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AbstractHere we describe for the first time double paternal uniparental isodisomy (iUPD) 7
and 15 in a baby boywith 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 other imprinted genes. To look for such effects,
patient fibroblast RNAwas 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 (7q21.3) 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
et al. 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) andDNAH11 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 CDKN1C.

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
et al. 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 et al. 2019). However, signs of other imprinting disorders like Angelman syndrome
can sometimes be evident (Inbar-Feigenberg et al. 2013; Sheppard et al. 2019; Christesen
et al. 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 µmol/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 yr and 180 cm, and she was 3572
g at birth, 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 6.

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 7q32 and MAGEL2/SNRP/
UBE3A in 15q11.2. 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] 7p22.3q36.3(44166_159119220)x2 hmz pat,
15q11.2 q26.3(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 FCmin (>2) FCmax log2FC Expressed allele

PEG10 ENSG00000002746 Chr 7 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 Chr 7 2.07 0.91 0.68 3.39 1.05 Paternal

SGCE ENSG00000135211 Chr 7 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 Chr 7 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 Chr 7 0.87 0.18 0.77 1.22 −0.20 Paternal

GRB10 ENSG00000114062 Chr 7 0.81 0.17 0.55 0.99 −0.30 Isoform-dependent

MAGI2 ENSG00000128739 Chr 7 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 Chr 7 0.45 5.02 0.16 10.68 −1.16 Maternal

HECW1 ENSG00000242265 Chr 7 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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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∼3× higher expression for themost 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
et al. 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).

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).
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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:IG-DMR on 11p15.5), Temple syndrome (TS) (LOM DLK1/MEG3:IG-DMR on
14q32.2), 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
7q32 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 7q21.3 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 andCNV 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.

E

BA

C D

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 I (MI) error in oo-
cytes increased the probability of a subsequent meiosis II (MII) 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
et al. 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 MI with missegregation in MII. 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 PEG10 could be related

Figure 2. (Continued.) (A) Normal situation with canonical meiotic division I and II 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 I, (MII) meiosis
II. (B) Canonical MI and MII with nondisjunction (NDJ). At MI, homologous chromosomes should segregate to
opposite spindle pools, but here the homologous Chromosome 15missegregate. Chromosome 15 is themost
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 includeMII-NDJ of Chromosome 7. Chromatid 15 can be expelled into PB2 (+7)
in MII, making a nullisomic oocyte (−7, −15). This chromatid could also stay in the oocyte during MII; 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 MI, and
homologous chromatids segregate in MII (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 MII outcomes depicted all show
MII-NDJ of Chromosome 7. An additional RS-MII 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 MII (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 MII 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 ME030 BWS/RSS ver-
sion C3, ME032 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
Wepurified total RNA from cultured fibroblasts from the boy’s skin biopsy. Awhole 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 qPCR quantification kit. The library was paired-end sequenced
on the Illumina HiSeq4000 system with a read length of 2×75 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 2(sample-controls). In this case, we used the median nor-
malized expression of all controls; FC=2(ExprIndex −MedExprCtrls). 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.

ADDITIONAL INFORMATION
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Consent was not obtained tomake the patient’s or the control’s rawDNAor RNA sequencing
data publicly available.
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