth effect (Nakamura et al. 2018). In total, there are seven previous clinical reports on
UPD(7)pat patients, five of whom had CFTR-related disease (Fares et al. 2006; Feuk et al.
2006; Goh et al. 2007; Le Caignec et al. 2007), including one patient with both cystic fibrosis
(CF) and DNAH11 ciliopathy (Pan et al. 1998; Bartoloni et al. 2002). One patient had congen-
ital chloride diarrhea (Hoglund et al. 1994). Two of seven patients had an unexplained devel-
opmental delay (Fares et al. 2006; Feuk et al. 2006). One of the patients with UPD(7)pat and
CF also presented with hyperbilirubinemia and a cholestatic pattern lasting for several
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months, in addition to postnatal overgrowth and delayed development (Fares et al. 2006). All
but two were molecularly confirmed complete isodisomies (Feuk et al. 2006; Goh et al.
2007). In addition, a study on methylation profiling in UPD included two individuals with
UPD(7)pat without phenotype information (Joshi et al. 2016), and furthermore there were
three UPD(7)pat individuals found in a large population screen (Nakka et al. 2019). An over-
view also including nonpublished UPD(7)pat patients can be found at http:/cs-tl.de/DB/CA/
UPD/7-UPDp.html.

Mosaic segmental paternal UPD11p is a common cause of Beckwith-Wiedemann spec-
trum overgrowth disorders (BWSp). Other causes of BWSp are loss of methylation (LOM) of
imprinting center 2 (CDKNC1/KCNQ1), gain of methylation (GOM) of imprinting center 1
(H19/IGF2), and mutations in the imprinting centers or the growth-inhibitor CODKN1C.

Complete genome-wide paternal UPD (GWpUPD), also called uniparental diploidy, is
lethal and associated with a molar pregnancy, whereas mosaic GWpUPD, also called andro-
genetic/biparental chimerism, has been reported more than 30 times in the literature. Low-
level mosaicism with tissue variations can be difficult to detect (Kalish et al. 2013; Christesen
etal. 2020). Clinical features include placental mesenchymal dysplasia (PMD) and placento-
megaly, BWSp, hyperinsulinism, capillary hemangiomas, elevated risk of cancer, and signs of
mosaicisms like lateralized overgrowth (Kotzot 2008; Kalish et al. 2013; Postema et al. 2019;
Sheppard etal. 2019). However, signs of other imprinting disorders like Angelman syndrome
can sometimes be evident (Inbar-Feigenberg et al. 2013; Sheppard et al. 2019; Christesen
etal. 2020). Conjugated hyperbilirubinemia is not established as a feature of imprinting dis-
orders. However, this was documented in five girls with mosaic GWpUPD and a BWS-like
phenotype with hyperinsulinism (Kalish et al. 2013; Lee et al. 2019; Christesen et al.
2020), in one case of UPD(6)pat (other methylation defects or UPDs were not ruled out in
this patient) (Kenny et al. 2009), and in one case of UPD(7)pat (Fares et al. 2006).

We report on a young boy who initially presented with a phenotype overlapping BWSp
and GWpUPD, but with the surprising finding of a double paternal isodisomy of the imprint-
ed Chromosomes 7 and 15. A case of two concurrent UPDs in the same individual has not
been clinically described previously. Therefore, we wanted to investigate if the double
UPDs affected the transcription of other imprinted genes. We discuss the most likely mech-
anism of origin, suggest that paternal UPD7 might not be phenotypically neutral, and ex-
plore the gene expression pattern in patient fibroblast to find an explanation for the
phenotype.

RESULTS

Clinical Presentation and Family History

The boy was born from unrelated healthy parents; the mother described the pregnancy
as problematic compared to her former pregnancy, and she developed cravings for carbo-
hydrates and felt tired constantly. Still, there were no complications and three regular ul-
trasound scans. Nuchal translucency was normal (1.26 mm) at gestation week 12+ 1.
Spontaneous vaginal birth took place at gestation week 40+ 5, with Apgar scores 9/9/
10 after 1, 5, and 10 min. He was 57 cm (2.98 SD) and weighed 4540 g (1.79 SD) at birth;
head circumference was 0 SD the first week, and all growth references are according to
Norwegian children growth charts (Juliusson et al. 2009). Placentomegaly with an un-
trimmed weight of 1.7 kg was noted, but unfortunately the placenta was not further exam-
ined. The boy was admitted to intensive care after 1.5 h as a result of hypoglycemia (lowest
level 1.6 mmol/L). He developed jaundice and was diagnosed with conjugated hyperbili-
rubinemia, peaking at 7 wk of age with conjugated bilirubin of 109 pmol/L (<5) and ele-
vated liver transaminases. After that, the bilirubin slowly decreased to normal levels at
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4-6 mo of age, after which all medical supplements (ursodeoxycholic acid, fat-soluble vi-
tamins) were withdrawn. Because of prolonged hypoglycemia and high insulin levels in the
blood, he was diagnosed with transient hyperinsulinism that lasted 5-6 wk. He had a sys-
tolic heart murmur and clinically enlarged spleen and liver (4-5 cm below costal margin).
Small palpable occipital skin tumors were present at birth, and ultrasound examination
suggested hemangiomas. These disappeared within the first month of life. Regarding
BWSp features, he had bilateral earlobe creases (Supplemental Fig. S1) but no asymmetry,
umbilical hernia, or macroglossia. Abdominal ultrasound showed large and hyper-echo-
genic kidneys bilaterally, slightly enlarged normal liver, and normal pancreas and spleen,
also confirmed in later scans. Echocardiography and neonatal electroencephalogram (EEG)
were normal and so was an X-ray of the chest and spinal column. Explorative laparotomy
and cholangiography at 5 wk of age were normal. Still, a liver biopsy revealed a possible
paucity of intrahepatic bile ducts and cholestasis with minimal inflammation, no glycoge-
nosis, and a diploid status (Haroske et al. 2001). His hyperbilirubinemia was considered
secondary to hyperinsulinism. Head circumference fell from 0 SD to —1.2 SD at 10 mo
of age. Height at 10 mo of age was 2.4 SD and weight 4.0 SD. He smiled at 5 wk of
age and could roll over from his back at 3.5 mo. Breastfeeding was unsuccessful, but oth-
erwise there were no feeding difficulties. At 11 mo of age, he was a happy baby with mild
sleeping problems and constipation, and bilateral inguinal testes were found. There were
no dysmorphic features, and he had frequent smiles, strabismus, full cheeks, no words,
played with toys using both hands, could sit without support for a short period, and moved
around freely by shuffling on all fours. He had moderately delayed motor milestones, but
he was too young for formal assessment.

The family history was negative. Both parents were tall and slim, the father was 36 yr and
190 cm, and 54 cm and 4.25 kg at birth. The mother was 42 yrand 180 cm, and she was 3572
g atbirth, 4 wk preterm. A healthy elder sister was 53 cm and 3740 g at birth, with a placenta
of 520 g (trimmed weight of 394 g without fetal membranes and umbilical cord, correspond-
ing to the 10th centile for 39 wk gestation).

The clinical scoring system of BWSp requires a minimum of four points (Brioude et al.
2018), and he scored five points—two points for hyperinsulinism lasting >1 wk, and three
points from suggestive features: placentomegaly, ear creases, and nephromegaly and hepa-
tomegaly. According to Norwegian growth charts, his birth weight of 4.45 kg is 1.79 SD, but
according to World Health Organization (WHO) references, his birth weight was 2.2 SD, and
this would have added another suggestive point and a total BWSp score of é.

Diagnostic Workup

Just after birth, methylation-specific (MS) multiplex ligation-dependent probe amplification
(MLPA) ME030-C1 (BWS) test, an arrayCGH test (on a 180K Agilent array), and an next-
generation sequencing (NGS)-based gene panel test with genes associated with liver dis-
eases and hyperinsulinism were performed with normal results. At admission to our hospi-
tal because of hyperinsulinism at 5 wk of age, we performed a CytoScanHD Array that
revealed complete isodisomy of both Chromosomes 7 and 15, but no (likely) pathogenic
copy-number variants (CNVs). As he presented with neither hypotonia (seen in PWS/UPD
(15)mat) nor growth restriction (seen in Silver-Russell/UPD(7)mat), we suspected both
iUPDs to be paternal or possibly representing clonal mosaicism restricted to peripheral
blood. An MS-MLPA test on DNA from a separate blood sample confirmed that both
UPDs were paternal, with complete LOM of MEST/GRB10 in 7932 and MAGEL2/SNRP/
UBE3A in 15g11.2. Methylation patterns in differentially methylated regions (DMRs) on
Chromosomes 6, 11, and 14 were normal. Trio-based whole-exome sequencing (WES)
gave normal results without evidence for recessive, de novo, X-linked or imprinting
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disorders and confirmed lack of biparental inheritance of single-nucleotide variants (SNVs)
on Chromosomes 7 and 15. Also, ABCC8 MLPA and CDKN1C Sanger sequencing were
normal.

We wanted to exclude a clonal UPD event, aneuploidy-mosaicism, or GWpUPD.
Chromosome analysis confirmed a normal male karyotype 46,XY in the blood (70 metaphas-
es) and cultured skin fibroblast (39 metaphases) from a skin biopsy taken at 5 mo of age. In
addition, fluorescence in situ hybridization (FISH) analysis of centromeres X and Y in 100 in-
terphase nuclei from peripheral blood leukocytes was normal. We also repeated all three rel-
evant MS-MLPA analyses in DNA extracted directly from the skin biopsy, with identical
results to blood DNA. Parental karyotypes were both normal.

Karyotype 46,XY.arr{GRCh37] 7p22.3936.3(44166_159119220)x2 hmz pat,

15q11.2 g26.3(22752398_102429049)x2 hmz pat

RNA Analysis

As his BWSp phenotype did not correlate with the molecular findings, RNA-seq was per-
formed on fibroblast RNA to explore the expression of imprinted genes and other genes
of interest, particularly genes involved in growth. We compared this patient to fibroblast
RNA-seq results from six control samples. The results are summarized in Supplemental
Table S1. Of the approximately 64,000 genes analyzed, which included alternative assem-
blies, 11,299 genes passed quality checks. Of these, 103 genes were up-regulated (fold
change [FC]>2), of which 99 were protein-coding genes. Similarly, 27 genes were down-
regulated (FC <0.5), of which 15 were protein-coding. There were only four imprinted differ-
entially expressed genes (DEGs), all up-regulated. One of these (NAP1L4) is annotated with
an unknown imprinting status, one (PKP3) has a predicted maternal expression, and two
(DIRAS3 and PEG10) had paternal expression. This analysis yielded no down-regulated im-
printed gene. Gene sets that were significantly enriched (adjusted P-value <0.05) with DEGs
fulfilling both the quality and FC criteria described above are listed in Supplemental Table

Table 1. Results from RNA expression analysis of up- or down-regulated imprinted genes on Chromosomes 7 and 15

Gene Ensembl GeneName Chr FC_Index- MedianCtrls SD FCrmin (>2) FCmax  logoFC Expressed allele
PEG10 ENSG00000002746 Chr7 6.55 2.77 4.43 12.09 2.71 Paternal

NDN ENSG00000105825 Chr 15 2.31 1.21 1.49 4.61 1.21 Paternal

GLI3 ENSG00000206190 Chr7 2.07 0.91 0.68 3.39 1.05 Paternal

SGCE ENSG00000135211 Chr7 1.59 0.36 0.88 1.92 0.67 Paternal

SNRPN ENSG00000187391 Chr 15 1.54 0.47 0.76 1.98 0.62 Paternal

RAC1 ENSG00000158623 Chr7 1.22 0.21 1.06 1.64 0.29

UBE3A ENSG00000106070 Chr 15 1.14 0.17 0.85 1.31 0.18 Maternal
CCDC71L ENSG00000164896 Chr7 0.87 0.18 0.77 1.22 -0.20 Paternal

GRB10 ENSGO00000114062 Chr7 0.81 0.17 0.55 0.99 -0.30 Isoform-dependent
MAGI2 ENSG00000128739 Chr7 0.75 0.45 0.21 1.29 -0.42 Maternal

ATP10A ENSG00000106571 Chr 15 0.67 0.19 0.37 0.86 -0.58 Maternal

TFPI2 ENSG00000182636 Chr7 0.45 5.02 0.16 10.68 -1.16 Maternal

HECW1 ENSG00000242265 Chr7 0.23 0.16 0.17 0.61 -2.15 Paternal

We only present genes passing the quality check with normalized RNA expression value >8 (see Supplemental Table S1). FC_Index-MedianCtrl represents the
fold change between the normalized expression value of the index patient and the median normalized expression value of the six controls. FC_Min (>2) is the
lowest fold change between the index and a control sample; genes not fulfilling criteria of an FC_Min >2 are marked with FC_Min in italics. FC_Max is the largest
fold change between the index and a control sample.

(FC) Fold change, (Chr) corresponding chromosomal locus, (SD) standard deviation.
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Figure 1. The Sashimi plot (IGV 2.3.74) of PEG10 RNA-seq analysis displaying the two open reading frames
(ORFs) with 11 nt difference between the two consecutive intron 1 donor sites, comparing the expression level
in the index (red) to controls (green).

S1. Two relevant gene sets for growth (marked in bold) were both enriched for up-regulated
genes, and according to these gene sets, 11/103 (11%) of up-regulated genes were involved
in growth.

Finally, we looked at the expression status of (tentative) imprinted genes on
Chromosomes 7 and 15, passing the quality check irrespectively of FC, but excluding genes
with only predicted or conflicting data (Table 1). MEST did not pass quality criteria in five out
of six controls and therefore is not included in the table. In summary, we show that the five
genes with the highest FC were all paternally imprinted. No significant expression change in
BWS genes like IGF2 and CDKN1C was evident. PEG10 with an FC of 6.55 and FC_min of
4.43 was the only gene also passing the FC > 2 criteria. This gene has two open reading
frames (ORFs). We find ~3x higher expression for the most extended transcript in both index
and controls, visualized as a Sashimi plot in Figure 1. Exon 1—intron 1 junction is shown on a
large scale, confirming that in ORF1, intron 1 is 11 nt longer than in ORF2. The number of
tracks spanning splice junctions is shown.

DISCUSSION

In a baby boy with a BWSp-like phenotype, we detected double paternal iUPD7 and iUPD15
(a cause of Angelman syndrome), none of which is known to affect intrauterine growth. The
clinical BWSp suspicion, despite normal genetic and imprinting status for BWS locus, point-
ed to the existence of an “imprinted gene network” (IGN), in which imprinted genes can in-
fluence the expression of other imprinted genes even when on other chromosomes (Patten
etal. 2016; Eggermann et al. 2021). Six reported patients with concurrent UPD and imprint-
ing defects involving loci on other chromosomes provide further support to the IGN hypoth-
esis (Arima et al. 2005; Begemann et al. 2012; Hara-Isono et al. 2020; Choufani et al. 2021).
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Nevertheless, this was not confirmed by RNA-seq in our case. Therefore, we suggest that his
phenotype was attributed to his double UPDs, through imprinting defects or up-regulation
of nonimprinted genes involved in growth (Table 1; Supplemental Table S1). By definition,
the boy has a multilocus imprinting disorder (MLID). It is possible that all MLID with paternal
methylation patterns could lead to a BWSp-like phenotype, regardless of which DMRs are
involved, but it is also possible that overexpression of the paternally imprinted gene
PEG10 on Chromosome 7 is growth-promoting (Fig. 1).

Overlapping phenotypic features of many imprinting disorders—in particular, SRS (LOM
H19/IGF2:1G-DMR on 11p15.5), Temple syndrome (TS) (LOM DLK1/MEG3:IG-DMR on
14g32.2), and PWS (GOM SNURF:TSS-DMR on 15q11q13)—also support the IGN notion.
However, genome-wide methylome analyses in these three patient groups have not re-
vealed any apparent relationships between the methylation pattern and the shared pheno-
typic expression in these patients (Hara-Isono et al. 2020). In contrast, transcriptome analysis
performed in patients with TS, SRS, and one mixed TS and SRS showed some overlapping
features such as decreased IGF2 expression, and TS and PWS patients showed decreased
SNURF expression (Abi Habib et al. 2019).

Most imprinted DEGs on Chromosomes 7 and 15 in the boy showed expression changes
as expected from the imprinting pattern (Table 1). UBEA3A shows slightly increased expres-
sion but below our fold change criteria. However, this gene is biallelically expressed in fibro-
blasts and only maternally expressed in the brain. The imprinting status is documented only
in the placenta for the paternally expressed down-regulated genes CCDC71L and HECW1
(Sanchez-Delgado et al. 2015).

In conclusion, we did not identify a single or a group of DEGs explaining the placento-
megaly or overgrowth in the boy apart from high expression of PEG10 nor a general dysre-
gulation of known imprinted disease genes (Table 1). However, we found significant
enrichment for up-regulated genes in gene sets associated with growth and, in general,
about four times as many up-regulated as down-regulated DEGs.

Clinical findings were reminiscent of BWSp or mosaic GWpUPDs, which were molecu-
larly excluded. A large placenta is a hallmark of BWS, but weight >1 kg is uncommon and a
placenta of 1.9 kg has been reported in GWpUPD (Postema et al. 2019). Unfortunately,
placental tissue and pathology were not available. Of note, iUPD(7)pat in postnatal over-
growth and a large and fused twin placenta of 1340 g at gestation week 34 has been re-
ported (Nakamura et al. 2018). A partly phenotypic overlap was also found in a patient with
cystic fibrosis due to iUPD(7)pat, hyperbilirubinemia with cholestatic pattern, and postnatal
overgrowth (Fares et al. 2006). The imprinted genes GRB10 on 7p12 and MEST (PEG1) on
7932 have been suggested to be implicated in growth restriction (Carrera et al. 2016;
Eggermann et al. 2019). A potential role in overgrowth in UPD(7)pat has also been dis-
cussed (Nakamura et al. 2018), and BWSp features was noted in a patient with a maternal
GRB10 deletion (Naik et al. 2011). Our study showed increased PEG10 expression above
the expected doubling from UPD, with a sixfold change (Table 1), whereas GRB10 was not
significantly down-regulated (FCmedian 0.81). Unfortunately, MEST did not pass quality
control; thus, our study is inconclusive on the regulation on MEST expression. We specu-
late that PEG10 (paternally expressed gene 10) on 7g21.3 might be a cause of both the
fetal and placental overgrowth, being a known oncogene (Xie et al. 2018) and essential
for placental development (Ono et al. 2006; Abed et al. 2019). This is in line with an
SRS phenotype with normal-sized placentas in two patients with paternal isochromosomes
7p combined with maternal isochromosomes 7q (Eggerding et al. 1994; Kotzot et al.
2001). PEG10 has two conserved ORFs (Xie et al. 2018), also confirmed by RNA-seq.
PEG10 is strongly expressed in the placenta, but also shows high expression in kidneys,
lung, brain, and endocrine tissues, and it is involved in cancer proliferation, apoptosis,
and metastasis.
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Conjugated hyperbilirubinemia has been reported in eight patients with UPD, and 7/8
presented with hyperinsulinism. Hyperinsulinemic hypoglycemia is associated with sponta-
neously resolving conjugated hyperbilirubinemia in newborns (Edwards et al. 2021). A sys-
tematic review of 1692 subjects with conjugated hyperbilirubinemia in infancy does not
describe any patients with UPD (Gottesman et al. 2015). Furthermore, NGS and CNV analysis
did not reveal other causes of bilirubinemia in the boy. Although these methods have limi-
tations, the clinical findings and transient and benign nature correspond well with the de-
scription of hyperbilirubinemia in UPD patients in the literature. Our report demonstrates
that UPDs could very well be overlooked in patients with conjugated hyperbilirubinemia,
as the UPD diagnosis in the boy was missed in the first hospital.
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Figure 2. Abnormal female meiosis resulting in a double nullisomic oocyte, in which alternative C or D is the most likely
event in our case. (Legend continued on following page.)
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In Figure 2, we have outlined the most plausible segregation errors causing double
iUPD. Because paternally derived aneuploidies are very rare, causing <1% of all meiotic
errors (Tyc et al. 2020), a maternal origin of the double UPD was most likely (e.g., a cor-
rection of a double maternal monosomy). This was found in 4%-6% of the blastomeres
at maternal age 40-42 yr (Tyc et al. 2020). Furthermore, an initial meiosis | (Ml) error in co-
cytes increased the probability of a subsequent meiosis Il (M) error like nondisjunction
(NDJ) by ~2.2-fold. The initial meiotic error could be of NDJ type, but premature separa-
tion (and missegregation) of sister chromatids (PSSC) (Fig. 2C) and reverse segregation are
both more prevalent, particularly in advanced maternal age (Ottolini et al. 2015; Capalbo
etal. 2017; Gruhn et al. 2019). Gamete complementation (a double disomic sperm meet-
ing a double nullisomic ovum) is improbable. Complex mitotic errors are eradicated very
early in embryo development. In contrast, meiotic errors are more prone to persist (McCoy
et al. 2015). Thus, the most likely origin of the double paternal UPD is maternal double
monosomy, causally related to increased maternal age. The meiotic errors probably in-
volved a PSSC in MI, resulting in monosomy 15, or, alternatively, reverse segregation of
Chromosome 15 in Ml with missegregation in MIl. The aneuploid MI oocyte was suscep-
tible to MII-NDJ, affecting Chromosome 7. Postzygotic monosomy rescue with paternal
isodisomy of both Chromosomes 15 and 7 then occurred, with a total loss of monosomic
cell lines.

In conclusion, we describe for the first time a child with double paternal isodisomy UPD 7
and 15, presenting with Angelman syndrome and a Beckwith-Wiedemann spectrum pheno-
type. We did not find an alternative explanation for the BWSp phenotype by WES, methyl-
ation testing, and RNA-seq, but we suggest that overexpression of PEG 10 could be related

Figure 2. (Continued.) (A) Normal situation with canonical meiotic division | and Il with normal segregation of
Chromosomes 7 (red) and 15 (blue). The first meiotic division separates the pair of homologous chromosomes,
whereas the second division separates sister chromatids. Dotted lines represent polar bodies (PB), and com-
plete lines the oocyte. Recombinations are omitted from the figures for simplicity. (MI) Meiosis |, (MIl) meiosis
II. (B) Canonical Ml and MIl with nondisjunction (NDJ). At MI, homologous chromosomes should segregate to
opposite spindle pools, but here the homologous Chromosome 15 missegregate. Chromosome 15 is the most
frequent chromosome involved in aneuploidy and also represents the chromosomes with the strongest mater-
nal age effect on premature separation (and missegregation) of sister chromatids (PSSC) and reverse segrega-
tion (RS) (McCoy et al. 2015; Capalbo et al. 2017; Gruhn et al. 2019). In an aneuploid oocyte, the risk of
MII-NDJ increases, here depicted with NDJ of Chromosome 7, where the sister chromatids fail to separate.
The double nullisomy oocyte (=7, —15) outcome is outlined. Polar body 1 (PB1) from MI-NDJ show +15 (dis-
omy 15), and PB2 (dotted line) show +7, =15 (mixed disomy and nullisomy). The result from MII-NDJ of
Chromosome 7 in an oocyte with a PB1 constitution is not drawn but would be +7,+15 (double disomy)
and -7, +15 (mixed nullisomy and disomy). (C) Meiosis with premature (or precocious) separation of sister
chromatids (PSSC), in which sister chromatids of one Chromosome 15 loose cohesins and split prematurely
and separate in MI, forming a free chromatid, and segregate with (PB1, +15) or without (- 15) the homologous
chromosome. In addition, we include MII-NDJ of Chromosome 7. Chromatid 15 can be expelled into PB2 (+7)
in MIl, making a nullisomic oocyte (=7, —15). This chromatid could also stay in the oocyte during Ml; see the
dashed outlines of the alternative oocyte (~7) and PB2* (+7, —15). (D) Noncanonical meiosis with reverse seg-
regation (RS), in which sister chromatids of Chromosome 15 segregate to different primary oocytes in Ml, and
homologous chromatids segregate in Ml (iii). For simplicity, we have drawn only one of the two outcomes and
also omitted PB1. RS of Chromosome 15 occurs in MI, and the three possible MIl outcomes depicted all show
MII-NDJ of Chromosome 7. An additional RS-Mll error of the non-sister chromatids 15 occurs in the first two
alternatives (i and ii), and balanced segregation of 15 in the last (iii). According to Ottolini et al. (2015) MI-RS
error with missegregation of the non-sister chromatids into the same oocyte in Mll (i and ii) will occur in 23%.
We have outlined the double nullisomic oocyte; the corresponding PB2 is marked with dots (i), and alternative
oocytes and PB2s (ii, iii) with dashes. (E) Fertilization with a balanced haploid sperm, followed by postzygotic
double monosomy rescue via endoduplication in the zygote, producing a double paternal isodisomy of
Chromosomes 7 and 15. Maternal MIl completion, including extrusion of PB2, occurs after fertilization with
the haploid sperm, but this is drawn separately for simplicity.
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to large placental and body size. Even though clinically suspected, we could not confirm an
imprinted gene network.

METHODS

DNA and RNA Isolation

DNA extracted from peripheral blood from the boy drawn at 5 wk of age was used for most
analyses. DNA extracted from uncultivated fibroblasts from a skin biopsy taken at 5 mo of
age was used to confirm the initial molecular analysis. RNA was extracted from cultivated fi-
broblasts from the same skin biopsy using the RNeasy Mini Kit (QIAGEN) and Tape station
RIN value of 10. We performed chromosome analysis with conventional karyotyping and in-
terphase FISH analysis on peripheral heparin blood and skin biopsy.

CNV, Methylation, and NGS Analysis

DNA isolated from peripheral blood and fibroblasts from the proband was analyzed for rel-
evant CNVs and methylation aberrations by SALSA MLPA probemix MEO30 BWS/RSS ver-
sion C3, MEO32 UPD7-UPD14 version A1, ME028 PWS/AS version C1, and P117 ABCC8
version C2 (MRC-Holland). Also, we tested DNA from the blood for imprinted loci on
Chromosomes 6 and 14 by using the ME032 kit and for genomic CNVs and long stretches
of homozygosity by CytoScanHD Array (Thermo Fisher Scientific). We performed NGS anal-
ysis (trio-WES) as earlier published (Berland et al. 2020).

RNA Sequencing

We purified total RNA from cultured fibroblasts from the boy’s skin biopsy. A whole transcrip-
tome sequencing library was generated using the Illumina TruSeq Stranded Total RNA kit
with Ribo-Zero Gold depletion for fibroblasts, according to the manufacturer’s protocols.
We quality checked the library on the Agilent Bioanalyzer system (RIN >9) and accurately
quantified it using the KAPA gPCR quantification kit. The library was paired-end sequenced
on the lllumina HiSeq4000 system with a read length of 2 x 75 nt and a depth of approxi-
mately 100 million reads. RNA-seq reads were aligned to the human genome reference (as-
sembly GRCh38.p10) using HISAT2 (v2.0.5) (Kim et al. 2015; Pertea et al. 2016). Reads
aligned within the coding part of the genome (adequate GENCODE v25 gene annotation
file) were counted using featureCounts (Liao et al. 2014). Read counts were further normal-
ized and analyzed for differential expression compared to six samples from another run
(three adult women and three young boys aged 5-16 yr) using DESeq2 (Love et al. 2014)
with default options in the R/Bioconductor environment (Gentleman et al. 2004). We visual-
ized data in IGV (Integrative Genomics Viewer v2.3.74). Genes were annotated by FUMA
(Functional Mapping and Annotation; https:/fuma.ctglab.nl/) GENE2FUNC software
(Watanabe et al. 2017), and enrichment analyses were performed by GSEA software
(Broad Institute; http://www.gsea-msigdb.org/gsea/index.jsp) (Subramanian et al. 2005).

RNA-seq Expression Analysis

For differential expression analysis and estimation of the fold change of RNA-seq count data,
we used DESeq2, which performs an internal normalization in which we calculate a geomet-
ric mean for each gene across all samples (Love et al. 2014). The gene counts for a gene in
each sample are then divided by this mean. The median of these ratios in a sample is the size
factor for that sample. This procedure corrects for library size and RNA composition bias,
which can arise, for example, when only a small number of genes are highly expressed in
one experiment condition but not in the other. The logarithmic fold change can be viewed
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as effect size and account for noisiness from genes with low expression (few counts). FC of
the RNA expression level is defined as lsample-controls) || +his case, we used the median nor-
malized expression of all controls; FC = 2®erindex—MedExprCrls)  Genes with normalized ex-
pression data values > 8 have adequate quality and were included in further analysis. We
have data from six controls; none had overlapping phenotypes, UPDs, or pathogenic
CNVs, and two adults are considered entirely healthy (Supplemental Table S2). For further
analysis, we only included DEGs fulfilling stringent criteria; up-regulated DEGs with FC>2
and FCmin > 2, implying that all individual FC_Index-Ctrl must be >2, and down-regulated
DEGs with FC <0.5 but also FCmax_Index-Ctrl <0.5. We collected gene sets from http://
geneontology.org/, and a list of 256 imprinted or predicted imprinted genes from https://
www.geneimprint.com/site/genes-by-species in June 2021 to analyze up-regulated or
down-regulated DEGs.
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Supplemental material

“Double paternal uniparental isodisomy 7 and 15 presenting with Beckwith-
Wiedemann spectrum features”

Supplemental Figure S1: Creases of the right earlobe, clearly visible in infancy.

Legends to Supplemental Table S1: Results from RNA seq data analysis.

a)

Normalized expr. all samples. Histogram of normalized RNA expression in all samples (RNA
expression analysis using DESeq2 with default options (Love et al. 2014) in the R/Bioconductor
environment (Gentleman et al. 2004). Normalized RNA expression values below 8 were
considered as noise in the analysis. Only values above 8 were used in the differentially
expressed gene (DEG) analysis (see Upregulated / Downregulated).

Upregulated: Results from differentially expressed genes (DEGs) analysis; upregulated genes
passing quality check (normalized RNA expression values above 8). MedianExprCtrls= median
of normalized expression 6 controls; Exprindex= normalized expression index; FC_Index-
MedianCtrls= fold change of expression index-medianControls (=2”(Exprindex -
MedExprCtrls)); FC_Min >2 shows lowest fold change index-single control (only FC_Min values
above 2 were considered to be of interest); FC_Max shows the highest fold change between
index and a single control. SD is standard deviation of the FC. Genes that either are imprinted
or present in one of the two gene sets involved in growth have a notion.

Downregulated: Results from differentially expressed genes (DEGs) analysis; downregulated
genes passing quality check (normalized RNA expression values above 8). FC_Max <0.5 shows
the highest fold change between index and a single control (only FC_Max values below 0.5



were considered to be of interest). Among the down regulated genes, there were no
imprinted gene, and no genes in one of the two enriched gene sets involved in growth.

d) GSEA (Broad Institute) (Subramanian et al. 2005) enrichment analyses of DEGs in GO Biological
Processes gene sets (MsigDB c5; (Liberzon et al. 2015)). The table only display gene sets with
adjusted P-value < 0.05.

Supplemental References:

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, Ellis B, Gautier L, Ge Y,
Gentry J et al. 2004. Bioconductor: open software development for computational
biology and bioinformatics. Genome Biol 5(10): R80.

Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. 2015. The
Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1(6):
417-425.

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol 15(12): 550.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A,
Pomeroy SL, Golub TR, Lander ES et al. 2005. Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide expression profiles. Proc
Natl Acad Sci U S A 102(43): 15545-15550.
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