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Abstract

Pseudohypoparathyroidism type Ib (PHP1B) is characterized predominantly by resistance to
parathyroid hormone (PTH) leading to hypocalcemia and hyperphosphatemia. These laboratory
abnormalities are caused by maternal loss-of-methylation (LOM) at GNAS exon A/B, which
reduces /in cis expression of the stimulatory G protein a-subunit (Gsa). Paternal Gsa expression
in proximal renal tubules is silenced through unknown mechanisms, hence LOM at exon A/B
reduces further Gsa protein in this kidney portion, leading to PTH-resistance. In a previously
reported PHP1B family, affected members showed variable LOM at exon A/B, yet no genetic
defect was found by whole-genome sequencing despite linkage to GNAS. Using targeted
long-read sequencing (T-LRS), we discovered an approximately 2,800-bp maternally inherited
retrotransposon insertion nearly 1,200 bp downstream of exon XL not found in public databases
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or in 13,675 DNA samples analyzed by short-read whole-genome sequencing. T-LRS data
furthermore confirmed normal methylation at exons XL, AS, and NESP and showed that LOM
comprising exon A/B is broader than previously thought. The retrotransposon most likely causes
the observed epigenetic defect by impairing function of a maternally derived NESP transcript,
consistent with findings in mice lacking full-length NESP mRNA and in PHP1B patients with
deletion of exon NESP and adjacent intronic sequences. In addition to demonstrating that T-LRS
is an effective strategy for identifying a small disease-causing variant that abolishes or severely
reduces exon A/B methylation, our data demonstrate that this sequencing technology has major
advantages for simultaneously identifying structural defects and altered methylation.

Keywords

pseudohypoparathyroidism; Gs-alpha; GNAS ; parent-specific GNAS methylation; targeted long-
read sequencing; retrotransposon

INTRODUCTION

Pseudohypoparathyroidism type la (PHP1A; MIM #103580) is caused by maternally
inherited variants in exons 1-13 of GNAS, which encode the a-subunit of the stimulatory
G protein a-subunit (Gsa.). This ubiquitously expressed signaling protein is required

for mediating the actions of numerous G protein-coupled receptors, including those of

the PTH/PTHTIP receptor (PTH1R). Gsa is biallelically expressed in most tissues, with
few exceptions, including the proximal renal tubules, where functional Gsa is derived
predominantly from the maternal allele. Inactivating Gsa. mutations involving this parental
GNAS allele lead to parathyroid hormone (PTH) resistance at the PTH1R in this portion of
the kidney and insufficient down-regulation of sodium-dependent phosphate co-transporters
thereby impairing urinary phosphate excretion. In addition, reduced PTH-dependent
1,25(0OH), vitamin D production impairs intestinal calcium absorption, contributing to the
development of hypocalcemia and elevated PTH levels.(2-3)

In addition to Gsa., several alternative first exons and their promoters lead to the generation
of additional mMRNA variants that are transcribed from the GNAS locus (Figure 1A).

These include the A/B and XL transcripts, which are derived only from the paternal allele
because their maternal promoters are methylated at CpG islands that constitute differentially
methylated regions (DMRs). Conversely, the NESP (neuroendocrine secretory peptide)
transcript is derived from the maternal GNAS allele; hence, its DMR is methylated on

the paternal allele. The A/B, XL, and NESP mRNAs differ because of unique first exons but
are identical in their 3’-regions due to splicing onto GNAS exons 2-13. In addition to these
three sense transcripts, an antisense (AS) RNA comprising at least five exons is derived from
the nonmethylated AS exon 1 promoter on the paternal GNAS allele.(1-3)

In contrast to genetic defects that cause PHP1A through mutations involving the GNAS
exons encoding Gsa, the different forms of pseudohypoparathyroidism type Ib (PHP1B;
MIM #603233) are caused by methylation abnormalities at one or several GNAS DMRs.
Most familial cases of autosomal dominant PHP1B (AD-PHP1B) are caused by a maternally
inherited 3-kbp S7.X16 deletion, which leads to loss-of-methylation (LOM) at GNAS exon
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A/B alone.(1-3) The same epigenetic changes are also observed in patients with other
maternal mutations, including several larger S7.X16 deletions(*="), deletions of the GNAS
exon NESP and adjacent intronic regions(®8), a large inversion involving exon A/B and all
of the exons encoding Gsa.(9), and several different duplications/triplications involving the
region centromeric of exon A/B.(10-12)

Additional AD-PHP1B variants are caused by inherited deletions comprising NESP and/or
several AS exons that lead to a loss of the maternal methylation imprints and an apparent
increase in methylation at the NESP DMR(®3-15); similar epigenetic changes have also
been described for a large inherited duplication of the entire GN/AS locus.(12) However, the
most frequent form of PHP1B is sporadic (sporPHP1B) and affected patients show LOM at
the three maternal GNAS DMRs and gain-of-methylation (GOM) at exon NESP, which is
unique to this disease variant.(>.7:15-18)

All PHP1B variants share LOM at the exon A/B DMR (Figure 1B). The resulting biallelic
expression from the exon A/B promoter reduces Gsa. expression1®) and causes Gsa
deficiency in tissues such as the proximal renal tubules where this signaling protein is
derived mainly from the maternal allele. Mice lacking the paternal exon 1A (the murine
equivalent of human exon A/B) show normal methylation at the maternal exon 1A DMR
but de-repressed paternal Gsa. expression in brown fat and alleviated PTH-resistance in mice
with an inactivating mutation in the maternal exon 6 of Gsa. (Oed-Sml mice)9). These
findings are consistent with the conclusion that 1A and A/B transcripts have, independent of
epigenetic GVAS changes, a silencing function that reduces the biological activity of Gsa..
In addition, the A/B transcript generates, through the use of an initiator AUG located in
GNAS exon 3, an amino-terminally truncated form of Gsa that is capable of reducing the
responsiveness to various agonists.(?2) Both mechanisms, namely reduced Gsa. expression
and generation of a Gsa antagonist through the A/B transcript, could thus contribute to
hormonal resistance in PHP1B.

We recently reported a family with AD-PHP1B, in which the affected family members
share the same GNAS allele telomeric of microsatellite marker D20S100 that is associated
with LOM restricted to GNAS exon A/B (Figure 2). In addition, these patients had a
significant GOM at a newly defined AS2-1 DMR located between AS exon 1 and the

XL exon, while the adjacent AS2-2 DMR showed normal methylation.(?2) Short-read
whole-genome sequencing (WGS) failed to identify a disease-causing variant within the
STX16-GNAS region associated with these methylation differences. To continue searching
for a novel mutation, we further defined the linked region using additional family members
and additional microsatellite markers (Figure 2) and then used targeted long-read sequencing
(T-LRS) to identify a novel retrotransposon insertion associated with the methylation
abnormalities seen in this family (Figure 3).
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MATERIALS and METHODS

Microsatellite marker analyses, Multiplex Ligation-dependent Probe Amplification (MLPA),
and Methylation-Sensitive MLPA (MS-MLPA)

The following microsatellite markers in the chromosome 20913.3 region were investigated:
D20S178, D20S196, D20S100, D20S86, 907-rep2, 261P9-CA, 806 M20-CA, 543J19-TTA,
D20S171, D20S173, and D20593.(15.23) All markers were analyzed at the Center for Human
Genetic Research of the Massachusetts General Hospital. MLPA and MS-MLPA analyses
were performed using ME034, as previously described.(23)

Targeted long-read sequencing of the GNAS region

We performed T-LRS using Adaptive Sampling on the Oxford Nanopore Technologies
(ONT) platform. Briefly, 1.5 pg of genomic DNA from individual 208/111-1 (Figure 2)(22)
was sheared to approximately 10,000 bp using a Covaris g-TUBE by centrifuging at 6,000
rpm and inverting twice. Sequencing libraries were prepared using the ONT SQK-LSK110
kit (ONT) following the manufacturer’s instructions with the following modifications: the
sample was held at 60°C for 30 minutes instead of 5 minutes to allow the DNA repair step to
proceed longer, and the ligation step was allowed to proceed at room temperature for 1 hour
instead of 10 min.

Target regions for sequencing were defined as chr20:56,000,000-64,444,000 (GRCh38
coordinates) for the GNAS region and three control regions (chrl17:50,150,000-50,250,000,
chrX:50,150,000-50,250,000, and chrX:147,850,000-148,000,000). Adaptive sampling on
the ONT platform works by selectively sequencing DNA molecules that reside within
predefined regions provided by the user. Molecules are base called in real time by the
sequencer and after approximately 500 bp of sequence are aligned to a reference genome.
Sequencing continues if the molecule being sequenced lies within the region defined by
the user sequencing; if it does not, the current on the pore is reversed, the molecule is
ejected, and a new molecule is selected for sequencing. This occurs simultaneously and
independently for all 512 channels on the ONT MinlON or GridION flow cell. An 896

ng aliquot of the prepared library was loaded onto a R9.4.1 flow cell and run for 24 hr

on a GridION running MinKNOW software version 21.10.8. After 24 hr, the flow cell

was washed, and a second library aliquot was loaded and run for an additional 48 hrs.
FASTQ files were generated from the raw sequencing data with Guppy 5.0.12 (ONT) using
the superior model. Methylation was called using Megalodon (version 2.3.5, ONT), and
modified BAM files were generated using Megalodon.

Nucleotide sequence analysis of the GNAS region

FASTQ files were aligned to GRCh38 using minimap2.(24) Single-nucleotide (SNV) and
insertion/deletion (indel) variants for the GAN/AS target region were called and phased with
Clair3 (version v0.1-r10).(25) Because Clair3 was unable to phase the GNAS region into
separate haplotypes, variants were also called and phased with medaka (version 1.4.2, ONT)
which was also unable to phase the region into separate haplotypes. SNVs and indels called
with Clair3 were annotated with VEP (version 103.1).(26) Variants within the target region
with allele frequency <0.01 or that had never been observed before were isolated for further
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analysis. Structural variants (SVs) were called using Sniffles, SVIM, and CuteSV.(27-29) Sv/s
within GNAS were then manually evaluated using IGV.(30) CpG methylation of the GNAS
locus was visually analyzed with IGV.

Assembly of the GNAS target region

To better evaluate the SINE-VNTR-AIlu (SVA) insertion identified within GNAS, we
assembled all FASTQ reads using Flye 2.9,31) which produced one 8.5-Mbp contig and
several smaller contigs (Supplemental File 1). Because the GNAS target region was 8.4 Mbp
in size, we suspected that our assembly resulted in a single contig of the target region and
confirmed this by comparison to the reference genome (Supplemental Figure 1). The SVA
insertion within the assembly was isolated by searching for the 50 bp flanking either side of
the insertion within the assembly and then isolating reads between the flanking reads. This
resulted in identification of a 2,795-bp insertion that aligned with greater than 98% identity
to other SVA_E retrotransposon sequences.

Estimating the population frequency of the identified SVA insertion

To determine if the observed SVA insertion was present in WGS data from other individuals,
we analyzed 13,675 genomes from families in which at least one individual is affected with
autism.(32) Briefly, split and discordant reads from a 2-kbp region surrounding the SVA
insertion that had been identified in family 208 (chr20:58,856,000-58,857,000; GRCh38)
were isolated. No individual in this dataset had more than five split or discordant reads
within the 2-kbp region suggesting that none of those individuals carried an insertion within
this window. To confirm that our method would detect an insertion within this region, we
performed our analysis on short-read WGS data from family 208 and identified the insertion
in all cases.

Confirmation of the insertion telomeric of GNAS exon XL

Consent

To determine the telomeric boundary of the insertion, two primer pairs were

designed (PrimerBlast) for multiplex PCR amplification of genomic DNA. A

783-bp amplicon comprising the SVA insertion was obtained when using

forward primer 5’-GAAGAGCCCGAGGTAAGCCA-3’ and reverse primer 5 *-
TATCCCAGACGATGGGTGG-3’; a 271-bp amplicon derived from the wild-type allele
when using forward primer 5’-GAAGAGCCCGAGGTAAGCCA-3’ and reverse primer
5'-CCTTTGACAAGCCTCTTTGCC-3’. PCR was performed with QIAGEN Taq DNA
polymerase (QIAGEN, Valencia, CA) following the manufacturer’s protocol; cycler
program: denaturation at 94°C for 5 min followed by 30 cycles at 95°C for 20s, 58°C

for 15s, and 72°C for 25s, followed by an additional elongation step at 72°C for 10 min. All
PCR products were purified using ExoSap-IT (Affymetrix, Santa Clara, CA), which were
sequenced at the DNA core facility of the Massachusetts General Hospital in Boston, MA.

Written consent was obtained from each individual or guardian from this family, as
previously described.(22)
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RESULTS

Despite LOM restricted to GAMAS exon A/B, we had previously excluded S7.XZ6 deletions
as the cause of the PTH-resistant hypocalcemia and hyperphosphatemia for the affected
members of this family (AD-PHP1B family 208), who had been available at the time.(22)
Here, we have expanded this kindred by four members, including an unaffected female (208/
I-2) who has four affected children with three different partners (Figure 2). One affected
daughter (208/11-2) has one affected child (208/111-1) with LOM of the exon A/B DMR only.
Another affected daughter (208/11-5) has one affected son (208/111-3) with LOM restricted
to the exon A/B DMR as well as an unaffected daughter (208/111-2) and an unaffected son
(208/111-4) with normal GNAS methylation. Furthermore, individual 208/1-1 (the full sister
of individual 208/1-2) has a single affected daughter (208/11-1) for whom DNA was not
available for testing. That all affected individuals in family 208 were born to affected or
unaffected females was consistent with the mode of inheritance previously established for
several different AD-PHP1B variants and suggested that the disease-causing genetic defect
could reside within the ST.X16-GNAS region.(23)

AD-PHP1B associated with LOM at GNAS exon A/B alone is frequently caused by a
maternally inherited 3-kbp deletion in S7.X26.(2:3) However, analysis of microsatellite
marker 261P9-CAL, which is located within intron 7 (GRCh38) of S7.X16, revealed that
the 216 allele is shared not only by six affected members in family 208, but also by the
two unaffected siblings of individual 208/111-3 (Figure 2, Supplemental Figure 2). This
suggested that the genetic defect in this family is located outside of ST.X16. We therefore
analyzed several additional markers for all available family members. Analysis of the
unaffected individuals 208/111-2 and 208/111-4 revealed that the disease-causing variant in
family 208 resides telomeric of marker 261P9-CA1. While marker 806M20-CA was not
fully informative, four additional microsatellites (543J19-TTA, D20S171, D20S173, and
D20S93) that are located telomeric of 261P9-CA1 are consistent with linkage to the region
downstream of ST.XZ6. In fact, D20S171, D20S173, and D20S93 were fully informative,
including the data for the unaffected individuals 208/111-2 and 208/111-4, for whom a
recombination event had occurred between markers 261P9-CA1 and 806M20-CA. While
these data suggest that the genetic defect leading to AD-PHP1B in kindred 208 resides
telomeric of S7.X16, analysis of previous short-read WGS for individuals 208/111-1 and
208/11-5 did not identify a disease-causing variant in this region.(22)

T-LRS identifies a retrotransposon insertion in GNAS

To search for a genetic defect telomeric of S7T.XZ6that may have been missed or difficult to
detect using short-read WGS, we performed T-LRS using Adaptive Sampling on the ONT
platform with genomic DNA from affected individual 208/111-1 (Figure 2).(33) Targeting

of an 8.4-Mbp region resulted in average depth of coverage of 29x from a single ONT
R9.4.1 flow cell. Visual analysis of GNAS revealed a small spike in coverage approximately
1,200 bp telomeric of GNAS exon XL. Analysis of this region suggested the presence of an
approximately 2,800-bp insertion in half of the reads (Figure 3A). No other SNVs or SVs
identified in this region were predicted to be pathogenic. The insertion site was not flanked
by repetitive or low-complexity sequence and, thus, might have been detectable in short-read
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WGS data. We confirmed that this insertion was present in short-read WGS data previously
generated for this individual and was not present in gnomAD or from 13,675 whole-genome
samples, suggesting that it is very rare. To determine the sequence of the 2,800-bp insertion,
we performed de novo assembly of all reads with quality scores greater than 7 using Flye.
(31) This resulted in a single contig with a length of 8.5 Mbp, strikingly similar to our target
region size of 8.4 Mbp. Comparison of this contig to the reference genome revealed that

the two are nearly identical without major structural differences (Supplemental Figure 1).
The inserted sequence was isolated and BLAT(34) was used to identify this sequence as an
SVA_E retrotransposon.

Multiplex PCR allowed amplification of the SVA_E insertion with a reverse primer that is
located in the centromeric portion of the retrotransposon combined with a forward primer
located in GN/AS just upstream of the insertion (783 bp), as well as amplification of the
wild-type allele (271 bp) due to a second reverse primer derived from the wild-type genomic
sequence just downstream of the retrotransposon insertion. Amplification of genomic DNA
from all six affected family members revealed two bands: the 783-bp amplicon derived from
the mutant allele across the centromeric insertion site and the 271-bp amplicon derived from
the wild-type allele (Figure 4). In contrast, the retrotransposon insertion was not found in
genomic DNA from three unaffected family members: 208/111-2 and 208/111-4, who are the
children of affected female 208/11-5, and individual 208/11-6, the unrelated husband of 208/
11-2 (Figure 2). Individual 208/1-2, the mother of the four affected individuals in the second
generation, is also a carrier of the insertion; however, she is unaffected and analysis of

her genomic DNA by MS-MLPA revealed normal methylation pattern at GNAS exon A/B.
Because her full sister has an affected daughter, this suggests that both sisters inherited the
SVA _E insertion from their father although no DNA is available from him for confirmation
(Figure 2).

Methylation analysis of the GNAS locus

Because SVs such as deletions and inversions at the GNAS locus have been shown to

alter local methylation patterns, we sought to determine if the SVA_E insertion affected
methylation at any of the CpG islands in this region. Megalodon was used to call 5mC
methylation from the T-LRS data from which we generated a modified BAM file for
visualization. Analysis of the GNASregion in individual 208/111-1 revealed LOM at the
CpG island comprising the GNAS A/B exon and the adjacent sequences (Figure 3B);
unrelated control cases had approximately 50% methylation at this region. No evidence

for epigenetic changes was observed for individual 208/111-1 by T-LRS at the other three
GNAS DMRs. These data are consistent with our MS-MLPA findings that demonstrated
LOM restricted to the GNAS A/B locus not only for 208/111-1, but also for the other affected
members in family 208(22), all of whom inherited the retrotransposon from a female carrier
(Figure 2). Two independent approaches thus confirmed that the SVA_E insertion on the
maternal GNAS allele results in loss of the maternal methylation imprint only at the exon
A/B DMR.(22)
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DISCUSSION

Deletions, duplications, and one inversion involving the ST.X16-GNAS region have
previously been identified as causes of AD-PHP1B associated either with LOM at the exon
A/B DMR alone or the loss of all three maternal methylation imprints.(36) Here, we report
a novel cause of AD-PHP1B, namely the insertion of a retrotransposon approximately 1200
bp telomeric of GNAS exon XL, which is associated with variable LOM at the exon A/B
DMR, but not at the other maternal DMRs. SVA retrotransposons are known to be active

in the human genome, are frequently associated with disease(3:36), and have been shown
to alter local methylation patterns.(3”) A similar insertion at this position was not found in
public genome databases, or after analysis of nearly 14,000 whole short-read genomes of
unrelated individuals.

The unaffected female (208/1-2) in our AD-PHP1B family has three affected daughters and
one affected son with three different partners, as well as two affected grandchildren through
two of her daughters. All six affected individuals share the same haplotype with individual
208/1-2 that extends from microsatellite marker 806M20-CA to the telomere of chromosome
20q while the two unaffected grandchildren do not carry the disease-associated allele for this
marker (Figure 2). Despite linkage to the region telomeric of S7.X16, we were previously
unable to identify the underlying genetic cause by short-read WGS of two of the affected
family members(?2). T-LRS of individual 208/111-1 allowed us to identify and fully assemble
an approximately 2800-bp SVA_E insertion. Using the single long-read dataset we were
also able to determine the methylation status of each of the DMRs in the GAAS region

and confirm the previous finding that LOM is restricted to the GNAS A/B DMR (Figure

3). We were unable to phase this region into maternal and paternal haplotypes because of a
paucity of polymorphisms between the SVA_E insertion and the GNAS A/B DMR, as well
as shearing required to increase coverage when using T-LRS. However, the retrotransposon
was identified only in the affected family members, who had all inherited the insertion from
a female and showed LOM at the GN/AS exon A/B DMR. The unaffected female 208/1-2

is also a carrier of the retrotransposon but was found to have normal methylation at GNAS
exon A/B and has a full unaffected sister who has an affected daughter (Figure 2). Together,
this indicates that both individuals most likely inherited the disease-causing variant from
their father. Based on our genetic, epigenetic, and laboratory findings, we conclude that the
SVA_E insertion is most likely responsible for AD-PHP1B in this family.

It remains unknown how the SVA_E insertion downstream of exon XL alters, reduces, or
abolishes methylation at the exon A/B DMR alone (Figure 3B). Transcription is thought to
play an important role in the establishment of germline DMRs within the GNAS locus.
Indeed, Chotalia and collages demonstrated that disruption of the transcript encoding

the neuroendocrine secretory peptide Nesp in mice prevents the establishment of normal
methylation at the DMRs within this region.(38) These authors demonstrated that pups
inheriting from their mother a Gnasallele in which a polyadenylation signal had been placed
downstream of Nesp (Nesp™" mice) made no spliced transcripts extending from exon Nesp
to Gnasexon 2. This suggested that complete LOM at exon 1A (the murine equivalent

of human exon A/B) and the variable epigenetic changes at exons XL and AS, which the
authors had confirmed through methylation analysis(3®, is due to the lack of an intact Nesp
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MRNA. Thus, transcripts derived from the Nesp promoter, which are readily detectable
at the different stages of oocyte development appear to be necessary for re-establishing
methylation on the maternal exon 1A DMR during oocyte development.(39 In contrast,
methylation of the paternal Nesp DMR occurs post-fertilization in mice and humans.(40.41)

However, maternal inheritance of a Nesp allele with ablation of 26 nucleotides in Nesp
exon 2 that includes the AUG codon for translation initiation eliminate the Nesp protein

but these animals provided no evidence for methylation changes at the exon 1A DMR.“#2)
This raises the possibility that the Nesp protein itself is not required for re-establishing the
methylation imprint at exon 1A after complete demethylation has occurred at the Gnas locus
in oogonia.(9 Instead, a long Nesp preRNA or an as-yet-unknown alternatively spliced
Nesp mRNA may be required during oogenesis for re-establishing methylation at the exon
1A DMR. Several AATAAA motifs are located in the affected members of family 208 at the
telomeric end of the retrotransposon immediately before the poly-A stretch. It is therefore
conceivable that NESP-derived mRNAs can be truncated similar to previous studies in mice
with the engineered polyadenylation signal downstream of Nesp exon 2(38) and that this
altered mRNA is unable to facilitate re-methylation at the A/B DMR during oogenesis.

Consistent with the findings in the Nesp™" mice, AD-PHP1B patients with deletions
involving the entire exon NESP, but not any of the AS exons, show LOM at exon

A/B and subsequently develop PTH-resistant hypocalcemia and hyperphosphatemia.(€:8)
However, humans affected by PHP1B due to deletions involving exon NESP and adjacent
intronic sequences show, besides PTH-resistance, no apparent abnormalities in growth and
development; this is different from Nesp™" mice that die shortly after birth.(3®) Similarly,
no evidence for increased lethality has been noted for patients affected by AD-PHP1B due
to deletions involving the maternal exons NESP and AS 2—4.(13.15) |n contrast, mice with a
maternal deletion extending from exon AS2 to AS4, which includes the two Nesp exons, die
by 5 days of life.(43) Mice and humans differ significantly with regards to the importance of
the NESP/AS 24 region for regulating epigenetic modifications.

Like the two overlapping deletions that are limited to GNMAS exon NESP and adjacent
intronic sequences(®:8), three different duplications involving regions that extend as far
telomeric as exon A/B also lead to isolated LOM at the exon A/B DMR.(10-12) The
mechanisms through which these large duplications prevent normal methylation at exon
AJB are unknown. It is possible that, for each of these variants, changes in chromatin
structure and/or NESP preRNA folding may prevent methyltransferases or other unknown
adaptor proteins from properly attaching to the CpG island at exon A/B and establishing
the necessary maternal methylation pattern. Likewise, NESP transcripts are likely unable
to reach the exon A/B CpG island due to an inversion comprising approximately 1.8

Mbp of genomic DNA with the centromeric breakpoint residing between exons A/B and
XL.©) This large inversion thus places the DMR at exon A/B, in opposite orientation,

far telomeric of its normal position, thereby preventing a putative NESP transcript from
allowing the establishment of A/B methylation during oogenesis. LOM at exon A/B alone
is also associated with deletions involving S7.XZ6—by far the most frequent causes of
AD-PHP1B.(2:3.6) However, the mechanisms leading to these restricted epigenetic changes
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are even less well understood as these deletions are 200 kbp or more centromeric of exon
A/B.

In summary, we show that T-LRS can be used as a single data source for comprehensively
evaluating the complex GNAS region. This approach has significant cost and materials
savings because a single sequencing method can be used to identify SNVs, indels, SVs, and
differences of methylation within a specific region of interest. Our results suggest that this
technique is a reasonable next best genetic approach after traditional genetic evaluation of
this region failed to resolve PHP1B cases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Differential methylation of the STX16-GNAS region resultsin five different sense and
antisensetranscripts.

Not to genomic scale; bent arrows represent direction of transcription; light gray bent arrows
represent reduced expression; thin lines represent splicing; dotted line represents generation
of an aberrant transcript in the presence of the SVA_E insertion; CEN, centromere; TEL,
telomere; WT, wild-type. A. Maternal methylation results in the XL, A/B, and AS transcripts
being expressed only from the paternal allele. Paternal methylation of the NESP promoter
results in NESP mRNA only being derived from the maternal allele. Gsa is expressed from
both alleles. B. An SVA_E insertion in family 208 results in loss-of-methylation (LOM)

at the GNAS_A/B locus and alters abundance of maternal transcripts. Previous work has
shown that lack of the NESP exon in two PHP1B families leads to LOM at A/B alone. Thus,
we hypothesize that a non-spliced RNA derived from NESP may be required for proper A/B
methylation (dotted line).
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Figure 2: Pedigree and microsatellite markers of AD-PHP1B family 208.
Analysis of microsatellites from this family reveals that the four affected children

of unaffected female 208/1-2 share the same maternally inherited chromosome 20
microsatellites telomeric of ST.XZ6 (yellow). Two affected grandchildren (individuals 208/
111-1 and 208/111-3) also carry the same allele while two unaffected grandchildren inherited

a maternal allele not linked to the disease. Analysis of genomic DNA by MS-MLPA

revealed LOM at GNAS exon A/B for all six affected individuals (shown as % A/B
LOM), consistent with inheritance of the disease-associated allele from a female. Note

that a recombination event was observed between 261P9-CA1 and 806 M20-CA for the two
unaffected children (208/111-2 and 208/111-4) of the affected female 208/11-5. Small squares
indicate that genomic DNA was not available for these individuals; gray circles indicate

an unaffected carrier of the mutation; dashes indicate that evaluation of the marker failed,;
genomic DNA was not available for individuals 208/1-1 and 208/11-1.
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Figure 3: T-LRSidentified an SVA_E insertion that alters methylation at the exon A/B DMR.
A. IGV view of the GNASregion in individual 208/111-1. Analysis of the region revealed

an approximately 2,800-bp insertion on the telomeric side of exon XL that was determined
to be an SVA_E insertion. The callout box shows per-read details at the insertion site.
Increased coverage in the insert is associated with a target site duplication (box). B. Analysis
of methylation at the DMRs within GN/AS revealed no difference in 208/111-1 from controls
at the NESP and XL exons but did reveal that the individual has no methylation at the A/B
exon whereas unrelated controls 1 and 2 have approximately 50% methylation at this region.
Note that all three individuals have no methylation at GNAS exon 1, the first exon encoding
Gsa, next to exon A/B. Methylated CpGs are denoted in red, unmethylated CpGs are blue.
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Figure 4: Affected individuals carry the SVA_E insertion identified by T-LRS.
Several primers were designed using the assembled sequence of the SVA_E insertion for

multiplex PCR (see Materials and Methods). The 783-bp amplicon is derived in the six
affected family members from the maternal allele carrying the retrotransposon insertion,
while the 271-bp amplicon is derived from the wild-type GAAS allele and is observed in
both affected and unaffected individuals. Small squares indicate that genomic DNA was not
available for these males; gray circle indicates unaffected carrier of the mutation.
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