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Context: The term pseudohypoparathyroidism (PHP) was coined to describe the clinical condition
resulting from end-organ resistance to parathormone (rPTH), caused by genetic and/or epigenetic
alterations within or upstream of GNAS. Although knowledge about PHP is growing, there are few
data on the prevalence of underlying molecular defects.

Objective: The purpose of our study was to ascertain the relative prevalence of PHP-associated
molecular defects.

Design: With a specially designed questionnaire, we collected data from all patients (n = 407)
clinicallyand molecularly characterized to date by expert referral centersin France, Italy, and Spain.

Results: Isolated rPTH (126/407, 31%) was caused only by epigenetic defects, 70% of patients
showing loss of imprinting affecting all four GNAS differentially methylated regions and 30% loss
of methylation restricted to the GNAS A/B:TSS-DMR. Multihormone resistance with no Albright’s
hereditary osteodystrophy (AHO) signs (61/407, 15%) was essentially due to epigenetic defects,
although 10% of patients had point mutations. In patients with rPTH and AHO (40/407, 10%), the
rate of point mutations was higher (28%) and methylation defects lower (about 70%). In patients
with multihormone resistance and AHO (155/407, 38%), all types of molecular defects appeared
with different frequencies. Finally, isolated AHO (18/407, 4%) and progressive osseous heteroplasia
(7/407, 2%) were exclusively caused by point mutations.

Conclusion: With European data, we have established the prevalence of various genetic and epi-
genetic lesions in PHP-affected patients. Using these findings, we will develop objective criteria to
guide cost-effective strategies for genetic testing and explore the implications for management
and prognosis. (J Clin Endocrinol Metab 101: 3657-3668, 2016)
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he clinical condition resulting from end-organ resis-
T tance to PTH, first described in the early 1940s in
patients with hypocalcemia and hyperphosphatemia in
the absence of vitamin D deficiency or impaired renal func-
tion, is termed pseudohypoparathyroidism (PHP) (1).
PHP was divided into types 1 and 2 according to measured
serum and urinary levels of cAMP after the injection of
bovine parathyroid extract. cAMP excretion is closely re-
lated to the parathyroid activity and is considered a useful
test in the diagnosis of parathyroid diseases. In individuals
with PHP type 1 (PHP1), urinary cAMP and phosphate
excretion fail to increase in response to exogenous PTH,
demonstrating the presence of a molecular defect causing
a defective cAMP generation. In contrast, patients with
PHP2 present a normal nephrogenous cAMP generation
associated with a decreased phosphate excretion, indicat-
ing a defect downstream of the adenylate cyclase (2). To
date, relatively few cases of PHP2 have been reported and
the underlying molecular defect remains unknown (2). On
the other hand, the clear phenotypic heterogeneity of pa-
tients with PHP1, in particular the presence of additional
clinical features such as resistance to other hormones
(TSH/GHRH/gonadotropins), Albright’s hereditary os-
teodystrophy (AHO) (short stature, rounded face, and
brachydactyly), and sometimes ectopic ossifications, obe-
sity and/or mental retardation, led to the distinction of
specific PHP1 subtypes; hence, the term PHP now refers to
a group of rare, related, and deeply impairing metabolic
diseases (3).

Deficient expression or activity of Gsa, the a subunit of
the stimulatory G protein is, by far, the most frequent
cause of PHP1 (4). Gsa is the main transcript encoded by
the GNAS locus (OMIM#139320), a complex imprinted
transcriptional unit generating several different monoal-
lelic transcripts, including the extra-large Gsa variant, the
neuroendocrine secretory protein 55 (NESPSS), the non-
coding antisense transcript, and the untranslated A/B
transcript (5) through the use of differently methylated
promoters located in differentially methylated regions
(DMRs). From here on in this manuscript, PHP is used to
refer to conditions associated with deficient Gsa expres-
sion or activity.

The main subtypes of PHP are caused by de novo or
autosomal dominantly inherited inactivating genetic mu-
tations, and/or epigenetic, sporadic, or genetic-based al-
terations within or upstream of GNAS (5). Most reported
patients with PHP type 1a (PHP1A) (Online Mendelian
Inheritance in Man [OMIM] #105380), who show AHO
with resistance to multiple hormones, carry either point or
structural mutations on the maternal allele (6—8). When
affecting the paternal allele, the same mutations lead to
pseudo-PHP (PPHP, OMIM #612463), in which AHO
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usually occurs in the absence of endocrine abnormalities
(6, 7). In addition, paternally inherited GNAS mutations
may lead to progressive osseous heteroplasia (POH,
OMIM #166350), in which heterotopic ossifications pro-
gressively extend into skeletal muscle and deep connective
tissues (9, 10).

On the other hand, most patients with PHP type 1b
(PHP1B) (OMIM #603233), who classically display hor-
mone resistance limited to PTH and TSH with no AHO
signs, have methylation defects at GNAS DMRs (11).
Broad or partial loss of imprinting (LOI) affecting all
GNAS DMRs is frequently observed in sporadic cases
(sporPHP1B), whereas in a small subset of patients, it has
been associated with complete or segmental uniparental
disomy (UPD) of chromosome 20 (12-135). Familial cases
have an autosomal dominant mode of inheritance (AD-
PHP1B) through the maternal line and most show LOI
limited to the A/B DMR (GNAS A/B:TSS-DMR) second-
ary to deletions on the maternal allele of cis-acting control
elements (imprinting control regions) within STX16 (16)
or NESPS5S5 (17), although other maternally inherited de-
letions have been identified in some rare familial cases
affecting either an isolated GNAS A/B:TSS-DMR (18-20)
or all four DMRs (GNAS-NESP:TSS-DMR, GNAS-AST:
TSS-DMR, GNAS-XL:Ex1-DMR, and GNAS A/B:TSS-
DMR) (21, 22).

Although surveys of genetic contributions to PHP have
been performed by single laboratories, up to now none
comprehensively evaluated a large cohort of unselected
patients (6-10, 21, 23-25). The European Network for
the study of PHP (EuroPHP Network), supported by the
European Society of Pediatric Endocrinology, designed
the present work to quantify the contributions of identi-
fiable genetic lesions to PHP subtypes and to develop ob-
jective criteria to guide a cost-efficient strategy for genetic
testing for this heterogeneous entity.

Materials and Methods

A European network for the study of GNAS-related disorders
was created in 2011 and partially supported by the European
Society for Pediatric Endocrinology (EuroPHP Consortium).
The aims of the network are to collect and share clinical infor-
mation as well as biological samples for a better characterization
of this group of rare metabolic disorders. Some of the members
of this Consortium (clinicians and scientists) collected clinical
and molecular data on 407 PHP index patients (Italy, n = 177;
Spain,n = 99; and France,n = 131) studied over the past decade
in their laboratories (2005-2015) or followed in their clinical
center, to evaluate the prevalence of different PHP phenotypes
and GNAS molecular defects (Supplemental Table 1A-D). De-
mographic data of the patients are resumed in the Table 1. Sev-
eral patients reported herein (296 of 407) have already been
described in previous publications (6, 8, 14, 19, 24, 26-28).
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Table 1. Demographic Data of the Studied Series of 407 Patients With PHP and Related Disorders
Molecular Diagnostic Age
Italy Spain France Total (Mean =sp)
F MF+MF M F+MF M F+MF M F+MF M F+M
GNAS point 53 32 85 21 22 43 21 21 42 95 75 170 10.9 £10.3 99+ 12 10.5 = 11
mutation
Structural 1 3 4 2 2 2 2 3 5 8 19 £85 16.8 =145 176 =119
rearrangement
Broad 39 32 71 23 21 44 25 26 51 87 79 166  23.8*£13.2 21.1*£142 225 +137
methylation
defects
Isolated LOM 6 11 17 4 6 10 17 19 36 27 36 63 29.2 =159 21.7 £10.7 23.1 =13.7
A/B 99 78 177 48 51 99 65 66 131 212 195 407

F, female; F + M, sum of females and males; M, male; molecular diagnostic age, age at which the molecular diagnosis was performed.

The inclusion criteria were the detection of GNAS genetic or
epigenetic defects in patients referred for PHP, together with
clinical data being available describing the presence of clinical
features of PHP, namely, PTH resistance, resistance to other
hormones (TSH, gonadotropins, and/or GHRH) and/or signs of
AHO. To establish presence of AHO, patients were required to
show at least two signs, brachydactyly and/or heterotopic ossi-
fications being necessary for the diagnosis. Only probands were
included in the study to prevent bias in the prevalence estimate
due to describing the same mutation spread within families. In-
formed consent was obtained from all patients (or guardians)
included in the study. This work was approved by the Basque
Clinical Research Ethics Committee

Molecular analysis methods

The presence of point mutations was investigated by Sanger
sequencing of GNAS exons and flanking intronic sequences from
genomic DNA extracted from peripheral blood leukocytes, and
pathogenicity defined as previously described: all novel nonsense
mutations, frameshift mutations, and mutations of the first two
bases of canonical intron splice sites as deleterious; for other
mutations that could affect RNA splicing in silico softwares were
used (GeneSplicer, http://www.cbcb.umd.edu/software/Gene-
Splicer/gene_spl.shtml; Gene Finding and Intron Splice Site Pre-
diction, http://www.cbs.dtu.dk/biolinks/pserve2.php); CRYP-
SKIP http://cryp-skip.img.cas.cz/); and, for novel missense
mutations, we performed in silico analyses by Polyphen2 (http:/
genetics.bwh. harvard.edu/pph2/) and SIFT (http://sift.jcvi.org/
www/SIFT_enst_submit.html) (6, 26, 29). Structural rearrange-
ments and previously reported STX 16 deletions were detected by
multiplex ligand-dependent probe amplification (8).

The methylation status of GNAS DMRs was determined by
methylation-specific multiplex ligand-dependent probe amplifi-
cation and/or pyrosequencing (13, 24, 26, 28).

UPD was explored by microsatellite typing and/or SNP array.

The extensive and systematic molecular characterization of
PHP patients was a gradual exploration, starting from the clin-
ical presentation of patients. In particular, the molecular analysis
of patients showing hormone resistance and an AHO phenotype
started from direct sequencing, and, only if negative, epigenetic
alterations and structural rearrangements were tested by Meth-
ylation Specific-Multiple Ligation Probe Amplification. On the
contrary, in case of hormone resistance without AHO, the flow-
chart of molecular investigations was reversed, thus starting

from the epigenetic testing followed but the search for genetic
defects.

Results

Prevalence of different clinical subphenotypes

Most patients showed multihormone resistance, mainly to
PTH and TSH, and AHO (38%), or only resistance to
PTH with no additional features (31%), conditions clas-
sically referred to as PHP1A and PHP1B, respectively.
Two subgroups of patients were diagnosed with PPHP
(4%), showing only AHO features and no hormone re-
sistance, and POH (2%), given the presence of ectopic
ossifications progressing into deep connective and muscle
tissues. The other patients had multihormone resistance
without AHO (15%) or resistance limited to PTH together
with AHO (10%).

As summarized in Figure 1A, isolated PTH resistance
was associated only with epigenetic defects, whereas mul-
tihormone resistance with no AHO signs was mainly due
to epigenetic defects, although 10% of these patients had
a GNAS point mutation. In patients with PTH resistance
and AHO, the rate of point mutations was higher, at 28 %,
and methylation defects lower, at about 70%. Multihor-
mone resistance plus AHO was associated with a wider
variety of molecular genetic and epigenetic defects: most
patients had point mutations located in the Gsa coding
region (81%), whereas the other cases were due to large
deletions involving from one GNAS exon up to the entire
GNAS locus (6%), broad GNAS methylation defects
(10%), or isolated loss of methylation (LOM) at the
GNAS A/B:TSS-DMR (3%). Finally, isolated AHO and
POH were exclusively caused by paternal genetic GNAS
alterations.

GNAS mutations
Direct sequencing of our cohort revealed that 170 pa-
tients (42 % of those studied) had GNAS inactivating mu-
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Considering the clinical presen-
tation of patients with mutations,
as expected, most cases (76%)
showed multihormone resistance
together with AHO (ie, the classical
PHP1A phenotype); similar rates of
these mutations were maternally
inherited, de novo, or of unknown
origin (Figure 2B), and all mutation
types were represented, except in-
frame deletions (Figure 2C).

The second most frequently ob-
served phenotype was AHO without
hormone resistance (10%), which
was associated with missense, non-
sense, and frameshift mutations (Fig-
ure 2C). Except for one maternally

10% 3%

rPTH (126/407-31%) 70%

inherited missense mutation, we
30% were not able to determine the af-
fected allele, which could explain

0 20 40 60 80
OBroad meth. def.

BPoint mut. ®Struct. rearr.

100 120 140 160
Olsolated LOM A/B

why we did not discover any paternal
mutations, these being expected to
be PPHP-associated (Figure 2B).
Moreover, we found one boy who
had inherited the mutation from his
father, but he displayed PTH resis-
tance and AHO signs.

Notably, among patients with

B Point mut.

B Struct. rearr.
OBroad meth. def.
Olsolated LOM A/B

Figure 1. (A) This graph schematically summarizes GNAS molecular defects discovered in our

cohort as a function of the relative clinical presentation of patients. The number and percentage

of cases belonging to each clinical subtype are reported in parentheses. Percentages were
determined for each individual subtype. Point mut.: point mutations, which are small genetic
lesions affecting the Gsa coding region. Struct. rearr.: structural rearrangements affecting 20q

GNAS mutations, none had only
PTH resistance, whereas 4% showed re-
sistance to PTH and other hormones.
POH-related mutations (4% of
cases) were all paternal or de novo,
and in about half of the de novo
samples it was possible to confirm
that the mutation arose on the pa-
ternal allele (Figure 2B). Surpris-
ingly, mutations associated with
POH seem to have a highly damag-

involving the GNAS locus; in our series, only gross deletions were found. Broad meth. def.: broad
methylation defects, which means LOI marks at all four GNAS DMRs. Isolated LOM A/B: loss of
methylation affecting exclusively the GNAS A/B:TSS-DMR. (B) This chart shows the prevalence of
GNAS molecular defects in our cohort of 407 patients. Point mutations (42%) and imprinting
defects affecting all four GNAS DMRs (41%) were the most frequent molecular defects causative

of PHP.

tations (Supplemental Table 1A; Figure 1B). Evaluating
their frequency by inheritance pattern and mutation type,
we observed that mutations resulting in an untranslated
protein were present in 66% of mutation carriers (112/
170, Supplemental Table 1A; Figure 2A), and hence, most
patients are likely to show complete Gsa haploinsuffi-
ciency. On the other hand, inheritance pattern did not
affect the prevalence or distribution of the mutation types.

ing effect on transcript stability and
protein function, whereas almost
all patients showing only hormone
resistance had a missense mutation
(Figure 2C).

Regarding mutation localiza-
tion, all exons were affected at different frequencies. In
particular, exons 1 and 7 hosted about 20% of the mu-
tations each; exon 5, 14%; and exon 6, 9%; whereas
smaller percentages were found on other exons (Figure
3A). Exon 1, the only GNAS Gsa-specific exon, was the
most affected, both considering the number of patients
with mutations and the number of different mutations.
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Structural rearrangements
involving the GNAS gene

Eight of the 407 PHP patients
(2%) were affected by structural re-
arrangements involving the GNAS
gene, namely broad deletions remov-
ing part of or the entire gene. Of
these, five were maternally inherited,
two de novo, and one of unknown
origin (Supplemental Table 1B).
Clinically, seven of these patients dis-
played resistance to PTH and other
hormones together with features of
AHO, the other patient showing an
AHO phenotype without hormone re-
sistance (Figure 1A).

Wllﬂ-

IHD

rPTH+add. horm.+AHO (128/170-75%)

rPTH+AHO (12/170-7%) W]
rPTH+add. horm. (6/170-4%) NI

rPTH (0/170-0%)

Methylation defects affecting
all GNAS DMRs

Broad GNAS methylation de-
fects, that is LOI at all four GNAS
DMRs, were found in 166 patients

0 20 40 60 80 100 120 .
ot (41% of the cohort). As summarized
S e el R in Figure 4A and Supplemental Ta-
C ble 1C and according to the guidance
POH (7/170-4%) [ proposed by the EuroPHP for the
molecular diagnosis of PHP not
aHo (17n70-10%) [ caused by genetic variants at GNAS
rPTH+add. horm.+AHO (128/170-75%) DR 1 (13), 61% of samples showed broad
severe LOL. Most of these severe
rPTH+AHO (12/170-7%) [[] cases carried primary epimutations
(84%), whereas 10% had segmen-
rPTH+add. horm. (6/170-4%) [ . . .
tal or complete uniparental isodis-
rPTH (0/170-0%) omy (iUPD) of 20q, although this
could be a slight underestimate be-
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Figure 2. (A) The chart on the left illustrates the frequency of different point mutations
affecting the Gsa-coding region. Most defects are frameshift and missense mutations,
accounting for 77% of cases, followed by nonsense and splice site mutations and in-frame
duplications. On the right, the graph shows that the inheritance pattern does not alter either the
prevalence or the distribution of the different types of mutation. (B) This chart describes the
relation between the inheritance pattern of GNAS point mutations and the clinical presentation
in our 170 patients with mutations. De novo, mutation carried by the index case; Mat, maternal
inheritance; Pat, paternal inheritance; unknown, the inheritance of the genetic lesion was not
tested or determined. (C) This chart describes the relation between the specific mutation type

and the clinical presentation in our 170 patients with mutations.

The most common mutation type in exon 7 was frame-
shift (19% of all studied mutations).

Missense mutations arose in all exons except exon 3,
and half of the nonsense mutations were in exon 1,
whereas frameshift mutations were evenly distributed
throughout the gene, defects around splice sites more fre-
quently affecting exons 1 to 5, whereas the two in-frame
duplications were in exon 1 (Figure 3B).

cause we lacked parental samples
to test for uniparental disomy in
6% of patients.

On the other hand, 25% of pa-
tients with GNAS epimutations dis-
played broad partial LOI (ie, pLOI at
all GNAS-DMRs), which was mainly
primarily epigenetic (91%), whereas
the rate of confirmed mosaic iUPD
was only 2% (one patient).

The remaining 14% (n = 23) of patients with broad
imprinting defects showed the combined presence of both
severe and pLOIl, further confirming the existence of
mixed patterns of methylation defects. As many as 83%
(n = 19) of these patients with combined patterns showed
partial LOM (pLOM) at the GNAS-XL:Ex1-DMR with
complete LOI at the other three DMRs, supporting the
view that this is the most prevalent mixed GNAS meth-
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Figure 3. (A) This graph illustrates the GNAS mutational spectrum according to the number of patients with mutations. Exons 1-13 encoding
Gsa are plotted on the y-axis (with the rate of mutations detected in our cohort of 170 patients in parentheses). Exon 1 is the most affected,
considering the numbers of affected patients and of different genetic defects. (B) These four panels show the inheritance pattern along the GNAS
gene of different mutation subtypes (exons 1-13 encoding Gsa are plotted on the x-axis).

ylation defect pattern, followed by pLOM at both the  one patient with pLOM at the GNAS-AS1:TSS-DMR and
GNAS-XL:Ex1-DMR and GNAS-AS1:TSS-DMR with  complete LOIat the other four DMRs, and another with partial
complete LOT at the GNAS-NESP:TSS-DMR and GNAS  gain of methylation at the GNAS-NESP:TSS-DMR and com-
A/B:TSS-DMR in two patients (9%). Last, we identified  plete LOI at the remaining three DMRs (Figure 4B).
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Figure 4. (A) This chart summarizes the prevalence of different subtypes of methylation defects affecting all four GNAS DMRs. Patients were
categorized as complete, partial and complete + partial according to the methylation levels measured at each GNAS DMR. LOI, loss of imprinting.
(B) This chart summarizes the prevalence of different subtypes of mixed methylation defects affecting all four GNAS DMRs. The most prevalent
pattern is characterized by a complete loss of imprinting at the GNAS-NESP:TSS-DMR, GNAS-AS1.TSS-DMR, and GNAS A/B:TSS-DMR associated

with partial loss of methylation at the GNAS-XL Ex1-DMR. GOM, gain of methylation; pGOM, partial GOM. (C). In this chart, we show that
isodisomy at chromosome 20 (iUPD20) is the primary cause of the GNAS loss of imprinting in 8% of our patients. When parental DNA was

available, we also excluded uniparental heterodisomy, hUPD20. The presence of UPD was not tested in 6% of the cohort. (D) The graph illustrates
the relation between the methylation pattern defect and clinical presentation in our 166 patients. Note that the percentage of patients with a

complete loss of imprinting at all four GNAS DMRs increases with the appearance of AHO signs.
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Furthermore, when considering both severe and partial
LOI (n = 143), we attempted to define the overall fre-
quency of 20q UPD associated with GNAS methylation
defects, and observed that iUPD explained 8% of cases
(Figure 4C).

Considering the clinical presentation of patients with
methylation defects at GNAS DMRs, none had AHO fea-
tures without resistance to PTH (Figure 4D). Overall,
76% of these patients were affected by hormone resistance
only, either limited to PTH (53%) or also to other hor-
mones acting through G protein-coupled receptors (23 %),
the others (24%) showing hormone resistance and AHO
signs.

The prevalence of the different methylation defect sub-
types (severe, partial, and severe plus partial) was similar
in patients with hormone resistance without AHO. How-
ever, in patients with an AHO phenotype and hormone
resistance, complete LOI affecting all four GNAS DMRs
was the most common imprinting defect (about 80%).

Isolated LOM at the GNAS A/B:TSS-DMR

Our cohortalso included 63 patients (15%) affected by
isolated LOM at the GNAS A/B:TSS-DMR (Figure 1B,
Supplemental Table 1D). Of these patients, 87% (55 pa-
tients) had autosomal dominant STX16 deletions (the
classical 3-kb deletion in 54 and a larger 24.6-kb deletion
in 1 patient), whereas no underlying primary genetic de-
fect was detected the others (13%, 8/63 patients) (Figure
5A). We identified both complete (90%) and partial
(10%) methylation defects associated with the LOM at the
GNAS A/B:TSS-DMR (Figure 5B). Notably, five of eight
patients without known STX16 deletions but only one of
54 patients with the 3-kb deletion showed pLOM.

The 86% of patients presented with hormone resis-
tance only (60% with isolated resistance to PTH and 26 %
with multihormone resistance), whereas 14% showed
hormone resistance together with the AHO phenotype
(Figure 5C).

Discussion

Phenotype-genotype correlation

PHP is a heterogeneous group of rare endocrine disor-
ders characterized by resistance to PTH, manifesting with
hypocalcemia, hyperphosphatemia, and elevated PTH,
and thatincludes the subtypes PHP1A, PHP1B, PHP2, and
PPHP. In this work, we sought to assess the prevalence of
PHP (both clinical and molecular aspects) in (epi)geneti-
cally confirmed cases.

Demographic data analysis showed no biased sex-ratio
distribution in the whole cohort, which comprised 212

J Clin Endocrinol Metab, October 2016, 101(10):3657-3668

females and 195 males. The same result was observed con-
sidering patients according to their GNAS molecular de-
fect, the age at diagnosis, or their nationality. Noteworthy
was that point mutations are more frequent in females
than in males (95 vs 75), especially in Italian females (53
vs 32) (Table 1). We calculated the mean age at molecular
diagnosis (* standard deviation) on available data (10.5
years = 11 for GNAS point mutations [n = 168], 17.6
years * 11.9 for structural rearrangements [n = 8],
22.5 years + 13.7 for broad methylation defects [n = 1435]
and23.1years = 13.7 forisolated LOM A/B [n = 37]). We
confirmed what different groups, including ours have re-
ported, although our study was not designed for genotype/
phenotype comparisons: that the diagnosis is done earlier
in presence of AHO features.

We have observed a similar prevalence for PHP1A (in-
dividuals with AHO associated with isolated PTH resis-
tance or with PTH and TSH resistance, 48 %) and PHP1B
(those with isolated resistance to PTH or with multihor-
mone resistance in the absence of additional features,
46%). Because the researchers contributing to the cohort
are all members of referral groups for this disease, we
believe that these similar percentages are due to avoiding
the bias associated with age-related genetic/epigenetic
characteristics (patients diagnosed in the infancy, usually
with AHO features, carry point mutations, whereas when
they are diagnosed in adulthood, they usually present
methylation defects) (26). Isolated phenotypic syn-
dromes (ie, PPHP and POH) are less frequent (4% and
2%, respectively). Further, severity of the AHO pheno-
type is variable, some patients presenting the complete
phenotype, whereas others present only subtle manifes-
tations (3).

We observed that isolated PTH resistance in the ab-
sence of AHO phenotype was exclusively associated with
epigenetic defects, as previously reported in a single series
(11), and just 10% of patients with multihormone resis-
tance but no AHO phenotype carried a GNAS point mu-
tation. These data raise the eventuality that there could be
PHP1A patients with an underdiagnosed AHO pheno-
type, or we should assume that PHP1B could be also as-
sociated with structural alterations. At the other end of the
spectrum, PHP1A (ie, multihormone resistance in the
presence of the AHO phenotype (1)) was mostly associ-
ated with mutations in the GNAS gene (87%), as expected
(6); however, methylation defects were observed in 13%
of patients, confirming an overlap in the molecular causes
of the disease (23, 30). Surprisingly, 72 % of patients with
isolated PTH resistance and the AHO phenotype also had
epigenetic defects, which again leads us to believe that the
diagnosis of AHO is somewhat variable and subjective.
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Figure 5. (A)This graph shows the prevalence of patients with an autosomal dominant imprinting defect who have an isolated LOM at the
GNAS A/B:TSS-DMR due to the deletion of an imprinting control region. (B) The panel describes the observed frequency of different
subtypes of methylation defects, according to the measured methylation level at the GNAS A/B:TSS-DMR. Most patients with partial LOM at
the GNAS A/B:TSS-DMR are currently considered sporadic cases, as no primary genetic lesion has yet been discovered. (C) The chart
describes the relation between different GNAS A/B:TSS-DMR methylation defects and clinical presentation in our 63 patients. STX76 3kb
del, recurrent STX76 deletion; STX76 del, private STX76 deletions; w/o, without.
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GNAS inactivating mutations

To date, 200 inactivating GNAS mutations have been
described. Most of them are summarized in the Leiden
Open Variant Database (http://databases.lovd.nl/shared/
genes/GNAS). The mutations are distributed throughout
the gene. In our series, all exons were affected at different
frequencies similar to previous reports (6, 31).

Regarding mutation type, as in previous reviews (6,
31), most (66%) were frameshift, nonsense, or splicing
mutations, which are expected to lead to a truncated pro-
tein or nonsense-mediated decay (32). The pattern of dis-
tribution along the gene according of different mutation
types possibly reflected different underlying molecular
mechanisms of formation, influenced by phenomena such
as gene size, the nucleotide sequence itself, and chemical
changes. As previously suggested (31), the lack of missense
mutations in the first exon could be due to 1) amino acid
changes with lower pathogenicity and hence remaining
unidentified or 2) amino acid changes poorly tolerated.

Efforts have been made in recent years to identify re-
lationships between mutations (type or location) and clin-
ical manifestations (6, 7, 26, 31). Our data revealed that
mutations were most often associated with multihormone
resistance in the presence of AHO, followed by the isolated
AHO phenotype. Within this group, two families deserve
to be mentioned. The first opens the possibility of a new
clinical overlap between PHP1A and PPHP because the
mutation was maternally inherited, in contrast with the
expected inheritance pattern (33), because the patient pre-
sented AHO without hormone resistance. The second
family presented a paternally inherited mutation with
PTH resistance and AHO, as recently observed by Turan
and colleagues (25). On the other hand, six of 61 (nearly
10%) of patients with multihormone resistance but no
AHO phenotype carried an inactivating mutation (most
being missense mutations). These observations 1) confirm
the need to look for genetic mutations in the absence of
epigenetic defects in individuals with a classical PHP1B
phenotype and 2) suggest that some missense mutations
may not reach a threshold effect for the development of
AHO features. Further studies are needed to confirm this
putative correlation.

GNAS inactivating mutations were also related to POH
(9, 10). In our series, all POH patients carried truncating
mutations, as observed in a previous review (31). This
supports the hypothesis that these highly disruptive mu-
tations are responsible for the greater severity of hetero-
topic ossifications in POH respect to those found in PPHP
and PHP1A.
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Epigenetic defects at the GNAS locus

As mentioned previously, patients with PHP1B display
epigenetic defects of the GNAS locus involving some or all
of the DMRs (11, 34), with complete or partial methyl-
ation changes; however, the DMR comprising the pro-
moter and the first exon of the A/B transcript is always
affected. In our series, 41% of patients had a methylation
defect affecting all four DMRs: 61% of them had a com-
plete overall LOI;in 25%, there was a partial overall meth-
ylation defect; and in 14%, a mixed pattern of complete
and partial methylation defects coexisted, the most com-
mon pattern being partial at the GNAS-XL: Ex1-DMR
and complete for other DMRs. The differences in meth-
ylation levels at the GNAS-XL: Ex1-DMR and the GNAS-
AS1:TSS-DMR could support the hypothesis of Court and
colleagues suggesting that they are located in independent
DMRs (35), unlike previous data (reviewed in (36)).

Since the first description of UPD(20q)pat as a cause of
sporPHP1B (37), 10 other patients have been reported
(14,15, 38—40). Within our series, 10% of patients with
a broad complete methylation defect had segmental or
complete iUPD, quite similar to the rate in smaller series,
suggesting that all racial backgrounds are similarly af-
fected. On the other hand, 2% of those with broad partial
methylation defects presented iUPD in a mosaic state.
However, these figures on disomy prevalence could be an
underestimate as heterodisomy could not be ruled out in
all other patients due to a lack of parental samples.

The 15% of patients (63 cases) showed isolated LOM
at the GNAS A/B:TSS-DMR, associated with a STX16
deletion in 87% of cases (13.5% of the total series). In
eight patients, we were unable to identify the reported
deletions (16, 18, 19); in most of these patients, the meth-
ylation defect was partial, and we hypothesized that point
alterations within STX16 should be investigated.

Clinically, among patients with epigenetic defects,
79% were affected by hormone resistance (limited to PTH
or multihormone resistance), whereas the others (21%)
presented hormone resistance with AHO signs, as de-
scribed previously (23, 30).

In brief, this prevalence study of 407 patients with mo-
lecular defects at the GNAS locus revealed that, clinically,
48% presented PHP1A, 46% PHP1B, 4% PPHP, and 2%
POH. Focusing on the genetic/epigenetic features, which
are fundamental to correctly define the recurrence risk,
and hence for the genetic counseling, 41.4% of patients
carried point mutations, 2.4% structural rearrangements
involving the GNAS gene, 13.5% isolated LOM at the
GNAS A/B:TSS-DMR associated with a STX16 deletion,
and 2.7% 20qiUPD. Unfortunately, we are still unable to
estimate the risk of recurrence in the 2% of patients show-
ing isolated LOM at the GNAS A/B:TSS-DMR and in the
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38% of patients carrying broad GNAS methylation
defects.

Moreover, our findings underline the pressing need for
a novel classification due to the overlap between clinical
and molecular forms and the risk of diagnostic errors. For
instance, if we would have considered a purely clinical
diagnosis, we wouldn’t have characterized 19% of the
genetic diagnoses in patients with multihormone resis-
tance and AHO and, more importantly, 72 % of those with
isolated PTH resistance and AHO. On the other hand, if
only a molecular diagnosis had been considered, patients
with point mutations manifesting the hormonal resistance
only (without AHO), and patients with LOI manifesting
as hormonal resistance associated with AHO would have
been underdiagnosed. So, the authors propose to create an
inclusive and specific nomenclature that involves both the
clinical and genetic aspects of the disease.
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