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Context: Maternally inherited 3-kb STX16 deletions cause autosomal dominant pseudohypoparathyroid-
ismtype Ib (PHP-lb) characterized by PTH resistance with loss of methylation restricted to the GNAS exon A/B.

Objective: The objective of the study was to search for the 3-kb STX76 deletion and to establish
haplotypes for the GNAS region for two PHP-Ib patients and their families.

Setting: The study was conducted at a research laboratory and tertiary care hospitals.

Patients: The index cases presented at the ages 8 and 9.5 yr, respectively, with hypocalcemia,
hyperphosphatemia, and elevated PTH.

Interventions: There were no interventions.

Results: DNA analyses of the index cases revealed anisolated loss of the GNAS exon A/B methylation
and the 3-kb STX76 deletion. In the first family, the patient’s healthy mother and sister showed no
genetic or epigenetic abnormality, yet microsatellite analysis of the GNAS region indicated that
both siblings share the same maternal allele, with the exception of an allelic loss for marker
261P9-CA1 (located within STX16), leading to the conclusion that a de novo mutation had occurred
on the maternal allele. In the second family, three siblings of the index case are also affected, and
an analysis of their DNA revealed the 3-kb STX76 deletion, which was also found in the healthy
mother and a maternal uncle. Analysis of the siblings of the deceased maternal grandfather and
some of their descendants excluded the 3-kb STX76 deletion, but haplotype analysis of the GNAS
region suggested that he had acquired the mutation de novo.

Conclusions: De novo 3-kb STX16 deletions, reported only once previously, are infrequent but
should be excluded in all cases of PHP-Ib, even when the family history is negative for an inherited
form of this disorder. (J Clin Endocrinol Metab 97: E2314-E2319, 2012)
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seudohypoparathyroidism (PHP) is characterized by
P resistance toward PTH, which is either isolated or
associated with resistance toward additional hormones
such as TSH, GHRH, and calcitonin that mediate their
actions through Gas-coupled receptors. PHP type Ia
(PHP-Ia) is caused by maternally inherited, heterozygous
inactivating mutations in those GNAS exons that encode
the a-subunit of the stimulatory G protein (Gas) (1, 2).
Besides Gas, the GNAS complex locus gives rise to several
differently spliced transcripts. These alternative gene
products include mRNA encoding the extra-large Gas
(XLas) or the neuroendocrine secretory protein 55
(NESP5S5) as well as the A/B transcript (also referred toas 1A)
and the antisense transcript (3-5); note that the A/B-derived
mRNA may be translated according to recent evidence (6).
XLas, A/B, and antisense transcripts are exclusively derived
from the paternal allele on which their promoters are non-
methylated, whereas the NESPS 5 transcriptis expressed only
from the maternal allele on which its promoter is nonmethy-
lated. The promoter giving rise to Gas does not undergo
parent-specific methylation. However, in certain tissues,
such as the proximal renal tubules, the thyroid, the paraven-
tricular nucleus of the hypothalamus, and the pituitary, this
ubiquitously expressed signaling protein is derived predom-
inantly from the maternal allele, leading to the deficiency of
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this signaling protein and thus to hormonal resistance if this
allele carries a mutation (3-5, 7, 8).

Individuals affected by PHP-Ia show, in addition to hor-
monal resistance, features of Albright’s hereditary osteodys-
trophy (AHO), which can include a round face, short stature,
brachydactyly, sc ossifications, and mental retardation (1, 2).
Some of these AHO features do not depend on the parental
origin of the mutation and are thus observed after maternal
(PHP-Ia) or paternal inheritance (pseudopseudohypopara-
thyroidism). Mild AHO features have also been observed in
some PHP-Ib patients, particularly in patients with the spo-
radic variant of this disorder, who frequently show, in ad-
dition to PTH-resistant hypocalcemia and hyperphos-
phatemia, resistance toward TSH and calcitonin (9-13). The
most common form of autosomal dominant PHP-Ib (AD-
PHP-Ib) is caused by maternally inherited, heterozygous de-
letions in the STX16 gene, which is located approximately
220 kb upstream of GNAS exon A/B (14, 15). STX16 is not
an imprinted gene, but 3-kb and 4.4-kb deletions within this
gene are associated with a loss of methylation restricted to
GNAS exon A/B (Fig. 1); paternal inheritance of these dele-
tions does not lead to obvious laboratory or clinically ab-
normalities (14, 15). AD-PHP-Ib caused by maternally in-
herited deletions involving NESPS5 can also be associated
with loss of methylation at exon A/B alone (16), but most
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FIG. 1. Schematic representation of the GNAS locus and the syntaxin 16 (STX76) gene.

Patients and Methods

Upper panel, Exons are indicated by boxes; introns by lines; arrows show direction of

transcription. P, Paternal; M, maternal; cen, centromeric; tel, telomeric. Normal parent-specific
methylation pattern at the four GNAS differentially methylated regions (DMRs) is shown. +,
Methylated DMR; —, nonmethylated DMR. Middle panel, Reported deletions shown as gray
(GNAS) and black (STX16) boxes with the sizes of the different deletions on top. GNAS
methylation pattern for DNA from patients with different forms of AD-PHP-Ib: STX16
deletions, deletions within GNAS, and GNAS deletion extending centromeric. Lower panel,
GNAS methylation pattern for DNA from patients with paternal uniparental isodisomy of

chromosome 20q (patUPD20q) and sporadic PHP-Ib (sporPHP-Ib).

Patients

In the first family (no. 62), the index case
(62/11-1) presented at the age of 9.5 yr with
convulsions, and he was found to have hy-
pocalcemia (1.55 mmol/liter), elevated se-
rum phosphorus (2.56 mmol/liter), and el-
evated serum PTH level (403 pg/ml) (Fig. 2).
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FIG. 2. A, Pedigree of family 62 and haplotype analysis: isolated loss of the GNAS exon A/B methylation was observed for patient 62/I-1, whereas
his mother 62/1-2, his father 62/1-1, and his sister 62/II-2 revealed no epigenetic changes (black symbols, affected; white symbols, unaffected).
Microsatellite analysis showed that the patient shares the same maternal allele with his unaffected sister, with the exception of marker 261P9-
CA1, which is located within STX76 region; patient 62/11-1 is apparently hemizygous for allele 208, which he had inherited from his father,
whereas his sister 62/11-2 had obtained allele 208 from her father 62/1-1 and allele 210 from her mother 62/I-2. These findings are consistent with
an allelic loss for patient 62/I1-1, which must have occurred de novo on the maternal allele. B, Scheme showing portions of the STX76 gene and
the locations of primers (a, b, ¢, and d; arrows) used for multiplex PCR analysis to identify the heterozygous 3-kb STX76 microdeletion comprising
exons 4—6. The shortest amplicon, amplified by primers a and d, was present only on the maternal allele of patient 62/1-2.

There was no evidence for AHO and no family history for PHP.  genomic DNA. The 3-kb deletion within STX16 was analyzed by
In the second family (no. 27), the index case (27/IV-6) pre-  multiplex PCR analysis as described (11). Several microsatellite
sented with low calcium (1.41 mmol/liter), elevated serum phos- ~ markers located of the chromosome 20q13.3 region were ana-
phorus (3.18 mmol/liter), and elevated serum PTH level (381  lyzed to generate haplotypes for both families (14, 25).
pg/ml) at the age of 8 yr without evidence for AHO (14). He has
five siblings, three of whom also showed biochemical evidence
for PTH resistanf:e, a'lthough only one older brother was clini- Results
cally symptomatic (Fig. 3).
In family 62, methylation analysis of the index case 62/1I-1
Methods ' revealed isolated loss of GNAS exon A/B methylation,
Lymphocyte DNA was extracted from both patients and the consistent with the diagnosis of PHP-Ib; normal GNAS

mother using standard methods after obtaining informed con- hvlati b d for his health
sent (14). The study was approved by Massachusetts General ~ Methylation patterns were observed for his healthy par-

Hospital Institutional Review Board. GNAS methylation anal- ~ €nts and sister (data not shown). Analysis of genomic
ysis was carried out as described (14) using bisulfite-modified =~ DNA revealed the 3-kb STX16 deletion for the patient but
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FIG. 3. The genetic analysis of family 27 revealed the 3-kb STX76 deletion in the index case 27/IV-6 and his three affected siblings (27/IV-1, 27/IV-
2, and 27/IV-4) as well as their healthy mother (27/11-2) and their healthy maternal uncle (27/111-6). Microsatellite analysis of the GNAS region
showed that the family members 27/IV-6, 27/1ll-2, and 27/Ill-6 were apparently hemizygous for marker 261P9-CA1, suggesting the loss of a
parental allele, which is consistent with the identified 3-kb deletion. The deduced GNAS haplotype for 27/1l-1 combined with exclusion of the 3-kb
STX16 deletion in those members of the family, who are carriers of the disease-associated allele no. 4, suggested that 27/1l-1 had been carrier of a
de novo STX16 deletion, presumably on his paternal allele. Black symbols, affected; white symbols, unaffected; yellow and gray symbols, carriers
of the disease-associated allele with or without the 3-kb STX76 deletion, respectively; asterisk, determined during childhood, normal range for this
age group: 1.20-1.80 mmol/liter.
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not in his mother 62/I-2, his father 62/I-1, or his sister
62/11-2 (Fig. 2). Microsatellite analysis of the GNAS re-
gion showed that the patient shared the same maternal
allele with his unaffected sister, with the exception of
marker 261P9-CA1. Although the patient was apparently
hemizygous for allele 208, which he had inherited from his
father, his sister was heterozygous for this marker 261P9-
CA1 (paternal allele 208, maternal allele 210). The mother
62/1-2 was also heterozygous for this marker (alleles 206
and 210), which is located within the STX16 region.
Heterozygosity for the mother at marker 261P9-CA1 and
lack of evidence for a maternally inherited allele at this
marker in the patient 62/II-1 suggested an allelic loss and
indicated that the identified mutation had occurred de
novo on the maternal allele.

In family 27, genetic analysis revealed the 3-kb STX16
deletion in the index case 27/IV-6 and his three equally
affected siblings (27/1V-1,27/IV-2, and 27/IV-4) as well as
in their healthy mother (27/111-2) and a healthy maternal
uncle (27/111-6) but not in other maternal uncles or aunts
(Fig. 3). Analysis of all other available members of the
extended family revealed no evidence for the 3-kb dele-
tion. Microsatellite analysis of the GNAS region showed
that the index case 27/IV-6 and his healthy mother 27/111-2
were apparently hemizygous for different alleles of marker
261P9-CA1 (located within the STX16 region), which
suggested the loss of a parental allele consistent with the
identified 3-kb deletion. Because 27/I11-2 and 27/111-6 are
both healthy carriers of the 3-kb STX16 deletion, both had
presumably inherited the allele no. 4 from their deceased
father 27/11-1. Haplotype analyses of the siblings 27/111-3,
27/M1-4, 27/11-5, and 27/11I-7, and their healthy mother
27/1I-2, who were not carriers of the deletion, allowed
deduction of the alleles for 27/I-1. He is predicted to have
carried alleles no. 1 and no. 4, an allele assignment that is
consistent with the alleles established for his available sib-
lings or their descendants, none of whom carries the 3-kb
STX16 deletion. The parents of 27/II-1 are predicted to
have been carriers of either allele no. 1 or allele no. 4.

The deduced GNAS haplotype for 27/1I-1 combined
with exclusion of the 3-kb STX16 deletion in those of his
siblings, who are healthy carriers of the disease-associated
allele no. 4, suggested that this deceased maternal grand-
father of the index case 27/IV-6 had been carrier of a de
novo STX16 deletion. Because he had no history of symp-
toms suggestive of hypocalcemia, it is likely that the mu-
tation had occurred on his paternal allele.

Discussion

A maternally inherited 3-kb deletion within STX16 is the
most common cause of AD-PHP-Ib, characterized by iso-
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TABLE 1. Families with AD-PHP-Ib due to the 3-kb
STX16 deletion
Total number Documented Unknown
of reported de novo when deletion
families deletion first evolved Reference
167 3 14
1 27
1 32
5 19
5 20
1 9
1 1 24
3 1 34
1 11
1 31
1 30
2 1 29
2 1 26
2 1 28
1 13
4 2 21
10 33
27 2 This report
Total: 49 3 9

The number of previously published unrelated families is provided, in
which at least one member is affected by PHP-Ib and carries a
maternally inherited STX76 deletion. For one case, no mutation could
be identified in both parents, leading to the conclusion that a de novo
mutation had occurred; however, for several PHP-Ib cases without a
family history of the disease, the carrier status of the parents is
unknown.

? The affected members of family 27 had been included in a previous
report (14), but this family was counted only once. Family 62 has not
previously been reported.

b The mother, brother, and sister of the patient had hypocalcemia, but
only the patient was analyzed for the mutation.

lated loss of methylation at the exon A/B differentially
methylated region of GNAS. Here we described two
PHP-Ib kindreds in which compelling evidence for de novo
3-kb STX16 deletions was obtained, which appears to be
a relatively rare occurrence because only one such muta-
tion has been previously reported among 48 reported fam-
ilies with AD-PHP-Ib (Table 1) (9, 11, 13, 14, 19-21, 24,
26-34). When including patient 62/I1-1 described in this
report (note that several members of family 27 had been
previously reported (14), the predicted de novo mutation
rate for the 3-kb STX16 deletion of 6.1% (three of 49) is
lower than the rates described for other autosomal dom-
inant diseases, including Marfan syndrome, neurofibroma-
tosis type 1, Carney complex, and CHARGE (the association
of coloboma, heart defect, choanal atresia, retardation, gen-
ital hypoplasia, ear anomalies) (25-57%) (35-39). It may,
however, be higher because clinical consequences of the 3-kb
STX16 deletion and associated epigenetic changes can re-
main silent for several generations if this mutation resides on
the paternal allele. Consequently, there may be many more
carriers of the STX16 deletion in the general population, and
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the de novo mutation rate could thus be substantially higher.
Based on the analysis of only those PHP-Ib patients, who
carry the deletion on the maternal allele, the de novo muta-
tion rate would be estimated at 4.1% (two of 49); however,
for several published, apparently sporadic PHP-Ib cases with
the 3-kb deletion, parents were not available for genetic test-
ing, thus allowing no conclusions regarding the possible lack
of inheritance of the genetic mutation (see Table 1). Further-
more, if de novo 3-kb STX16 deletions occur with equal
frequency on the maternal and the paternal allele, but the
latter become clinically apparent after one or several gener-
ations, the rate of new mutations may be twice as high. How-
ever, this rate would still be lower than that estimated for
other autosomal dominant diseases.

PHP-Ib is caused by methylation and imprinting defects
at the maternal GNAS locus with subsequent loss of Gas
protein expression in renal proximal tubules. At least two
distinct types of epigenetic/genetic defects have been de-
scribed in AD-PHP-Ib, which lead to indistinguishable
clinical and laboratory phenotypes. These familial forms
of PHP-Ib are caused by maternally inherited, heterozy-
gous deletions within or upstream of the GNAS locus,
which are associated either with a loss of all maternal
GNAS methylation imprints or with a loss of exon A/B
methylation alone (see Fig. 1) (14-18). Maternally but not
paternally inherited deletions of STX16 lead to AD-PHP-
Ib; the de novo mutation in family 62 thus occurred on the
maternal allele as shown by the allelic loss of microsatellite
marker 261P9-CA1. In contrast, the de novo mutation in
family 27 did not lead to clinical and epigenetic pheno-
types until two generations later, i.e. the healthy male 27/
II-1 transmitted the disease-associated allele to his healthy
daughter 27/I11-2 and his healthy son 27/11I-6, but led to
clinical and laboratory abnormalities only in the three af-
fected children of the female 27/I11-2, thus highlighting
again the parent-of-origin-specific transmission of the
disease.

Our current findings and review of the literature indi-
cates that de novo 3-kb STX16 deletions are fairly infre-
quent, although this deletion occurs between two almost
perfect repeats comprising 391 bp (14). Despite its appar-
ent rarity, the 3-kb STX16 deletion should be excluded in
all PHP-Ib cases without an apparent family history be-
cause the disease can be silent for generations. Identifica-
tion of this most frequent cause of AD-PHP-Ib does allow
precise genetic counseling without the need for extensive
epigenetic evaluation of the GNAS locus and will exclude
the sporadic form of PHP-Ib that, in addition to PTH
resistance, appears to be associated more frequently with
resistance toward other hormones and with some AHO
features (9-13, 19-24).
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