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Abstract: Defects of the GNAS gene have been mainly associated with pseudohypoparathyroidism
Ia. To date, pathogenic missense, frameshift, non-sense and splicing variants have been described
in all the 13 exons of the GNAS gene. Of them, a specific mutation, namely the 4 bp deletion
c.565_568delGACT, is currently considered a mutation hotspot. Recent articles performed genotype–
phenotype correlations in patients with GNAS-related pseudohypoparathyroidism Ia (PHP1a) but
a specific focus on this hotspot is still lacking. We reported two cases, from our department, of
PHP1a associated with c.565_568delGACT deletion and performed a literature review of all the
previously reported cases of the 4 bp deletion hotspot. We found a higher prevalence of brachydactyly,
round face, intellectual disability and subcutaneous/heterotopic ossifications in patients with the
c.565_568delGACT as compared to the other variants in the GNAS gene. The present study highlights
the different prevalence of some clinical features in patients with the c.565_568delGACT variant in
the GNAS gene, suggesting the possibility of a personalized diagnostic follow-up and surveillance
for these patients.
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1. Introduction

GNAS gene is located on the long arm of the chromosome 20, consists of 13 exons, and
encodes several gene products, including the alpha-subunit of the stimulatory guanine
nucleotide-binding protein (Gsα), the extra-large Gsα (XLαs), and the neuroendocrine
secretory protein 55 (NESP55) [1]. It is an imprinted gene and the expression of the paternal
allele is reduced/silenced in some tissues, such as the pituitary and thyroid glands, gonads,
and proximal renal tubules [2]. Therefore, most GNAS-related products are mainly derived
from the maternal allele and this explains why maternal-related mutations are associated
with an important reduction in GNAS products in some tissues and, consequently, with
specific diseases [3].

Of all the genetic products of the GNAS gene, Gsα is commonly considered the most
clinically relevant and its dysfunctions are the principal cause of the GNAS-related disor-
ders [4]. This is mainly due to the important role that Gsα plays in signal transduction
pathways in numerous human glands. In fact, Gsα is required for membrane signal trans-
duction of several hormones such as the parathyroid hormone (PTH), the thyroid stimulat-
ing hormone (TSH), gonadotropins, and the growth hormone-releasing hormone (GHRH);
a Gsα dysfunction can determine resistance to these hormones of variable severity [5].
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Defects of the GNAS gene have been associated with different phenotypes such as
pseudohypoparathyroidism Ia, Ib, and Ic (PHP-Ia, -Ib, -Ic), pseudopseudohypoparathy-
roidism (PPHP), progressive osseous heteroplasia (POH), and osteoma cutis (OC) [3]. Of
them, PHP is the most frequent and is currently divided into two main subtypes (i.e., type
1 and type 2). The first is defined as the failure to increase the excretion in urine of cAMP
and phosphate following PTH administration whereas in PHP type 2, the cAMP response
is in the normal range, with a reduced urinary phosphate excretion in response to PTH [6].

PHP type 1 is divided into subtypes a, b, and c. This distinction is firstly based on the
presence (subtype 1a and 1c) or absence (type 1b) of Albright hereditary osteodystrophy
(AHO). PHP1a and PHP1c are distinguished on the basis of the Gsα activity in erythrocytes
(reduced in PHP1a, normal in PHP1c). PPHP shares several clinical features with PHP-Ia,
with various manifestations of the AHO phenotype, but without the hormone resistance
or obesity. So, the presence or absence of hormonal resistance differentiates PHP1 from
PPHP. POH is a dermal ossification that starts in infancy and is followed by progressive
increase and extensive bone formation in deep muscle and fascia. OC consists of extra-
skeletal ossification restricted to the dermis and subcutaneous tissues. In 2016, the EuroPHP
network proposed a new classification with a more uniform terminology [6], summarizing
all these disorders under the term “inactivating PTH/PTHrP signaling disorder” (iPPSD).
For the diagnosis of iPPSD, a minimum of one of the major criteria (PTH resistance, ectopic
ossification, brachydactyly type E) is mandatory. For only brachydactyly as a major criteria,
due to the non-infrequent description in other disorders, at least two other minor criteria
(THS resistance, other hormonal resistances, motor and cognitive restriction or impairment,
intrauterine and postnatal growth restriction, obesity/overweight, flat nasal bridge and/or
maxillary hypoplasia, and/or round face) are required [6].

According to this more recent classification, the clinical presentations determined by
defects in the GNAS expression and in the Gsα function, are classified as iPPSD2, which
includes the previously called PHP type 1a and 1c, PPHP, POH, and OC [6]. Epigenetic
defects at the GNAS locus determine the iPPSD3 (the previous PHP1b).

The first description of PHP1a associated with a GNAS mutation dates back to 1990 [7].
To date, pathogenic missense, frameshift, non-sense and splicing variants have been de-
scribed in all the 13 exons of the GNAS gene. The most frequent associated phenotype
of the GNAS spectrum disorders is the PHP1a and the highest frequency of pathogenic
variants was mainly found in the exons 1 and 7 [8]. The high occurrence of pathogenic
variants in exon 7 is currently considered to be a consequence of the high frequency of a
specific deletion in this exon. The 4 bp deletion (c.565_568delGACT) in exon 7 has been
reported as a hotspot in several multicenter studies [9]. Although Jiang et al., in a recent
article, performed an extensive genotype–phenotype correlation in patients with PHP1a [8],
describing the prevalence of the most relevant signs and symptoms according to the muta-
tion type, a specific focus on this mutation hotspot is still lacking. Therefore, the aim of the
present study is to provide a genotype–phenotype correlation by reporting the prevalence
of the most relevant clinical features due to the 4 bp deletion (c.565_568delGACT) in exon
7. To do this, we performed a literature review of all the previous clinical descriptions
associated with the c.565_568delGACT variant in the GNAS gene. The review was enriched
with a description of two unrelated patients, referring to our hospital, affected by PHP1a
associated with the c.565_568delGACT pathogenic variant in the GNAS gene.

2. Materials and Methods
2.1. Literature Review

We searched in the PubMed database for all the reported cases of the 4 bp deletion
hotspot.

The research was conducted starting from 1 January 1990 (the year of the first descrip-
tion of a GNAS variant) to 15 December 2023 and limited to the English language. The
search strategy included the Boolean operators on the following terms “GNAS”, “GNAS1”,
“pseudohypoparathyroidism”, “PHP1”, “AHO”, “pseudopseudohypoparathyroidism”,
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“PPHP”, and “osteoma cutis”. The reference lists of the main studies (including meta-
analyses and reviews) were also screened. Bioinformatic tools and databases (e.g., Varsome,
Franklin, Gnomad, etc.) were screened to extract adjunctive articles not identified with the
previous research method.

The inclusion criteria were (1) studies performed on human subjects only; (2) cohort,
case control, and cross-sectional studies, case reports, case series, and the literature, as
well as systematic reviews and meta-analyses, including GNAS mutations; (3) studies that
provided extensive description of the phenotype (e.g., clinical presentation, laboratory data,
AHO features, etc.); and (4) studies published in the English language only.

Exclusion criteria were (1) studies that provided insufficient information about the
clinical characteristics; and (2) studies including mutations of the c.565_568delGACT
variant.

Two reviewers (LC and CP) assessed the eligibility of the identified studies. The
review process was articulated in two main phases. The first step consisted of a screening
of titles and abstracts obtained through PubMed database searching, followed by a full-text
review of selected articles. The two reviewers performed both the steps independently. A
third review author was consulted in case of disagreement, dealing with the final decision.
Adjunctive articles were added on the basis of cross referencing.

2.2. Genetic Testing

DNA samples were obtained from each subject after signed informed consent, and
according to the Declaration of Helsinki. Genomic DNA was prepared and clinical exome
analysis was conducted using a commercially available panel of over 5000 genes associated
with hereditary diseases (SureSelect custom Constitutional Panel 17 Mb, Agilent Technolo-
gies), as previously described [10,11]. Variant pathogenicity was assessed following the
ACMG/AMP guidelines using a scaled point system [12,13]. Scores ranged from 0 to 5
for variants of unknown significance (VUS), and between 6 and 9 for likely pathogenic
(LP) variants. Variants scoring 10 or higher were classified as pathogenic (P). Pathogenic
variants related to the phenotype were confirmed by Sanger sequencing.

3. Results
3.1. Case Description
3.1.1. Patient 1

An eight-month-old male infant was admitted to our department due to neonatal
obesity.

He was delivered by caesarean section at 36 weeks and five days of pregnancy, with
a birth weight, length, and head circumference of 2760 gr (−0.38 SD), 47 cm (−0.67 SD),
and 33.5 cm (−0.12 SD), respectively. During pregnancy, due to abortion menace in the
first trimester, his mother was treated with progesterone and acetylsalicylic acid, and in the
second trimester she was infected by COVID-19, but did not require any specific treatment,
as the infection was only mildly symptomatic, with asthenia, nasal discharge, fever, and
myalgias lasting for less than a week. At birth, the patient experienced hypoglycemia
and jaundice, treated with supportive care and phototherapy for about 48 h. After 48 h,
he also showed bilious vomiting, requiring intensive care unit admittance and care for
about one week. At four months of age, he was again admitted to the intensive care unit
due to bronchiolitis, requiring treatment with corticosteroids and respiratory support for
about two weeks. After discharge, the patient showed an increased growth rate, with a
rapid weight gain (about 5 kg in three months), thus influencing his pediatrician to seek
endocrinological evaluation.

At presentation, the patient’s weight, length, and head circumference were 11.7 kg
(2.4 SD), 65.6 cm (−1.84 SD), and 46.7 cm (1.44 SD), respectively. At physical examination,
he showed round face, short neck, brachydactyly, and a single subcutaneous, calcific lesion
in his right anterior thorax; no other pathological evidence was found. An endocrine
assessment showed normal calcium, slightly increased TSH and IGF-1, reduced FT4 and
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serum cortisol levels, and negative anti-thyroid autoantibodies; the PTH levels were normal,
although close to the upper limit of normal (ULN). A second assessment confirmed hy-
pothyroidism; therefore, levothyroxine replacement was started at 2.13 mcg/kg/die, while
an ACTH stimulation test excluded adrenal insufficiency. After one month of levothyroxine
treatment, normal FT4 levels were reached (1.09 ng/dL), although the TSH levels were still
slightly high (5.71 mcUI/mL), but a further increase in weight (+700 gr) and a persistent,
increased growth rate (5.9 cm gain in one month) were observed.

A four-month follow-up was started. At 13 months of age, the patient’s weight
further increased to 14.4 kg (2.72 SD) and the growth rate was still increased, although
it was less than it was in previous findings (17.1 cm/year). At physical examination,
new subcutaneous, calcific lesions were identified at the upper lip and at the right leg.
His mother reported pneumonia, at 12 months, that was treated with corticosteroids and
amoxicillin/clavulanic acid for about one–two weeks. An endocrine assessment showed
normal calcium, increased TSH, IGF-1, and PTH, and reduced Vitamin D and FT4 levels at
the ULN, whereas a cortisol assessment was not performed due to recent corticosteroid
treatment. Therefore, levothyroxine treatment was maintained at the same dosage and
vitamin D supplementation with alpha-calcidol at 0.02 mcg/kg/die was started. Due to the
increase in PTH levels, the occurrence of new subcutaneous, calcific lesions, and the clinical
phenotype, pseudohypoparathyroidism, was suspected and the patient was referred for a
genetic assessment.

The performed clinical exome revealed the presence of the variant c.565_568delGACT
in the GNAS gene. The mutation was classified as pathogenic accordingly (ACMG) and
has been previously described in several other cases of PHP1a.

3.1.2. Patient 2

A one-month-old male newborn was admitted to our department due to positivity in
the newborn screening for congenital hypothyroidism.

He was delivered by caesarean section at 40 weeks and one day after a previously
uneventful pregnancy due to oligohydramnios, with a birth weight, length, and head
circumference of 3095 gr (−0.89 SD), 50 cm (−0.33 SD), and 35 cm (0.27 SD), respectively.
At birth, the patient experienced hypoglycemia, hypocalcemia, and jaundice, treated with
supportive care.

At presentation, the patient’s weight, length, and head circumference were 4.9 kg
(0.74 SD), 54.7 cm (0.01 SD), and 38.7 cm (0.3 SD), respectively. At the physical exami-
nation, no pathological evidence was found. An endocrine assessment showed normal
calcium and FT4 and increased TSH levels. Therefore, levothyroxine replacement was
started at 5.1 mcg/kg/die. After one month of levothyroxine treatment, normal FT4
levels were maintained (1.09 ng/dL), although the TSH levels were still slightly high
(5.71 mcUI/mL), so levothyroxine treatment was maintained at the same dosage. The
growth rate (1.7 cm/month) and weight increase (+1220 gr) were consistent with age.

A monthly follow-up was started, showing, during the first year, a regular growth
rate (25.7 cm/year), whereas the weight gain started to be higher than expected upon four
months of age (+2 kg every 3 months). Over time, round face, short neck, and brachydactyly
became evident at the physical examinations. The levothyroxine treatment was gradually
reduced to 2.8 mcg/kg/die, according to minimum efficacy dose. Calcium was persistently
normal throughout the year.

At the one-year follow-up, the physical examination showed a new-onset, single,
subcutaneous, calcific lesion in the upper abdomen, so an endocrine assessment for PTH
was performed, showing a marked increase (162 pg/mL). Due to the increase in PTH levels
and the clinical phenotype, pseudohypoparathyroidism was suspected and the patient was
referred for genetic assessment.

As for the first patient, a clinical exome was conducted and revealed the presence of
the maternally inherited variant c.565_568delGACT in the GNAS gene.
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3.2. Literature Review

A total of 2080 articles were found through PubMed database searching (Figure 1).
After title and abstract evaluation, 230 articles were considered eligible for extensive full-
text screening. Most of the excluded studies reported clinical presentations of PHP1a
associated with mutations in the GNAS gene different from the c.565_568delGACT. A small
percentage of them provided an incomplete clinical description of the case. A total of 22
were included in the current review.
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Figure 1. Search strategy and selection.

The clinical information of a total of 76 patients from 22 studies were extracted.
Two additional individuals (our patients) were added, totaling 78 clinical presentations
associated with the 4 bp deletion (c.565_568delGACT) in exon 7. Two patients were
excluded because of diagnostic ambiguity (two diagnoses of PPHP/POH by [14]).

Of the remaining 76 patients, 61 subjects received a diagnosis of PHP1a, 11 of POH,
three of PPHP and one of AHO (Figure 2a). Most of the studies that described clinical
presentations other than PHP1a provided poor clinical information about their patients; so,
we focused on PHP1a for our genotype–phenotype correlation study.

The mean age at the onset of one of the signs/symptoms related to PHP1a was
6.10 years, with male predominance (62% of the cases). Hypocalcemia at diagnosis was
present in 47% of the cases, hyperphosphatemia in 42%, and an elevated PTH at diagnosis
in 64% of the cases. Of the commonly described clinical features of Albright heredi-
tary osteodystrophy, brachydactyly showed the highest prevalence (74%), followed by
round face (71%), intellectual disability (69%), and subcutaneous/heterotopic ossifications
(61%) (Figure 2b). Obesity and short stature were reported in 53% and 44% of the cases,
respectively.

A limited number of studies reported adjunctive endocrinological information such as
TSH, PTH, GHRH, LH, and FSH resistance. TSH resistance was described in the totality
of the cases (20/20) whereas PTH, GHRH, and LH/FSH resistance were reported in 90%,
69%, and 6% of the cases, respectively.
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Other clinical features, such as seizures, brain calcification, and growth restriction,
were overall poorly investigated by the included studies. However, in these selected studies
the prevalence of seizures reached a percentage close to 40%.
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4. Discussion

In the current article we reported two cases of PHP1a associated with the c.565_
568delGACT variant in the GNAS gene and performed a literature review searching for the
previously described phenotypes associated with this mutation hotspot.

A total of 76 patients were collected. The most frequent diagnosis associated with
the c.565_568delGACT variant was PHP1a (around 80% of the cases). The prevalence of
clinical characteristics in patients with PHP1a is reported in Figure 1. The most frequent
clinical features in patients with c.565_568delGACT-related PHP1a were brachydactyly,
round face, intellectual disability, and subcutaneous/heterotopic ossifications (Table 1).

Table 1. Prevalence of clinical characteristics in PHP1a according to the mutation type.

Clinical Features
Prevalence Regardless of the

Mutation Type
(According to [8]

Prevalence in LOF Variants
with PVS1 or PVS1_Strong

Strength Levels [8]

Prevalence in the GNAS
c.565_568delGACT Variant

Hypocalcemia 54.3% 57.8% 47%

Hyperphosphatemia 60.1% 63.0% 42%

PTH increased 80.0% 85.9% 64%

TSH resistance 75.5% 75.8% 100%

GHRH resistance 18.0% 19.0% 69%

LH/FSH resistance 6.3% 6.1% 6%

AHO clinical features 87.5% 88.7%

Brachydactyly 59.2% 58.1% 74%

Short stature 25% 24.2% 44%

Intellectual disability 28.8% 28.7% 69%

Round face 33.2% 39.1% 71%

Obesity 52.8% 55.7% 53%

Subcutaneous ossifications 39.1% 52.3% 61%
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To investigate whether these frequencies were in line with the current literature
on PHP1a, we referred to the most recent systematic review on genotype–phenotype
correlation in PHP1a [8]. Jiang et al. described the incidence of the main features in patients
with PHP1a depending on the different mutation types. They grouped the mutation types
into four categories; two of them included missense and in-frame mutations whereas
the third and the fourth groups included patients with loss-of-function variants. In the
third group that included loss-of-function variants with strong or very strong evidence
of pathogenicity, part of the casuistry was composed by the hotspot deletion in exon 7.
Although they confirmed the highest frequency of the c.565_568delGACT mutation in the
population, they did not provide a separate incidence of the clinical characteristics for this
variant. So, we tried to fill this gap through the present work.

For this reason, we compared the prevalence of signs and symptoms in PHP1a associ-
ated with the c.565_568delGACT variant with the clinical features of both all the PHPa1
(regardless of the mutation type) and the PHP1a associated with loss-of-function variants
(Table 1).

In PHP1a associated with the c.565_568delGACT mutation, a lower incidence of
endocrinological abnormalities at diagnosis, as compared to the other two categories
(Table 1), was evident. It is interesting that the category of the loss-of-function GNAS
variants (to which our mutation belongs) also showed a higher incidence of hypocalcemia
and hyperphosphatemia [8]. A possible explanation for this difference could be that the
presence of other clinical characteristic features in c.565_568delGACT-related PHP1a could
have favored the diagnosis in absence of endocrinological defects.

The higher sensitivity of PTH than other laboratory findings (hypocalcemia and/or
hyperphosphatemia) is in line with the previous findings and with the current theories
hypothesizing that PTH increases in the earlier stage of the disease in trying to compensate
for the subclinical blood calcium deficit. However, subsequently, this mechanism no longer
works leading to blood calcium and phosphate changes.

AHO features showed an overall high prevalence in PHP1a (Table 1). Of them, a
higher prevalence of brachydactyly, round face, short stature, intellectual disability, and
subcutaneous/heterotopic ossifications was evident in PHP1a with the c.565_568delGACT
variant.

Although, some of them, such as brachydactyly and round face, that could be useful
in facilitating the diagnostic suspect of a PHP1a, have a restricted clinical resonance. On the
contrary, features such as heterotopic ossifications, short stature, and intellectual disability
have an influence on some therapeutic choices.

Subcutaneous and/or heterotopic ossifications (HO) significantly affect the quality of
life of the patients, especially in consideration of the non-infrequent nerve impingement
with subsequent pain, contractures, impaired movements, and pressure ulcers. HO benefits
from both prophylactic and therapeutic approaches [15]. The prophylactic strategy aims
at preventing or reducing the extent of HO while the pharmacological/surgical ones are
mainly symptomatic and improve the HO-related disturbances once the condition has oc-
curred. Prophylactic strategies include low-dose radiation, nonsteroidal anti-inflammatory
drugs (e.g., indomethacin), bisphosphonate, and novel pharmacological compound, such
as retinoic acid receptor (RARγ) agonists and free-radical scavengers [16]. Physical therapy
includes Range of Motion (ROM) exercises that help prevent muscle atrophy and preserve
joint motion. Additionally, they can benefit from a surgical treatment that consists of the
resection of mature bone only once the HO has fully matured (which commonly happens
from 12 to 18 months after the initial presentation) [15].

Short stature is another aspect that is gaining a growing interest in the genetic land-
scape due to the promising responses of several genetic syndromes (e.g., Noonan, Prader-
Willi, Turner, Down, etc.) to growth hormone (GH) replacement therapies [17–20]. Recently,
Ertl et al. conducted a multicentric study on GNAS-related short stature, showing a gain in
height of 0.7 standard deviation scores (SDS) after 1 year (and of 1.5 SDS after 3 years), as
well as the clear beneficial impact of RHGH on adult height when compared to untreated
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controls, with a significant difference of 1.9 SDS [21]. So, knowing that almost half of the
patients with PHP1a associated with the c.565_568delGACT variant manifest short stature
lets us plan specific treatments with GH replacement therapy.

Similarly, knowing that more than two-thirds of the PHP1a associated with the
c.565_568delGACT variant have an intellectual disability is a useful weapon to fight the
difficulties in the everyday lives of these patients. In fact, the management of intellectual
disabilities must begin promptly to prevent their further worsening, to minimize the symp-
toms of the disability, and to improve the quality of the everyday lives of those affected.
The educational support teaches children how to seek assistance, as well as behavioral,
communication, and functional living and social skills on the basis of individual needs in
the least restrictive environment. Behavioral therapy supports the correct interaction of
the patients with the surrounding environment by encouraging positive behaviors and
discouraging undesirable behaviors. Psychopharmacologic treatments are useful instru-
ments to handle aggressive behaviors, ADHD, depression, and movement disorders that
represent common comorbid conditions accompanying intellectual disability. Another
important aspect is the family education addressed to the family members of these patients.
It is crucial to offer specific caregiver training and also to recognize family members that
bear an excessive amount of stress early. The family support must include psychosocial
evaluations, psychotherapeutic approaches, and pharmacological treatments to handle
depression and anxiety.

It is interesting that some of these features are shared by other genetic disorders,
most of which show a defect in G protein signaling. In fact, the important role played by
the Gsα protein and, in general, by G protein signaling (especially in the central nervous
system) explains the clinical overlap with other clinical conditions, including specific
genetic disorders and neurological diseases in which a dysfunction in this pathway has
been recently reported [22]. An example could be represented by Wolfram syndrome, which
shares some aspects with GNAS-related disorders, in particular, neurological involvement
and the growth hormone deficiency [23], and in which G protein signaling deficits have
been reported, suggesting a possible role in determining part of its clinical features [24,25].
Overall, G protein-coupled receptors play an important role for the central nervous system
in the response to the external stimuli, and this explains why the G protein signaling
pathways have a crucial role in several neurological disorders including Alzheimer’s
disease, Huntington’s disease, Parkinson’s disease, and multiple sclerosis, as well as in
psychiatric illnesses such as schizophrenia, bipolar disorder, depression, and attention
deficit hyperactivity disorder [26–28]. For this reason, to date, the G protein pathway
represents a promising potential target for all these conditions [28].

In summary, in the present article, we provide a genotype-phenotype correlation
of PHP1a disorders associated with the c.565_568delGACT variant. This improves the
surveillance of the disease since it provides information about the signs and symptoms that
could be associated with the specific mutation, providing the opportunity to handle the
various aspects at best (Figure 3). The genotype-phenotype correlation has an important
large-scale impact, considering that the current mutation is to date considered the most
common in the population.

The main limit of this study is probably represented by the reference data of the
patients with genetically determined PHP1a. These data refer to the current literature and
especially to the most recent review conducted by Jang et al. where the authors reported the
total prevalence of some clinical features in the PHP1a associated with a GNAS mutation [8].
These data represent the prevalence, regardless of the mutation type and so also contain
data about the c.565_568delGACT mutation. This contributes to making less evident the
differences between the specific presentation associated with the c.565_568delGACT variant
and the other PHP1a associated with a GNAS mutation.



Int. J. Mol. Sci. 2024, 25, 10913 9 of 10

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 9 of 11 
 

 

large-scale impact, considering that the current mutation is to date considered the most 
common in the population. 

The main limit of this study is probably represented by the reference data of the pa-
tients with genetically determined PHP1a. These data refer to the current literature and 
especially to the most recent review conducted by Jang et al. where the authors reported 
the total prevalence of some clinical features in the PHP1a associated with a GNAS muta-
tion [8]. These data represent the prevalence, regardless of the mutation type and so also 
contain data about the c.565_568delGACT mutation. This contributes to making less evi-
dent the differences between the specific presentation associated with the c.565_568del-
GACT variant and the other PHP1a associated with a GNAS mutation. 

 
Figure 3. Specific surveillance in PHP1a disorders associated with the c.565_568delGACT variant. 

Author Contributions: Conceptualization, C.P. and L.C.; methodology, C.P., L.C., R.F., I.A. and R.R.; 
software, C.P. and L.C.; validation, C.P., L.C. and R.R.; formal analysis, C.P., L.C., I.A. and R.R.; 
resources, C.P.; data curation, C.P., R.F., R.R. and I.A.; writing—original draft preparation, C.P., L.C. 
and R.F.; writing—review and editing, C.P., L.C. and. R.F.; visualization, C.P., L.C., I.A., R.R., A.I., 
R.F., D.C., V.P., M.C.S. and A.K.; supervision, C.P., L.C., A.I. and A.K. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: This study was conducted in agreement with the Declara-
tion of Helsinki. 

Informed Consent Statement: Informed consent was obtained from all the subjects involved in the 
study. WriĴen informed consent has been obtained from the patients (or from their parents or legal 
guardians) to publish this paper. 

Data Availability Statement: The data that support the findings of this study are available from the 
corresponding author, C.P., upon reasonable request. 

Conflicts of Interest: The authors declare no conflicts of interest. 

  

Figure 3. Specific surveillance in PHP1a disorders associated with the c.565_568delGACT variant.

Author Contributions: Conceptualization, C.P. and L.C.; methodology, C.P., L.C., R.F., I.A. and R.R.;
software, C.P. and L.C.; validation, C.P., L.C. and R.R.; formal analysis, C.P., L.C., I.A. and R.R.;
resources, C.P.; data curation, C.P., R.F., R.R. and I.A.; writing—original draft preparation, C.P., L.C.
and R.F.; writing—review and editing, C.P., L.C. and. R.F.; visualization, C.P., L.C., I.A., R.R., A.I., R.F.,
D.C., V.P., M.C.S. and A.K.; supervision, C.P., L.C., A.I. and A.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in agreement with the Declaration
of Helsinki.

Informed Consent Statement: Informed consent was obtained from all the subjects involved in the
study. Written informed consent has been obtained from the patients (or from their parents or legal
guardians) to publish this paper.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, C.P., upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Turan, S.; Bastepe, M. GNAS Spectrum of Disorders. Curr. Osteoporos. Rep. 2015, 13, 146–158. [CrossRef]
2. Tafaj, O.; Jüppner, H. Pseudohypoparathyroidism: One Gene, Several Syndromes. J. Endocrinol. Invest. 2017, 40, 347–356.

[CrossRef]
3. Turan, S. Current Nomenclature of Pseudohypoparathyroidism: Inactivating Parathyroid Hormone/Parathyroid Hormone-

Related Protein Signaling Disorder. J. Clin. Res. Pediatr. Endocrinol. 2017, 9, 58–68. [CrossRef]
4. Mantovani, G.; De Sanctis, L.; Barbieri, A.M.; Elli, F.M.; Bollati, V.; Vaira, V.; Labarile, P.; Bondioni, S.; Peverelli, E.; Lania, A.G.;

et al. Pseudohypoparathyroidism and GNAS Epigenetic Defects: Clinical Evaluation of Albright Hereditary Osteodystrophy and
Molecular Analysis in 40 Patients. J. Clin. Endocrinol. Metab. 2010, 95, 651–658. [CrossRef]

5. Mantovani, G.; Spada, A.; Elli, F.M. Pseudohypoparathyroidism and G s α—CAMP-Linked Disorders: Current View and Open
Issues. Nat. Publ. Gr. 2016, 12, 347–356. [CrossRef]

https://doi.org/10.1007/s11914-015-0268-x
https://doi.org/10.1007/s40618-016-0588-4
https://doi.org/10.4274/jcrpe.2017.S006
https://doi.org/10.1210/jc.2009-0176
https://doi.org/10.1038/nrendo.2016.52


Int. J. Mol. Sci. 2024, 25, 10913 10 of 10

6. Thiele, S.; Mantovani, G.; Barlier, A.; Boldrin, V.; Bordogna, P.; De Sanctis, L.; Elli, F.M.; Freson, K.; Garin, I.; Grybek, V.; et al.
From Pseudohypoparathyroidism to Inactivating PTH/PTHrP Signalling Disorder (IPPSD), a Novel Classification Proposed by
the EuroPHP Network. Eur. J. Endocrinol. 2016, 175, P1–P17. [CrossRef]

7. Pollack, I.F. Brain tumors in children. N. Engl. J. Med. 1994, 331, 1500–1507. [CrossRef]
8. Jiang, S.; Yang, Y.; Song, A.; Wang, O.; Xing, X.; Jiang, Y.; Jiang, Y.; Li, M.; Xia, W.; Nie, M. Genotype-Phenotype Correlations in

Pseudohypoparathyroidism Type 1a Patients: A Systemic Review. Eur. J. Endocrinol. 2023, 189, 103–111. [CrossRef]
9. Delinière, A.; Haddad, C.; Herrera-Siklódy, C.; Hermida, A.; Pruvot, E.; Bressieux-Degueldre, S.; Millat, G.; Janin, A.; Hermida,

J.S.; Asatryan, B.; et al. Phenotypic Characterization of Timothy Syndrome Caused by the CACNA1C p.Gly402Ser Variant. Circ.
Genomic Precis. Med. 2023, 16, 280–282. [CrossRef]

10. Martone, S.; Buonagura, A.T.; Marra, R.; Rosato, B.E.; Del Giudice, F.; Bonfiglio, F.; Capasso, M.; Iolascon, A.; Andolfo, I.; Russo, R.
Clinical Exome-Based Panel Testing for Medically Actionable Secondary Findings in a Cohort of 383 Italian Participants. Front.
Genet. 2022, 13, 1–8. [CrossRef]

11. Mormile, I.; Russo, R.; Andolfo, I.; de Paulis, A.; Rossi, F.W.; Rendina, D. Rheumatoid Arthritis and Osteogenesis Imperfecta: Is
There a Genetic Causal Association? Osteoporos. Int. 2022, 33, 2233–2235. [CrossRef]

12. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [CrossRef] [PubMed]

13. Tavtigian, S.V.; Harrison, S.M.; Boucher, K.M.; Biesecker, L.G. Fitting a Naturally Scaled Point System to the ACMG/AMP Variant
Classification Guidelines. Hum. Mutat. 2020, 41, 1734–1737. [CrossRef]

14. Richard, N.; Molin, A.; Coudray, N.; Rault-guillaume, P.; Jüppner, H.; Kottler, M. Paternal GNAS Mutations Lead to Severe
Intrauterine Growth Retardation (IUGR) and Provide Evidence for a Role of XLαs in Fetal Development. J. Clin. Endocrinol.
Metab. 2013, 98, 1549–1556. [CrossRef]

15. Meyers, C.; Lisiecki, J.; Miller, S.; Levin, A.; Fayad, L.; Ding, C.; Sono, T.; McCarthy, E.; Levi, B.; James, A.W. Heterotopic
Ossification: A Comprehensive Review. JBMR Plus 2019, 3, e10172. [CrossRef]

16. Xu, Y.; Huang, M.; He, W.; He, C.; Chen, K.; Hou, J.; Huang, M.; Jiao, Y.; Liu, R.; Zou, N.; et al. Heterotopic Ossification: Clinical
Features, Basic Researches, and Mechanical Stimulations. Front. Cell Dev. Biol. 2022, 10, 1–13. [CrossRef]

17. Bagnasco, F.; Di Iorgi, N.; Roveda, A.; Gallizia, A.; Haupt, R.; Maghnie, M. Prevalence and Correlates of Adherence in Children
and Adolescents Treated with Growth Hormone: A Multicenter Italian Study. Endocr. Pract. 2017, 23, 929–941. [CrossRef]
[PubMed]

18. Smeets, C.C.J.; Zandwijken, G.R.J.; Renes, J.S.; Hokken-Koelega, A.C.S. Long-Term Results of GH Treatment in Silver-Russell
Syndrome (SRS): Do They Benefit the Same as Non-SRS Short-SGA? J. Clin. Endocrinol. Metab. 2016, 101, 2105–2112. [CrossRef]
[PubMed]

19. Shaki, D.; Hershkovitz, E.; Tamam, S.; Bollotin, A.; David, O.; Yalovitsky, G.; Loewenthal, N.; Carmon, L.; Walker, D.; Nowak, R.;
et al. GH Treatment in Pediatric Down Syndrome: A Systematic Review and Mini Meta-Analysis. Front. Endocrinol. 2023, 14, 1–9.
[CrossRef]

20. Seo, G.H.; Yoo, H.W. Growth Hormone Therapy in Patients with Noonan Syndrome. Ann. Pediatr. Endocrinol. Metab. 2018, 23,
176–181. [CrossRef]

21. Ertl, D.A.; De Nanclares, G.P.; Jüppner, H.; Hanna, P.; Pagnano, A.; Pereda, A.; Rothenbuhler, A.; Del Sindaco, G.; Ruiz-Cuevas, P.;
Audrain, C.; et al. Recombinant Growth Hormone Improves Growth and Adult Height in Patients with Maternal Inactivating
GNAS Mutations. Eur. J. Endocrinol. 2023, 189, 123–131. [CrossRef]

22. Schöneberg, T.; Schulz, A.; Biebermann, H.; Hermsdorf, T.; Römpler, H.; Sangkuhl, K. Mutant G-Protein-Coupled Receptors as a
Cause of Human Diseases. Pharmacol. Ther. 2004, 104, 173–206. [CrossRef]

23. Kõks, S. Genomics of Wolfram Syndrome 1 (WFS1). Biomolecules 2023, 13, 1–12. [CrossRef]
24. Kõks, S.; Soomets, U.; Paya-Cano, J.L.; Fernandes, C.; Luuk, H.; Plaas, M.; Terasmaa, A.; Tillmann, V.; Noormets, K.; Vasar, E.;

et al. Wfs1 Gene Deletion Causes Growth Retardation in Mice and Interferes with the Growth Hormone Pathway. Physiol. Genom.
2009, 37, 249–259. [CrossRef]

25. Kõks, S.; Soomets, U.; Plaas, M.; Terasmaa, A.; Noormets, K.; Tillmann, V.; Vasar, E.; Fernandes, C.; Schalkwyk, L.C. Hypothalamic
Gene Expression Profile Indicates a Reduction in G Protein Signaling in the Wfs1 Mutant Mice. Physiol. Genom. 2011, 43,
1351–1358. [CrossRef]

26. Kalinovic, R.; Pascariu, A.; Vlad, G.; Nitusca, D.; Sălcudean, A.; Sirbu, I.O.; Marian, C.; Enatescu, V.R. Involvement of the
Expression of G Protein-Coupled Receptors in Schizophrenia. Pharmaceuticals 2024, 17, 1–11. [CrossRef]

27. Fröhlich, A.; Pfaff, A.L.; Middlehurst, B.; Hughes, L.S.; Bubb, V.J.; Quinn, J.P.; Koks, S. Deciphering the Role of a SINE-VNTR-Alu
Retrotransposon Polymorphism as a Biomarker of Parkinson’s Disease Progression. Sci. Rep. 2024, 14, 1–13. [CrossRef]

28. Azam, S.; Haque, M.E.; Jakaria, M.; Choi, D.-K.; Jo, S.-H.; Kim, I.-S.; Choi, D.-K. G-Protein-Coupled Receptors in CNS: A Potential
Neurodegenerative Disorders and Associated. Cells 2020, 9, 506. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1530/EJE-16-0107
https://doi.org/10.1056/NEJM199412013312207
https://doi.org/10.1093/ejendo/lvad142
https://doi.org/10.1161/CIRCGEN.122.004010
https://doi.org/10.3389/fgene.2022.956723
https://doi.org/10.1007/s00198-022-06486-9
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1002/humu.24088
https://doi.org/10.1210/jc.2013-1667
https://doi.org/10.1002/jbm4.10172
https://doi.org/10.3389/fcell.2022.770931
https://doi.org/10.4158/EP171786.OR
https://www.ncbi.nlm.nih.gov/pubmed/28614005
https://doi.org/10.1210/jc.2015-4273
https://www.ncbi.nlm.nih.gov/pubmed/27007691
https://doi.org/10.3389/fendo.2023.1135768
https://doi.org/10.6065/apem.2018.23.4.176
https://doi.org/10.1093/ejendo/lvad085
https://doi.org/10.1016/j.pharmthera.2004.08.008
https://doi.org/10.3390/biom13091346
https://doi.org/10.1152/physiolgenomics.90407.2008
https://doi.org/10.1152/physiolgenomics.00117.2011
https://doi.org/10.3390/ph17010085
https://doi.org/10.1038/s41598-024-61753-5
https://doi.org/10.3390/cells9020506

	Introduction 
	Materials and Methods 
	Literature Review 
	Genetic Testing 

	Results 
	Case Description 
	Patient 1 
	Patient 2 

	Literature Review 

	Discussion 
	References

