ClinsichT

Recurrent small variants in NESP55/NESPAS associated with

broad GNAS methylation defects and
pseudohypoparathyroidism type 1B

Dong Li, ... , Molly B. Sheridan, Michael A. Levine
JCl Insight. 2024;9(24):e185874. https://doi.org/10.1172/jci.insight.185874.

BEETET(L WGl  Endocrinology = Genetics

Pseudohypoparathyroidism type 1B (PHP1B) is associated with epigenetic changes in the maternal allele of the imprinted
GNAS gene that inhibit expression of the o subunit of G (G0, thereby leading to parathyroid hormone resistance in
renal proximal tubule cells where expression of Gga from the paternal GNAS allele is normally silent. Although all patients
with PHP1B show loss of methylation for the exon A/B differentially methylated region (DMR), some patients with
autosomal dominant PHP1B (AD-PHP1B) and most patients with sporadic PHP1B have additional methylation defects
that affect the DMRs corresponding to exons XL, AS1, and NESP. Because the genetic defect is unknown in most of
these patients, we sought to identify the underlying genetic basis for AD-PHP1B in 2 multigenerational families with broad
GNAS methylation defects and negative clinical exomes. Genome sequencing identified smallGNAS variants in each
family that were also present in unrelated individuals with PHP1B in a replication cohort. Maternal transmission of one
GNAS microdeletion showed reduced penetrance in some unaffected patients. Expression of AS transcripts was
increased, and NESP was decreased, in cells from affected patients. These results suggest that the small deletion
activated AS transcription, leading to methylation of the NESP DMR with consequent inhibition of NESP transcription, and
thereby provide a potential mechanism for PHP1B.

Find the latest version:

https://jci.me/185874/pdf



http://insight.jci.org
http://insight.jci.org/9/24?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/jci.insight.185874
http://insight.jci.org/tags/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://insight.jci.org/tags/20?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://insight.jci.org/tags/22?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/185874/pdf
https://jci.me/185874/pdf?utm_content=qrcode

Conflict of interest: The authors have
declared that no conflict of interest
exists.

Copyright: © 2024, Li et al. This is an
open access article published under
the terms of the Creative Commons
Attribution 4.0 International License.

Submitted: August 22, 2024
Accepted: November 5, 2024
Published: November 14, 2024

Reference information: /C/ Insight.
2024;9(24):¢185874.
https://doi.org/10.1172/jci.
insight.185874.

RESEARCH ARTICLE

Recurrent small variants in
NESP55/NESPAS associated with
broad GNAS methylation defects and
pseudohypoparathyroidism type 1B

Dong Li,"?? Suzanne Jan de Beur,* Cuiping Hou," Maura R.Z. Ruzhnikov,® Hilary Seeley,®
Garry R. Cutting,” Molly B. Sheridan,” and Michael A. Levine3®

'Center for Applied Genomics, and 2Division of Human Genetics, The Children’s Hospital of Philadelphia, Philadelphia,
Pennsylvania, USA. *Department of Pediatrics, University of Pennsylvania Perelman School of Medicine, Philadelphia,
Pennsylvania, USA. “Division of Endocrinology and Metabolism, University of Virginia School of Medicine, Charlottesville,
Virginia, USA. *Neurology and Neurological Sciences, Pediatrics, Division of Medical Genetics, and ®Division of Pediatric
Endocrinology, Stanford University and Lucile Packard Children’s Hospital, Palo Alto, California, USA. ’Department of
Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA. Division of Endocrinology and
Diabetes and The Center for Bone Health, The Children’s Hospital of Philadelphia, and Department of Pediatrics University

of Pennsylvania Perelman School of Medicine, Philadelphia, Pennsylvania, USA.

Pseudohypoparathyroidism type 1B (PHP1B) is associated with epigenetic changes in the maternal
allele of the imprinted GNAS gene that inhibit expression of the a subunit of G_(G_a), thereby
leading to parathyroid hormone resistance in renal proximal tubule cells where expression of G_o.
from the paternal GNAS allele is normally silent. Although all patients with PHP1B show loss

of methylation for the exon A/B differentially methylated region (DMR), some patients with
autosomal dominant PHP1B (AD-PHP1B) and most patients with sporadic PHP1B have additional
methylation defects that affect the DMRs corresponding to exons XL, AS7, and NESP. Because

the genetic defect is unknown in most of these patients, we sought to identify the underlying
genetic basis for AD-PHP1B in 2 multigenerational families with broad GNAS methylation defects
and negative clinical exomes. Genome sequencing identified small GNAS variants in each family
that were also present in unrelated individuals with PHP1B in a replication cohort. Maternal
transmission of one GNAS microdeletion showed reduced penetrance in some unaffected patients.
Expression of AS transcripts was increased, and NESP was decreased, in cells from affected
patients. These results suggest that the small deletion activated AS transcription, leading to
methylation of the NESP DMR with consequent inhibition of NESP transcription, and thereby
provide a potential mechanism for PHP1B.

Introduction

Pseudohypoparathyroidism type 1B (PHP1B; also termed inactivating PTH/PTHrP signaling disorder,
iPPSD; ref. 1) is a disorder of hormone resistance in which the inability of parathyroid hormone (PTH)
to activate endocrine signaling processes in target cells leads to a state of functional hypoparathyroidism
(2-4). The pathophysiology of PHP1B is the result of genetic or epigenetic defects in the GNAS gene that
reduce expression or function of the o subunit of the heterotrimeric stimulatory G protein (G,0), a signal-
ing protein that couples heptahelical receptors to activation of adenylyl cyclase (4). GNAS is a complex
imprinted gene on chromosome 20q13.3 (5) that utilizes multiple alternative promoters and first exons to
generate various transcripts based on the parent of origin of each allele (6-8) (Figure 1A). G o is the prin-
cipal product of GNAS and is encoded by exons 1-13; G_a is expressed from both parental alleles in most
tissues, but in some cells such as proximal renal tubular epithelium, pituitary somatotrophs, gonads, thy-
roid epithelial cells, and regions of the central nervous system, transcription of G a occurs predominately
from the maternal GNAS allele (9-17). The mechanism that accounts for allelic silencing of paternal G a
in some tissues is uncertain, but restricted expression of additional GNAS transcripts is achieved by use of
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promoters that are in differentially methylated regions (DMRs) (Figure 1A). Transcription of NESP from
the paternal GNAS allele is inhibited by methylation of CpG dinucleotides within the NESP DMR (GNAS-
NESP:TSS-DMR), whereas generation of transcripts from exons XL, AS1, and A/B (termed exon 1A in
mice) is inhibited from the maternal GNAS allele by methylation of the corresponding DMRs (GNAS-
ASI:TSS-DMR, GNAS-XL:Ex1-DMR, and GNAS A/B:TSS-DMR) on that allele (7). In addition, a fifth
DMR, termed GNAS-AS2:TSS-DMR (18) and which appears to consist of 2 subdomains (19), has recently
been identified and is located telomeric of GNAS-AS1:TSS-DMR.

Imprinting of GNAS leads to variable phenotypes based on the parental origin of the defective
allele. Mutations that affect exons 1-13 of GNAS and directly reduce expression or function of G o are
the basis for tissue resistance to multiple hormones plus features of Albright hereditary osteodystrophy
(AHO) in patients with PHP1A (OMIM 103580, also termed iPPSD type 2; ref. 2) when they are on
the maternal allele and for pseudopseudohypoparathyroidism (PPHP; OMIM 612463), characterized
by AHO only, when they lie on the paternal allele (20, 21). By contrast, PHP1B (OMIM 603233; also
termed iPPSD3) is associated with characteristic epigenetic changes in the maternal GNAS allele that
lead to reduced expression of G a. Clinically, this manifests most notably in the renal proximal tubule
and thyroid follicular cells, and results in renal resistance to PTH and sometimes resistance to thy-
roid-stimulating hormone (TSH) (2—4, 19). To date, all patients with PHP1B have loss of methylation
(LOM) of the maternal DMR for exon A/B. LOM can be restricted to exon A/B, as occurs in most
familial forms of PHP1B (autosomal dominant PHP1B [AD-PHP1B]). Alternatively, A/B DMR LOM
can be associated with broader methylation defects that include LOM at all 3 maternal DMRs (XL,
AS1, and A/B) and gain of methylation (GOM) at the paternal DMR associated with NESP (22-25),
as found in rare families (see below) or most frequently in patients with sporadic PHP1B (80%-85%
of PHP1B patients). Although in some cases partial (23-25) or complete (4, 22, 23, 26, 27) paternal
uniparental disomy (patUPD) for chromosome 20 has been found, the genetic basis for most cases of
sporadic PHP1B remains unresolved (19, 28) and has been proposed to result from either a failure in
imprint establishment during oogenesis (29) or a lack of imprint maintenance after fertilization (28).

Approximately 10% of patients with PHP1B show autosomal dominant transmission of the disor-
der that is associated with epigenetic defects on the maternally inherited GNAS allele. In most cases,
this is associated with a methylation defect that is limited to LOM of the exon 4/B DMR and is caused
by overlapping heterozygous microdeletions within the maternal STX/6 allele approximately 170 kb
centromeric of the GNAS locus that include exon 4 and the adjacent portion of intron 4 (28, 30, 31).
Exon 4 of STX16 presumably represents an imprint control region (STX-ICR) that exerts long-range
cis-regulatory control of an ICR located in the NESP55 exon (NESP-ICR) that is required for methyl-
ation and transcriptional silencing of the GNAS exon A/B (32). In addition, a large inversion located
7,225 bp downstream of GNAS exon XL (33) and retrotransposon insertions located approximately
1,200 bp telomeric of GNAS exon XL have also been identified as causes of altered methylation that
is limited to GNAS exon A/B (34, 35). By contrast, a small number of patients with AD-PHP1B have
broad methylation defects with GOM at DMRs for NESP55, and LOM at the XL, AS1, and exon A/B.
In most cases, this is due to heterozygous deletions affecting the NESP55 and/or AS4/AS3 exons on
the maternal GNAS allele (28, 36—39) within a region that represents a second ICR (NESP-ICR) (Figure
1A) (32). Finally, broad methylation defects in some patients with AD-PHP1B have been associated
with rare duplications or complex rearrangements that involve DMRs in the alternative first exon(s) (40,
41). Nevertheless, apart from these rare defects, the majority of patients with PHP1B, both familial and
sporadic, with broad methylation defects at the GNAS cluster do not have an obvious genetic alteration.
Here, we describe the identification of 2 previously unidentified and recurrent small variants within the
NESP-ICR of GNAS in individuals with familial and sporadic PHP1B who have global methylation
defects. Our findings suggest that these deletions activate expression of the maternal GNAS antisense
transcript and thereby convert the maternal GNAS allele to a paternal epigenotype.

Results

Family 1. We performed genome sequencing (GS) on DNA samples from affected individuals III-1
and III-4 and confirmed normal sequences for GNAS exons 1-13 and the intervening introns. Due to
our prior demonstration of linkage between the GNAS locus and AD-PHP1B in this family (42, 43),
we systematically analyzed the 20q13.3 locus, where GNAS is located, for structural variations (SVs).
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Figure 1. Schematic depiction of the

region from the STX16 gene to the GNAS complex locus and variants identified in patients with AD-PHP1B. (A) Schemat-

ically depicted locations of STX16, GNAS, AS, and putative GNAS ICRs. Boxes represent exons of STX76, GNAS, and AS, and filled black dots represent putative
GNAS ICRs. (B) Distribution of microdeletions in patients with AD-PHP1B overlapping the NESP/AS region and 2 variants identified in this study. The deletion
reported in Danzig et al. (28), presented as a dashed line, was confirmed via genome sequencing but was not specified in the original publication.

Despite using multiple in silico algorithms (i.e., BreakDancer, Manta, Wham, CNVnator, and Lumpy),
we were unable to identify an SV in either of the 2 affected patients. Next, we scrutinized the GNAS
locus for relatively smaller insertions/deletions (indels) and duplications (i.e., <50 bp), which dis-
closed a heterozygous 6-bp deletion (20{GRCh37]:g.57419071-57419076delTTCATT) associated with
a nearby single-nucleotide transversion (20{GRCh37]:g.57419082C>A) in cis in these 2 patients (Figure
2, A and B). The 2 variants are on the same allele, which was also confirmed by subsequent Sanger
sequencing in the entire family (hereafter we refer to this defect as the 6-bp deletion). The 6-bp deletion
was intronic to both NESP55 and AS1 — in the first intronic region of the NESP55 transcript and
the second intronic region of the antisense AS1 transcript (Figure 1). The variant was absent in 1000
Genomes Project, gnomAD v2 with 15,708 genomes, gnomAD v4 with 76,215 genomes, and addition-
al genome-sequencing data from over 10,000 samples in the Human Longevity database. Furthermore,
we analyzed nucleotide sequences of the deletion and surrounding 20 bp. It is noteworthy that there
are 6-bp inverted repeat sequences flanking the deletion that could form a small stem-loop structure
with one mismatch (Figure 2C, green marked). The 6-bp deleted sequence (20[GRCh37]:g.57419071—
57419076delTTCATT) resides at the loop of the putative structure (Figure 2C, red highlighted) and the
base change (20[GRCh37]:2.57419082C>A) at the stem of the structure could have occurred during
DNA replication in the context of slipped-strand mispairing (44).

In addition to III-1 and III-4, the other 2 affected members of this family (proband II-4 and III-3) also
carried the variant (Figure 2A). All affected members of generation III had inherited the variant from their
mother and had broad defects in methylation. DNA was not available from individuals I-1 and I-2, howev-
er, so it was not possible to identify the parent of origin of this defect.

Two of the proband’s unaffected sisters (II-2 and II-6), an unaffected great niece (IV-2), and an unaf-
fected great nephew (IV-1) had inherited the mutation on a maternal GNAS allele, but had completely nor-
mal methylation patterns and lacked evidence of PHP1B, consistent with our original proposal that there
is incomplete penetrance of this GNAS defect (42, 45). These observations, plus the absence of any other
genetic variations in the GNAS locus, provide additional evidence that the 6-bp defect is associated with
AD-PHPIB in affected members of this family.

Family 2. The molecular basis for PHP1B in kindred 2 (Figure 3A) was not disclosed by previous
exome sequencing. We performed GS on DNA samples from all 6 available family members and
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N.l., normal imprinting (methylation); L.0.1., loss of imprinting (abnormal methylation); PTH resist, resistance to parathyroid hormone.

identified a point variant (20{GRCh37]:g.57,416,931G>A; Figure 3B) in the first intronic region of
the NESP55 transcript and near the donor splice site of AS1 exon 4 (NR_002785.2: n.819+61C>T;
Figure 1) in all 3 affected individuals with broad methylation defects (III-1, III-2, and I1I-3) and their
unaffected mother (II-2) with normal methylation of DMRs, consistent with maternal transmission of
PHP1B. DNA samples were not available from the parents of II-2, who presumably carries the variant
on a paternal GNAS allele. Both the unaffected father (II-1) and unaffected sister (III-4) had wild-type
GNAS alleles and normal methylation patterns (see below).

JCl Insight 2024;9(24):e185874 https://doi.org/10.1172/jci.insight.185874 4


https://doi.org/10.1172/jci.insight.185874

. RESEARCH ARTICLE

This variant was not present in the 1000 Genomes Project, gnomAD datasets (v2 and v4), and the
Human Longevity database. To further annotate the variant, we queried ENCODE data and found the
variant is in a cis-regulatory element (ccRE; ENCODE accession number EH37E1205658) with the GNAS
gene nearby. This ccRE has maximum DNase, H3K4me3, H3K27ac, and CTCF z scores of 2.25, 4.99,
2.75, and 1.48, respectively, highly suggested it has a promotor-like property regulating GNAS expression
(Figure 3C). However, since ENCODE data were primarily developed to annotate the relationship between
ccREs and protein-coding gene expression, this ccRE’s effect on noncoding gene expression is unknown.

Replication cohort. To further investigate the prevalence of the 2 genetic defects that we identified, we
performed a replication study using an independent cohort of individuals with PHP1B. We performed
Sanger sequencing on 64 additional unrelated individuals with PHP1B who were not previously report-
ed in the literature and who have broad methylation defects (see above). We identified 2 additional
patients, 3472 (II-1 in family 3, Figure 4A) and 6891-35 with apparent sporadic PHP1B, who carried
the same complex 6-bp deletion (associated with the transversion in ¢is) as members of family 1 (Figure
4B and Figure 5), indicating that this small deletion is an uncommon but recurrent variant in PHP1B
patients with global methylation defects. DNA was available from additional unaffected relatives of
individual II-1 (family 3, Figure 4A) and Sanger sequencing demonstrated the same 6-bp deletion in
his unaffected mother, brother, and nephew (Figure 4, A and B). DNA methylation analysis (Figure
5) showed that the affected individual (II-1) had a global defect in methylation that is consistent with
inheritance of a defective GNAS allele from his unaffected mother (I-2), who had normal methylation
status. By contrast, the proband’s brother, II-2, who had also inherited the defective GNAS allele from
their mother, was unaffected and had normal methylation on GNAS DMRs. Finally, the proband’s unaf-
fected nephew, individual III-1, also had normal methylation of the defective GNAS allele that he had
inherited from his father, II-2. Therefore, the genetic and epigenetic findings in family 3 confirm and
extend the findings in family 1 and further illustrate that maternal inheritance of this 6-bp deletion does
not always lead to the methylation defects that cause PHP1B.

We also identified 3 additional unrelated patients, 6891-1, 6891-23, and 6891-6, with sporadic PHP1B,
who carried the same point variant (20[GRCh37]:g.57,416,931G>A) in the first intronic region of the
NESP transcript and near the donor splice site of 457 exon 4 as members of family 2 (Figure 5).

Methylation analysis of DMRs. We performed a comprehensive analysis of the methylation status of
CpG sites within 6 regions that correspond to the 5 GNAS DMRs (Figure 1) for a control group of nor-
mal individuals, members of families 1 and 2, a replication cohort of patients with PHP1B who had
global methylation defects, and members of family 3 who were related to the affected proband includ-
ed in the replication cohort (Figure 5). DNA from healthy individuals showed 41%—-52% methylation
at DMRs corresponding to NESP, AS1, XL, and A/B. Remarkably, normal individuals showed mod-
erate reductions in methylation at GNAS-AS2-1:TSS-DMR and GNAS-AS2-2:TSS-DMR, while individ-
uals with sporadic PHP1B and global methylation defects showed marked reductions in methylation at
these 2 sites, similar to findings reported by Hanna et al. (19). All patients in our study with sporadic
PHP1B or AD-PHP1B had global methylation defects and showed increased methylation at GNAS-
NESP:TSS-DMR and marked reductions in methylation at GNAS-AS1:TSS-DMR and both regions of
the GNAS-AS2-2:TSS-DMR. By contrast, Hanna et al. (19) reported apparently increased methylation
at GNAS-AS2:TSS-DMR in 3 affected members of an AD-PHP1B family who did not have an STX16
deletion, but these individuals differed from those whom we studied as they did not have evidence
for global methylation defects and showed normal methylation at GNAS-NESP:TSS-DMR, GNAS-
XL:EX1-DMR, and GNAS-ASI:TSS-DMR.

Quantification of GNAS transcript expression. We assessed the effect of the 6-bp deletion on tran-
scription of AS and NESP by quantitative real-time reverse transcription PCR (RT-qPCR). These
quantitative analyses showed that PHP1B individuals with the 6-bp deletion had significantly greater
levels of the AS transcripts (P, < 0.0001; Figure 6A) and lower levels of the NESP transcripts (P, <
0.05; Figure 6B) in lymphoblastoid cell lines (LCLs) than did control normal individuals, which was
consistent with the loss of imprinting at the AS promoter. By contrast, unaffected relatives in family
1 with the 6-bp deletion (carrier) or with wild-type GNAS alleles had normal levels of AS and NESP
transcripts (Figure 6), consistent with normal methylation at the XL/AS DMR. Finally, LCLs from
PHPI1B patients with STX16 deletions, who have normal methylation at the AS promoter, showed
normal levels of AS and NESP transcripts.
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Figure 3. Pedigree of family 2 and identified intronic point variant. (A) Pedigree of family 2 with AD-PHP1B. *Tested negative for the point intronic
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(B) Sanger sequencing in available family members of family 2. (C) A UCSC screenshot showing the intronic point vari-

ant overlapping with a cis-regulatory element (ccRE) annotated by ENCODE (accession number EH37E1205658).

Discussion

PHPIB is now recognized as an epigenetic disorder in which expression of G o from the maternal GNAS
allele is disrupted. Several mechanisms have been identified as the cause of epigenetic diseases, including
stable changes in DNA methylation, posttranslational histone modification, and/or production of noncod-
ing RNA. These defects are termed epimutations when they are directly involved as the molecular basis
of the disease and can be separated into 2 types, primary and secondary, the latter occurring as the result
of a DNA variant that affects a cis- or frans-acting factor. The genetic basis for the aberrant methylation of
DMRs in PHP1B appears to be heterogeneous. Recurrent deletions within the maternal STX76 allele that
include exon 4 and which disrupt a putative ICR termed STX16-ICR represent the predominant cause of
AD-PHP1B and are associated with an imprinting defect that is limited to LOM at exon A/B (32). By con-
trast, the genetic basis for most cases of sporadic PHP1B, as well as some cases of AD-PHP1B, that are
associated with more extensive imprinting defects affecting methylation at all DMRs has been more elusive.
Rare maternally inherited heterozygous deletions involving the NESP55 exon and/or AS exons and introns
have been identified in some PHP1B patients with broad methylation defects at the GNAS cluster (summa-
rized in Figure 1), as these deletions presumably affect a primary ICR, termed NESP-ICR, that controls
DMRs throughout the GNAS cluster (32). These observations have led to the notion that primary somatic
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members of family 2. N.I., normal imprinting (methylation); L.0.1., loss of imprinting (abnormal methylation);
PTH resist, resistance to parathyroid hormone.

epimutations rather than genetic defects account for the imprinting abnormalities in most PHP1B with broad
methylation defects (28). Here we describe the application of GS to identify 2 small, intronic GNAS variants
in patients with PHP1B who have extensive methylation defects. One variant is a complex 6-bp deletion
(20[GRCh37]:g.57419071-57419076delTTCATT) associated with a nearby single-nucleotide transversion
(20[GRCh37]:g.57419082C>A) that is intronic to both NESP55 and AS and is within the NESP-ICR. We
found this variant on the maternal GNAS alleles of all affected individuals of 2 AD-PHP1B kindreds, fami-
lies 1 and 3, as well as 1 individual with apparently sporadic PHP1B. Notably, this variant showed reduced
penetrance in both familial cases, as not all individuals who carried the variant on a maternal GNAS allele
manifested the imprinting defect that causes PHP1B. The identification of this variant in family 1 provides
molecular confirmation of our previous linkage analysis that first showed a lack of concordance between
aberrant methylation and a putative genetic defect within the maternal GNAS locus (42). A similar lack of
co-segregation between aberrant methylation and a small deletion within the NESP-ICR of the maternal
GNAS allele was subsequently reported in another PHP1B family with broad methylation defects (37). The
incomplete penetrance of these small deletions may indicate that they are located near a boundary for the
cis-acting element on the maternal GNAS allele that is required for methylation of the primary ICR for GNAS.

We also identified a point variant in affected members of the second multigenerational family with
AD-PHPIB as well as 3 additional individuals with apparently sporadic PHP1B that is intronic to 452 and
AS3 exons. Therefore, this appears to be a second small variant that can cause broad methylation defects. In
both cases, the identification of these variants in other, nonrelated patients with PHP1B suggests that the 2
changes are either recurrent pathogenic variants or very rare deleterious polymorphisms.

What can be the basis for the extensive imprinting defect within all GNAS DMRs, with GOM at the DMR
for NESP55 and LOM at the DMRs for XL, AS1, and exon A/B, in these patients with such small mutations?
Nearly all previously described PHP1B patients with broad methylation defects had larger deletions that includ-
ed the NESP55 exon and/or AS exons on the maternal GNAS allele (28, 36-39) (Figure 1). By removing the
unmethylated maternal NESP55 DMR, these deletions lead to an artifactual GOM at the DMR for NESP55
and disrupt normal transcription of NESP55, which is maternally expressed for approximately 80 kb across
the entire GNAS locus. More importantly perhaps, it is likely that these deletions disrupt normal transcription
of NESP55. Experimental studies have shown that transcription of NESP55 is required for proper methylation
of downstream DMRSs, as truncation (46, 47) or deletion (48) of Nesp in mice prevents acquisition of normal
methylation at the downstream Nespas/Gnasxl and exon 1la DMRs in the oocyte. Therefore, deletions that
include NESP55 and/or portions of AS exons lead to a broad methylation defect that has been termed H-L-L
(or H-L-L-L), as shown in Figure 1. By contrast, discrete deletions that are limited to NESP55 (28, 49) result
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Exon
6.bp 1-b_p NESP | AS1 AS2-1 | AS2-2 | XL AB
deletion p0|pt Mean Mean | Mean | Mean | Mean Mean

variant | + SD *SD [(+SD |*SD |*SD *SD
(%) (%) (%) (%) (%) (%)
coptrols |y N | 4123 | 4122|3823 |28+4 | 4123 | 5218
Family 1
11-2 Y N 45 31 41 36 42 60
11-4 Y N
-6 Y N 42 30 38 42 46 59
-1 Y N
-3 Y N
-4 Y N
-8 N N 50 30 41 38 46 53
V-1 N N 40 40 35 27 42
V-2 Y N 41 31 30 28 41
Family 2
11-1 N N
11-2 N Y
-1 N Y
-2 N Y
-3 N Y
-4 N N
Family 3
-2 Y N
1-1
@a72)| Y N
11-2 Y N
-1 Y N
Replication Cohort (N = 64)
N= 59 N N | 8ssa | 2% | 321 2T | 7i4 | 424
3472 Y N
6891-35 Y N
6891-1 N Y
6891-23 N Y
6891-6 N Y

Figure 5. Methylation analyses. Colors were used to indicate methylation levels: red for marked reduction, blue for marked
increase, and yellow for normal levels. Shaded red or blue represent moderate reductions or increases in methylation.

in a loss of imprinting that is limited to exon A/B (H-N-L; Figure 1), suggesting that transcription from the
NESP55 promoter occurs but is prematurely terminated upstream of exon A/B.

The broad methylation defects in the PHP1B patients that we have studied are consistent with disruption
of NESP55 transcription, but how can such small variants account for this profound defect in imprinting?
Control of NESP55 transcription has been intensively studied over the past decade and important observa-
tions have demonstrated that transcription of AS regulates methylation of the NESP-ICR. The GNAS cluster
contains 2 CpG islands with the characteristics of a germline ICR; these regions are differentially methylated
in the germline and the differential methylation is maintained in the somatic tissues of the offspring. The
principal ICR for the GNAS cluster contains the AS promoter (Figure 1A), and lies within the A4S and XL
DMR (50, 51); a second germline ICR is within the exon 4/B DMR (52), and specifically controls maternal
expression of A/B transcripts and the imprinted expression of transcripts encoding G o. Importantly, the
third DMR in the GNAS locus is the NESP-ICR, which is a somatic DMR that becomes methylated on the
paternal allele after fertilization as a consequence of transcription of A4S (50, 52, 53). By contrast, acquisition
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Figure 6. GNAS transcript expression. RT-qPCR showing higher levels of AS transcripts (A) and lower levels of the
NESP transcripts (B) in patients with 6-bp deletion (n = 5) compared with patients with pathogenic STX16 dele-

tion (n = 7), unaffected 6-bp deletion carriers (n = 2), or unrelated controls (n = 10). Values were normalized to 10
unaffected controls. Normalized values are illustrated by the box-and-whisker plot, where the center line represents
the median, the box limits represent the interquartile range, and the whiskers represent the minimum to maximum
data range. Comparisons between multiple groups were done by 1-way ANOVA followed by Dunnett’s test using
GraphPad Prism. *P_, < 0.05; ****P_.<0.0001.

of CpG methylation within the maternal 4S ICR during oogenesis prevents transcription of 4S in somatic
cells after fertilization and thereby assures that the NESP DMR is not methylated, with consequent tran-
scription of NESP from the maternal allele. As we had LCLs from only patients with the 6-bp deletion, we
were unable to investigate the effect of both mutations on AS and NESP55 transcription. Nevertheless, our
RT-qPCR data showed that transcription of NESP55 was markedly reduced only in affected patients who
had increased methylation of the NESP-ICR. Certainly, lack of NESP transcription provides a cogent expla-
nation for the loss of methylation at the downstream DMRs. Surprisingly, our data also showed that tran-
scription of 48 was increased in these same patients, which could provide an explanation for methylation of
the maternal NESP-ICR. Thus, we propose that the methylation status of the maternal GNAS DMRs in the
patients we describe here is consistent with acquisition of NESP-ICR methylation as a result of abnormal
activation of AS transcription. Taken together, these observations provide a putative mechanistic framework
to explain the epigenetic changes observed in PHP1B patients who have genetic defects that disrupt tran-
scription of NESP55 upstream of exon A/B (33-35, 54) and align with the concept that DNA methylation is
established in the oocyte in response to active transcription rather than by specific DNA sequence motifs or
properties (55, 56). Thus, transcription initiating at the NESP55 promoter and proceeding through the GNAS
locus is required for acquisition of maternally methylated germline DMRs at XL./AS and exon A/B.

While these studies were in progress, Iwasaki et al. reported the application of human embryonal stem
cells (hESCs) as a human cellular model to investigate the mechanistic basis for epigenetic defects in PHP1B
in general and loss of methylation at the A/B DMR in particular (32). Specifically, using hESC clones with
maternal NESP-ICR ablation, they showed that the NESP-ICR, and NESPS55 transcription, is required for
methylation and transcriptional silencing of maternal A/B. However, it remains unexplained why this model
failed to show hypomethylation at DMRs containing the AS and XL promoters, as occurs in PHP1B patients
with defects in NESP55-ICR. In addition, they have proposed that the STX16-ICR behaves as a long-range
enhancer of NESP55 transcription based on experiments in which deletions within the STX16-ICR led to
decreased transcription of NESP and consequent hypomethylation of maternal A/B (32). By contrast, our
studies in LCLs from PHP1B patients with STX6 deletions showed normal levels of NESP55 transcription.
The basis for these differences is uncertain, but may reflect variations in cell types (i.e., hESC versus LCL) or
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culture conditions. Nevertheless, it is still conceivable that the STX16-ICR functions as an enhancer of NESP55
transcription, but that disruption of S7X16 leads to premature termination of NESP55 transcription down-
stream of the AS and XL. DMRs and thereby affects methylation only at the A/B DMR. Future studies will
address these discrepant results that may reflect stage- and cell-specific differences between hESCs and LCLs.

In conclusion, our studies demonstrate the power of GS in identifying small, recurrent, genetic variants
that are responsible for broad epigenetic defects in some patients with PHP1B. Surprisingly, we found that
at least one of these genetic defects was incompletely penetrant, which can complicate clinical evaluation
of inheritance patterns. Finally, our observation that relatively small variants downstream of NESP55 can
lead to derepression of A4S transcription provides a new pathological basis for understanding aberrant meth-
ylation of the NESP-ICR and decreased transcription of NESP55.

Methods
Sex as a biological variable. We studied both male and female individuals and similar findings are reported
for both sexes.

Study population. We studied 2 families (see below) that included multiple members with AD-PHP1B
and global methylation defects in GNAS DMRs. In addition, we included a replication cohort of 64 PHP1B
individuals consisting of 55 patients with sporadic PHP1B and 9 probands with familial AD-PHP1B, all
of whom had biochemical evidence for PTH resistance, with elevated serum levels of PTH and phosphate
and low serum calcium levels, mild or no features of AHO, and in some cases mildly elevated serum TSH
levels. All individuals had 2 wild-type copies of GNAS exons 1-13, global methylation defects, and lacked
a causative genetic deletion in STX16 or NESP55 or AS exons by exome sequencing. We extracted DNA
from peripheral blood leukocytes or LCLs that were generated by EBV transformation of peripheral blood
B lymphocytes using standard techniques (57).

Family 1. This kindred (Figure 2A) has been previously described as family R (42, 45) or F9 (28) in
previous publications from our group. Affected individuals have evidence of PTH resistance (hypocalce-
mia or normocalcemia with elevated serum levels of intact PTH), normal thyroid function tests, and lack
features of AHO. All affected individuals manifested a global defect in methylation that was linked to a
presumed genetic defect in the GNAS locus (42, 45). Sanger sequencing of the 13 coding exons and exon/
intron boundaries of the GNAS gene was normal and subsequent exome sequencing did not disclose a caus-
ative genetic mutation. Haplotype analyses showed unexpected discordance between the presumed genetic
defect in or near GNAS and the methylation defect (i.e., not all individuals who carried the proposed dis-
ease-associated haplotype manifested the broad methylation defect or biochemical evidence of PTH resis-
tance) (42, 43), leading to the conclusion that the genetic defect was incompletely penetrant.

Family 2. This kindred (Figure 3A) has been described as family F6 in a previous publication from our
group (28). The proband (F6-4; I11-1) is a female with a history of mild developmental delays and primary
hypothyroidism with onset in early childhood. She presented at age 6 years with a generalized seizure, at
which time her serum calcium was 5.7 mg/dL, serum phosphate was 8.8 mg/dL, and serum intact PTH
was marked elevated at 286 pg/mL. She improved quickly with calcium and calcitriol treatment, in addi-
tion to continued levothyroxine, and was discharged to home. Her past history revealed prior concerns for
Beckwith-Wiedemann syndrome (BWS) shortly after birth when pharyngomalacia and macroglossia were
identified during evaluation for poor feeding and irritability. Although genetic testing was negative, she was
subsequently monitored by medical genetics for her first 6 years of life for possible BWS due to clinical
features, including macroglossia, an umbilical hernia, and a facial nevus simplex.

She has a round face with a normal appearing tongue and bilateral brachydactyly E manifest as short 4th
metacarpals and 4th and 5th toes. She had continued to have trouble with motor incoordination and learn-
ing, requiring an individualized education plan but she was able to attend regular education classes. She had
spontaneous menarche at 11 years of age and is of normal stature (CDC height in 42nd percentile at age 15).

The proband has 3 younger siblings who are dizygotic triplets, an unaffected female (ITI-4; F6-1) and
2 affected monozygotic males (III-2, F6-5 and III-3, F6-6). Her twin younger brothers, now aged 10 years,
were found to have primary hypothyroidism and elevated serum levels of phosphate and intact PTH, but
normal calcium levels. Both affected brothers lack brachydactyly but have mild developmental delays, and
round faces. The father (II-1; F6-2) and mother (II-2; F6-3) are non-consanguineous and have normal phys-
ical appearances and physiologic mineral metabolism. A commercial next-generation sequencing panel
for genes associated with hypoparathyroidism was negative, but methylation studies of exon A/B at Johns
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Hopkins Clinical Genetics laboratory showed loss of methylation for affected individuals III-1, III-2, and
III-3 (all approximately 3%, normal =43%) thereby confirming a diagnosis of PHP1B. The proband’s unaf-
fected mother had normal methylation of exon A/B (48%). A maternal male cousin (III-5) was subse-
quently diagnosed with PTH resistance and likely PHP1B based on loss of methylation at exon A/B of the
GNAS gene (5%). His mother (II-5) is unaffected, but has not undergone molecular testing.

Given the diagnosis of AD-PHP1B, additional genetic studies were performed. STX16 sequencing and
deletion duplication analysis were normal and clinical exome sequencing of the proband and both parents
with sibling controls did not reveal a causative mutation.

Family 3. The proband (II-1, Figure 4A) was included within our replication cohort (3472, see below).
He had been described as individual S26 (28) and 13 (58) with sporadic PHP1B in previous publications
from our group. He had been referred to our clinic as an adult patient with PHP1A based on short stature,
brachydactyly type E, cognitive delay, and resistance to PTH and TSH. There were no subcutaneous o0ssi-
fications. When first evaluated in our clinic, he was receiving dihydrotachysterol for PTH resistance and
levothyroxine for mild hypothyroidism (pretreatment data during childhood were not available). Sanger
sequencing of exons 1-13 of the GNAS gene was normal. His biochemical evaluation while on treatment
showed normal serum levels of calcium, phosphorus, PTH and TSH, as well as normal serum concentra-
tions of luteinizing hormone, follicle-stimulating hormone, and testosterone; he had normal growth hor-
mone reserve (58). Subsequent exome sequencing was normal and methylation analyses revealed a broad
methylation defect in GNAS DMRs that confirmed a diagnosis of PHP1B. His parents, a brother, and a
nephew (Figure 4A) were all unaffected and had normal serum levels of PTH, calcium, phosphorus, and
TSH (data not shown).

Methylation analysis of GNAS DMRs. Methylation analysis of GNAS DMRs (Figure 1A) was determined
as previously described (28, 59) by PCR amplification of bisulphite-modified, RNase-treated blood genom-
ic DNA followed by pyrosequencing using assays designed in collaboration with EpigenDx. Nucleotide
sequences in GNAS (chr20q13.32) that were analyzed were in the DMRs as noted (positions per GRCh37/
hg19): NESP55 (ADS471: g.57,415,807-57,415,853), XL (ADS470: g.57,429,235-57,429,362), exon A/B
(ADS464: g.57,464,773-57,464,927), AS1 (ADS3559-FS: g.57,426,926-57,426,950), AS2-1 (ADS3560-
FS: g.57,427,692-57,427,762), and AS2-2 (ADS3563-FS and ADS3562-FS: g.57,427,813-57,427,869 and
g.57,427,942-57,427,994, respectively). The assay for AS1 is confounded by the presence of a C>T poly-
morphism at chr20:57426935 (https://gnomad.broadinstitute.org/variant/20-57426935-C-T?dataset=gno-
mad_r2_1) that has a MAF of 11%. The assays for AS1 and the two AS2 DMRs were based on primer
sequences and experimental conditions as described by Hanna et al. (19). Bisulfite pyrosequencing is a
sequencing-by-synthesis method used to quantitatively determine the methylation of individual cytosines
from PCR amplicons of a region up to 115 bases in length. Methylation is expressed as the percentage of
cytosines within the CpG sequences that are methylated.

GS and bioinformatic analysis. We performed GS with paired-end 100-bp reads (59). Libraries were
generated from genomic DNA using the Illumina TruSeq DNA PCR-Free Library Prep Kit. All the raw
reads were aligned to the reference human genome using the Burrows-Wheeler Aligner (BWA-Mem,; ref.
60) and SNVs and small insertions/deletions (indels) were captured using the Genome Analysis Tool Kit
(GATK; ref. 61). ANNOVAR (62) and SnpEff (63) were subsequently used to functionally annotate the
variants. BAM files generated by GATK were fed to multiple short-read structural variant callers, includ-
ing BreakDancer (64), Manta (65), Wham (66), and CNVnator (67), to capture SVs with default param-
eters. Similarly, the split and discordant reads files were generated by SpeedSeq (68) and were provided
as inputs to Lumpy (69), another SV calling program. The confirmatory genotyping of GNAS intronic
variants was performed by Sanger sequencing by using primers 5-GGAGGAGGAGCAGGAGAATA-3'
and 5-CAGTTGAGCCAGCACATGAC-3' (658 bp), and 5-ATGGTCACGTCGGGGTATTG-3' and
5-CCTCCTTTTCGACGACTGATC-3' (288 bp).

Quantification of relative levels of GNAS transcripts. Total RNA was extracted from LCLs by the RNase-
Free DNase Sets and RNeasy Mini Kits (all from QIAGEN), according to the manufacturer’s instruc-
tions. RNA concentrations and purity were assessed with the NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific), and RNA integrity was evaluated with the Bioanalyzer 2100 (Agilent Technologies).
cDNA was synthesized using SuperScript III First-Strand Synthesis SuperMix (Invitrogen/Thermo
Fisher Scientific). We performed RT-qPCR using the Quantitect SYBR Green PCR kit (QIAGEN) and
the data were analyzed by using the AACt method. We used AS-specific primers M (5-GGTTTTTCA-
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GAGTCTGGTAGCC-3") and N (5-GAGGAGCAAGAAGATTTCCA-3’) to amplify AS transcripts (37)
and NESP-specific forward primer (5-AAGAGTCGAAGGAGCCCAAGGAG-3') with a reverse primer
(5'-CCATTAAACCCATTAACATGCAG-3') located in GNAS exon 2 to amplify NESP transcripts (32).
‘We normalized expression of AS and NESP transcripts to the level of expression of a reference gene by
measuring AACt values determined by RT-gPCR of B-glucuronidase (GUSP) transcripts in the same cDNA
samples and expressed values as a percentage of control based on results of 10 individuals with normal
GNAS genes. Duplicate sets of samples were produced with RT omitted to detect amplification from con-
taminating DNA.

Statistics. Pyrosequencing results are presented as the mean + SD of methylation in GNAS DMRs in
DNA from the normal control group. Data from RT-qPCR experiments were analyzed by first calculating
the mean of 3 replicates for each sample and then performing 1-way ANOVA followed by Dunnett’s mul-
tiple-comparison test. P values of less than 0.05 were considered significant. GraphPad Prism software was
used for the statistical analyses.

Study approval. The protocol was approved by the Children’s Hospital of Philadelphia institutional
review board and informed consent/assent was obtained as appropriate.

Data availability. Supporting data for full values underlying the data presented in the graphs are provid-
ed in the supplemental Supporting Data Values file.
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