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Abstract 

Disorders of calcium homeostasis are the most frequent metabolic bone and mineral 

disease encountered by endocrinologists. These disorders usually manifest as 

primary hyperparathyroidism (PHPT) or hypoparathyroidism (HP), which have a 

monogenic aetiology in 5-10% of cases, and may occur as an isolated endocrinopathy, 

or as part of a complex syndrome. The recognition and diagnosis of these disorders 

is important to facilitate the most appropriate management of the patient, with regard 

to both the calcium-related phenotype and any associated clinical features, and also 

to allow the identification of other family members who may be at risk of disease. 

Genetic testing forms an important tool in the investigation of PHPT and HP patients, 

and is usually reserved for those deemed to be an increased risk of a monogenic 

disorder. However, identifying those suitable for testing requires a thorough clinical 

evaluation of the patient, as well as an understanding of the diversity of relevant 

phenotypes and their genetic basis. This review aims to provide an overview of the 

genetic basis of monogenic metabolic bone and mineral disorders, primarily focusing 

on those associated with abnormal calcium homeostasis, and aims to provide a 

practical guide to the implementation of genetic testing in the clinic. 

 

 

Words: genetic testing, primary hyperparathyroidism, familial hypocalciuric 

hypercalcemia (FHH), familial isolated hyperparathyroidism (FIHP); multiple endocrine 

neoplasia, hypoparathyroidism, pseudohypoparathyroidism,  
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Introduction   

Metabolic bone and mineral disorders represent a diverse group of conditions 

characterised by alterations in skeletal homeostasis and/or circulating concentrations 

of calcium, parathyroid hormone (PTH), phosphate and vitamin D metabolites. Many 

of these diseases have a genetic aetiology, either involving a single gene (i.e., 

monogenic disorders), larger scale genetic defects (e.g., chromosomal abnormalities 

including gains or losses of genetic material) or have oligogenic/polygenic inheritance 

involving variants in multiple genes.  Genetic testing is increasingly employed to 

investigate patients with a potential monogenic aetiology. The appropriate use of such 

testing requires an understanding of the relevant phenotypes as well as the genetic 

basis of the respective disorders. Whilst many of the metabolic bone and mineral 

disorders characterised by skeletal phenotypes typically present to a range of ’non-

endocrine’ specialties (e.g., orthopaedics, specialist bone clinics and rheumatology), 

those primarily associated with alterations in circulating calcium (i.e., hypercalcaemia, 

hypocalcaemia), frequently present  to the endocrinologist.  Although the majority of 

these calcium-related disorders are acquired (i.e., sporadic), 5-10% of patients 

presenting with a biochemical phenotype suggestive of primary hyperparathyroidism 

(PHPT) or hypoparathyroidism (HP) will have a monogenic aetiology, either occurring 

as an isolated endocrinopathy, or as part of a wider clinical syndrome.  The 

identification of patients with a monogenic cause is important for facilitating 

appropriate clinical management and allowing identification of additional family 

members who may be at risk of disease.  This review provides an overview of 

monogenic disorders of bone and mineral metabolism, with a focus on the more 

commonly encountered disorders associated with PHPT and HP phenotypes. 
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Genetic basis of monogenic calcium and metabolic bone disorders    

 

Monogenic disorders affecting calcium and bone metabolism frequently arise from 

germline mutations affecting the coding region of the responsible gene and are 

predominantly inherited as autosomal or X-linked traits (Table 1-3).1,2 This includes 

autosomal dominant (e.g., Multiple Endocrine Neoplasia type 1 (MEN1) and type 2A 

(MEN2A)), autosomal recessive (e.g., Autoimmune Polyendocrine Syndrome type 1 

(APS1)), X-linked dominant (e.g., X-linked hypophosphataemic rickets) and X-linked 

recessive (e.g., Dent disease) patterns of inheritance. In addition, mitochondrial 

inheritance may be observed (e.g., hypoparathyroidism associated with Kearns-Sayre 

syndrome), as may germline mosaicism in which a post-zygotic mutation occurs in one 

of the parental germ cells, resulting in an apparent autosomal recessive pattern of 

inheritance with multiple affected offspring of unaffected parents.3 Parent-of-origin 

effects may also occur due to genomic imprinting; for example, maternally inherited 

inactivating GNAS mutations which encodes the G-protein alpha subunit (Gαs), cause 

pseudohypoparathyroidism type 1A (PHP1A)/Albright’s hereditary osteodystrophy 

(AHO), whilst the equivalent paternally-inherited mutations cause AHO without 

accompanying endocrine manifestations (e.g., pseudopseudohypoparathyroidism 

(PPHP)).4,5 There may also be preferential transmission of the mutant allele (i.e., 

transmission ratio distortion) as reported for mother-to-offspring transmission of 

PHP1A-associated GNAS and pseudohypoparathyroidism type 1B (PHP1B)-

associated  Syntaxin 16 (STX16) gene mutations.6,7 Monogenic disorders may arise 

in the absence of a relevant family history; for example, McCune-Albright syndrome 

arises from a post-zygotic somatic GNAS mutation in early embryonic development;8,9 

whilst many disorders may be associated with de novo germline mutations (e.g., ~10% 

of index cases with MEN1).10,11   
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The majority of monogenic disorders arise from genetic variation affecting the coding 

region of the responsible gene to alter gene function (e.g., gain or loss of function). 

This typically involves small changes in DNA sequence (e.g., single nucleotide 

variants (SNVs) resulting in missense or nonsense amino acid substitutions or splice 

site changes, or small insertions and/or deletions of nucleotides (e.g., <10 nucleotides) 

resulting in either in-frame of frameshift alterations in amino acid sequence. In some 

instances monogenic disorders results from larger scale chromosomal abnormalities 

(i.e., copy number variations (CNVs) due to chromosomal deletions and/or insertions), 

which may not be identified by direct DNA sequencing methods, but rely on alternate 

methods of detection (e.g., array comparative genomic hybridization (aCGH)).  

 

Several disorders are associated with genetic heterogeneity, in which similar or 

overlapping clinical phenotypes may result from mutations in one of several different 

genes. For example, three forms of FHH are recognized due to mutations in the 

Calcium Sensing Receptor (CASR), G-protein Subunit Alpha 11 (GNA11) and Adaptor 

Related Protein Complex 2 Subunit Sigma 1 (AP2S1) genes, respectively. 

Furthermore, opposing clinical phenotypes may arise from loss- or gain-of -function 

variants within the same gene.  For example, loss-of-function Glial Cells Missing 

Transcription Factor 2 (GCM2) variants are associated with isolated HP, whilst 

activating GCM2 variants are reported in familial isolated hyperparathyroidism 

(FIHP).12,13  Similarly, whilst inactivating CASR and GNA11 mutations are associated 

with FHH types 1 and 2, gain of function variants in these genes result in autosomal 

dominant hypocalcaemia (ADH) types 1 and 2, respectively.14,15   Finally, the severity 

of phenotype may be  determined by whether variants are inherited in a dominant or 
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recessive manner. For example, autosomal recessive inheritance of Tissue Non-

specific Alkaline Phosphatase (TNSALP) mutations are associated with severe 

perinatal and infantile forms of hypophosphatasia, whilst autosomal dominant 

TNSALP mutations typically result in milder later-onset forms of disease (Table 1).16  
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Identification of Monogenic Disorders of Calcium Homeostasis in the Clinic and 

Utility of Genetic Testing  

 

History & Examination  

An underlying monogenic disorder should be considered in all patients presenting with 

disorders of calcium homeostasis and careful clinical evaluation may alert the clinician 

to a hereditary cause. For example, familial PHPT frequently occurs at a young age 

with equal sex distribution, with ~50% of childhood onset PHPT having a monogenic 

aetiology (e.g., due to MEN1, neonatal severe hyperparathyroidism (NSHPT), 

hyperparathyroidism jaw-tumour syndrome (HPT-JT)).17,18 Similarly, the majority of 

childhood onset HP has a genetic cause either due to chromosomal abnormalities 

(e.g., DiGeorge type 1 (DGS1) syndrome due to 22q11.2 deletion) or monogenic 

aetiologies (Table 3).19,20 Likewise, presentations in infancy may indicate 

abnormalities in parathyroid development (e.g., isolated HP due to GCM2 or 

Parathyroid Hormone (PTH) mutations) or aberrant CASR signalling (e.g., 

NSHPT).21,22 

 

Evaluating previous medical records, historic laboratory results and radiological 

imaging may help elucidate the cause. For example, a longstanding biochemical 

abnormality may suggest a monogenic aetiology. Thus, in FHH1-3 and ADH1-2, the 

respective hyper- and hypocalcaemia is typically lifelong.23 Evaluating patients for 

previous or current manifestations of syndromic PHPT or HP disorders may provide 

diagnostic clues. For example, a preceding endocrine tumour (e.g., insulinoma, 

Cushing’s disease) in a patient with PHPT may indicate MEN1, whilst cardiac defects, 

or presence of other autoimmune disease in a patient HP may suggest a unifying 
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diagnosis of DGS type 1, or autoimmune polyglandular syndrome type 1 (APS1), 

respectively.19,24-26  In some instances, the possibility of a monogenic disease will only 

arise after further investigation or treatment. For example, the finding of parathyroid 

carcinoma should raise the possibility of the HPT-JT, whilst a failure to restore 

normocalcaemia after parathyroid surgery may increase the likelihood of FHH.  

 

Family History 

Establishing the patient’s family history is paramount to the clinical evaluation. 

However, the availability of such information is often limited due to the patient being 

unaware of their relative’s medical history. Likewise, a family history may be absent if 

affected family members (i.e., those carrying the disease-associated variant) remain 

undiagnosed, whilst for disorders with reduced disease penetrance, affected family 

members may remain asymptomatic and/or ‘disease-free’. Furthermore, when 

variants arise de novo, a relevant family history will be absent. A history of 

consanguinity should raise the possibility of autosomal recessive disease (e.g., 

hypoparathyroidism due to GCM2 mutations), whilst specific ethnic or geographical 

backgrounds may increase the likelihood of known ‘founder’ mutations (e.g., APS1- 

associated AIRE mutations in Finnish and Sardinian populations).25,27,28  Although the 

family history should provide insight into the mode of inheritance, occasionally 

diagnostic confusion may arise. For example, both germline and somatic mosaicism 

have been reported in the setting of MEN1.3,29 

 

Utility of Genetic Testing 

Undertaking genetic testing in individuals with a potential monogenic disorder has 

several potential benefits.1,30 Confirmation of a genetic diagnosis may not only 
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facilitate appropriate treatment (e.g., conservative management of FHH, surgical 

approach for MEN1-related PHPT), but also allow the identification of associated 

features that are not clinically apparent (e.g., non-functioning pancreatic 

neuroendocrine tumours in MEN1). In some instance a genetic diagnosis may 

facilitate personalised treatment strategies (e.g. use of enzyme-replacement 

therapy with asfotase-alfa to treat paediatric-onset hypophosphatasia, or use of 

the anti-FGF23 monoclonal antibody burosumab to treat children with X-linked 

hypophosphataemic rickets).31-33 Furthermore, establishing a genetic diagnosis 

may facilitate: predictive testing in asymptomatic family members; preconception 

genetic counselling; prenatal genetic testing; and in some settings pre-implantation 

genetic diagnosis.1 Genetic testing may also resolve diagnostic uncertainty arising 

from phenocopies in which a patient manifesting the clinical phenotype of a particular 

genetic disorder is found not to harbour the expected gene mutation. Indeed, 

phenocopies involving patients with clinical manifestations of MEN1, MEN2A, HPT-JT 

and FHH are widely reported.34,35 Genetic testing demonstrating an absence of a 

causative mutation is also of value and may provide reassurance to the patient and 

wider family.   
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Hereditary Hypercalcaemic Disorders  

Monogenic causes of hypercalcaemia are broadly divided into PHPT syndromes, 

those in which PHPT occurs as an isolated endocrinopathy, disorders associated with 

impaired CaSR signaling, and conditions associated with abnormal vitamin D 

metabolism (Table 2). In the endocrine clinic, MEN1 and FHH type 1 are likely to be 

encountered most frequently.36 

 

PHPT syndromes 

Multiple Endocrine Neoplasia Type 1 (MEN1) 

Clinical Features: MEN1 has a reported prevalence of 1 in 30,000 individuals and is 

characterised by the combined occurrence of parathyroid, pituitary and pancreatic 

endocrine tumours. Some patients may  develop additional tumours including thymic 

and bronchial carcinoid tumours and adrenocortical tumours.10,11,37 PHPT occurs with 

almost complete penetrance (>95% by age 50 years) and is the first manifestation of 

disease in ~75% of cases, occurring with a mean age of onset of ~20 years, although 

cases have been reported as early as 4-years of age.26 The biochemical features of 

PHPT are typically mild and patients are frequently asymptomatic. Characteristically, 

there is synchronous or asynchronous involvement of all 4 parathyroid glands, with 

histology demonstrating chief cell hyperplasia. Surgical resection is the treatment of 

choice although its timing and extent remain controversial.11 Notably, 

hypercalcaemia may exacerbate gastrin secretion in those with concurrent 

PHPT and gastrinoma, and restoration of normocalcaemia (e.g. by successful 

parathyroidectomy) may improve symptoms in a proportion of patients with 

Zollinger-Ellison syndrome.11 
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Genetics: MEN1 results from heterozygous inactivating mutations of the MEN1 gene, 

which encodes the tumour suppressor protein Menin, Greater than 600 different 

germline MEN1 mutations have been reported, which occur throughout the coding 

region.38-41 To date, no clear genotype-phenotype correlation has been established 

and in ~10% of index cases MEN1 mutations occur de novo.  Genetic testing 

employing DNA sequencing does not reveal a coding-region MEN1 mutation in all 

MEN1 patients, who may: harbour genetic alterations in non-coding MEN1 regions; 

have whole of partial MEN1 gene deletions; have mutations in other genes (e.g., 

Multiple Endocrine Neoplasia Type 4 (MEN4) due to Cyclin Dependent Kinase 

Inhibitor 1B (CDKN1B) mutations); harbour somatic mosaic MEN1 mutations; 

represent phenocopies; or have the chance occurrence of two or more sporadic 

endocrine tumours.11,42,43 Current MEN1 guidelines recommend MEN1 genetic testing 

in patients with: a clinical diagnosis of MEN1 (i.e. 2 or more MEN1-associated 

tumours); multi-gland parathyroid adenomas or hyperplasia <40 years of age, 

recurrent hyperparathyroidism; gastrinoma or multiple pancreatic NETs; atypical 

expressions of MEN1 (e.g., ≥1 endocrine and ≥1 non-endocrine MEN1-related 

tumour); ≥1 MEN1-related manifestation with a first degree relative (FDR) with ≥1 

MEN1-related tumour; and all FDRs of a family member with a known MEN1 

mutation.11 Current NHS England guidelines have broadly similar recommendations  

although suggest that patients with insulinoma or pituitary adenomas <20 years of age, 

or pituitary macroadenomas <30 years of age, also undergo MEN1 genetic testing. 

When an index case is identified to harbour a MEN1 mutation, cascade genetic testing 

should be offered to all FDRs with appropriate genetic counselling.11 

 

Multiple Endocrine Neoplasia Type 2A (MEN2A) 
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Clinical Features: MEN2A is characterised by the combined occurrence of medullary 

thyroid cancer (MTC) in association with phaeochromocytoma and PHPT.44,45 A 

genotype-phenotype correlation is observed such that the timing of MTC onset and 

likelihood of other clinical manifestations is related to the specific Ret Proto-Oncogene  

(RET) mutation. MTC is the major cause of premature mortality in MEN2A patients, 

and frequently presents at an advanced disease stage in index cases (median age of 

diagnosis 20-25 years for codon 634 mutations).45 PHPT occurs in ≤30% of patients 

with MEN2A, most commonly with codon 634 mutations, and typically presents in the 

3rd to 4th decade, although PHPT has been reported as early as 2-years of age. The 

extent of parathyroid involvement is variable and may involve single or multiple glands. 

Surgical removal of the affected glands is recommended.45  

 

Genetics: MEN2A results from germline activating mutations of the RET 

protooncogene, which encodes a single-pass transmembrane tyrosine kinase 

receptor involved in neural crest and enteric nervous system development.46,47 More 

than 50 different germline missense RET mutations have been reported in MEN2A 

patients, and of the high penetrance variants, those affecting specific cysteine 

residues (e.g., Cys618, Cys620, Cys634) within the cysteine-rich extracellular domain 

occur most commonly in European populations, although variants affecting other 

locations (e.g., intracellular tyrosine kinase domain) also occur.48 Of these, the 

Val804Met RET mutation is observed at an unexpected high frequency in the 

background population and appears to be associated with low disease penetrance 

(i.e., <5%).30,49 Genetic testing for MEN2A is recommended in all patients with MTC, 

those with a clinical diagnosis of MEN2A, or ≥1 MEN2-related endocrine tumour (e.g., 

phaeochromocytoma) and a FDR with ≥1 MEN2-related endocrine abnormality. 
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‘Prophylactic’ thyroidectomy is recommended in the majority of RET mutation carriers 

including those identified through cascade testing to minimize the risk of metastatic 

MTC, with the timing dependent on the risk category of RET mutation.  

 

Multiple Endocrine Neoplasia Type 4 (MEN4) 

Clinical Features: MEN4 has a similar clinical phenotype to MEN1 and should be 

considered when MEN1 genetic testing does not reveal a pathogenic mutation.43 To 

date, <20 MEN4 kindreds have been reported. PHPT occurs in >90% of patients and 

is usually detected at a later age compared to MEN1 (typically >40 years).43 

Asynchronous involvement of multiple parathyroid glands may occur, similar to MEN1. 

Other manifestations of MEN4 include functioning and non-functioning pituitary 

adenomas (30-40%), pancreatic and gastrointestinal neuroendocrine tumours (5-

30%), and bronchial and cervical NETs.43  

 

Genetics: MEN4 results from germline inactivating mutations of the tumour suppressor 

CDKN1B gene, encoding the cyclin-dependent kinase inhibitor p27kip. The finding of 

a pathogenic CDKN1B mutation should prompt clinical follow up similar to that 

recommended for MEN1, as well as cascade testing of FDRs. 

 

Hyperparathyroidism Tumour Syndrome (HPT-JT) 

Clinical features: HPT-JT is characterised by the development of parathyroid tumours 

in association with ossifying fibromas of the maxilla and mandible.50-53  Patients may 

develop other tumour types affecting the kidneys, uterus, thyroid, pancreas and 

pituitary.51 Parathyroid tumours occur in 65-90% of patients, typically arising in early 

adulthood, although may occur at <10 years of age.51-53 Parathyroid tumours usually 
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occur as solitary lesions, although there may be synchronous or asynchronous 

involvement of multiple glands.51,54 The recognition of HPT-JT is important as 15-20% 

of patients develop parathyroid carcinoma (PC), and this is reported as early as 8 

years of age.55 Surgical resection is recommended for parathyroid tumours due to the 

increased risk of PC, although the approach varies in different centres. Thus, in 

some centres bilateral neck exploration with selective removal of the abnormal 

gland(s) is recommended, whilst in others, a focused approach, when pre-

operative localisation studies have revealed single-gland involvement, is 

advocated.54 Single or multiple ossifying fibromas occur in 10-30% of patients.51,52  

 

Genetics: HPT-JT results from germline inactivating mutations of the Cell Division 

Cycle 73 (CDC73) gene, which encodes the tumour suppressor protein, 

Parafibromin.52 More than 50 different germline CDC73 mutations have been 

reported,.51-53 No clear genotype-phenotype correlation has been established 

although a ~6 fold increased risk of parathyroid carcinoma is reported in those with 

‘high-impact’ germline CDC73 mutations (i.e., those predicted to cause marked 

conformational disruption or loss of parafibromin expression).56 Genetic testing for 

CDC73 mutations is recommended in: patients with the HPT-JT phenotype; all 

patients with PC; those presenting with PHPT at a young age without an MEN1 

mutation; patients with PHPT and a family history suggestive of familial isolated 

hyperparathyroidism (FIHP);  and should also be considered in those with atypical 

features on histology or multi-gland disease.52,57  
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Non-Syndromic Monogenic PHPT 

 

Familial Isolated Hyperparathyroidism (FIHP) 

Clinical features: FIHP refers to autosomal dominant PHPT occurring as an isolated 

endocrinopathy, in the absence of clinical features associated with the known PHPT 

syndromes (e.g., MEN1, MEN4, HPT-JT).58 Distinguishing FIHP from syndromic 

PHPT such as MEN1 is difficult as PHPT is frequently the first manifestation of 

disease. Furthermore, FIHP may be an allelic variant of disorders such as MEN1 and 

for practical purposes individuals with FIHP harbouring MEN1 mutations should be 

followed up and monitored as per the guidelines for MEN1 (similarly if patients with 

FIHP have CDC73 mutations, clinical follow up should follow those recommended for 

HPT-JT). Heterozygous and homozygous inactivating CASR mutations are 

occasionally reported in kindreds with apparent FIHP (i.e., with clinical,  biochemical 

and histological features more typical of PHPT than FHH), in whom parathyroid 

surgery has improved hypercalcaemia.59-61 However, the finding of an inactivating 

CASR mutation in a kindred with hereditary hypercalcaemia usually indicates a 

diagnosis of FHH (see below).  The genetic basis of the majority of FIHP cases 

remains unexplained, although 15-20% of kindreds are reported to harbour GCM2 

mutations, and may have an increased prevalence of multi-gland parathyroid disease, 

lesser rates of surgical cure, and increased risk of parathyroid carcinoma in such 

families.13,62-64 The majority of genetically unexplained FIHP kindreds have low 

numbers of affected individuals,58 suggesting either a low penetrance genetic 

aetiology, or the chance occurrence of sporadic cases within a family. Germline 

variants in several of the cyclin-dependent kinase inhibitor genes (e.g., CDKN1A, 

CDKN1B, CDKN2B, CDKN2C) have been reported in apparently sporadic parathyroid 
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adenomas in the absence of a relevant family history such that their role as potential 

PHPT predisposition genes remains uncertain.65,66  

 

Genetics: GCM2 encodes the parathyroid-specific transcription factor GCMb. The 

majority of FIHP-associated GCM2 mutations are missense variants associated with 

enhanced transcriptional activity and occur within a C-terminal conserved inhibitory 

domain. An increased prevalence of germline missense GCM2 variants is also 

reported in patients with apparently sporadic parathyroid adenomas, whilst certain 

FIHP and PHPT-associated GCM2 variants are enriched in individuals of specific 

ethnic background (e.g., Ashkenazi Jewish), and are likely associated with low disease 

penetrance.64,67 Genetic testing for each of the hereditary PHPT syndromes, FHH 

types 1-3, and GCM2 mutations should be considered in those with apparent FIHP to 

resolve diagnostic confusion (Figure 2). 

 

Familial Hypocalciuric Hypercalcaemia (FHH) & Neonatal Severe 

Hyperparathyroidism (NSHPT) 

Clinical features: FHH is a genetically heterogeneous autosomal dominant disorder 

characterised by lifelong non-progressive mild to moderate  hypercalcaemia, mild 

hypermagnesaemia, normal or elevated PTH concentrations and low urinary calcium 

excretion (e.g., calcium creatinine clearance ratio (CCCR) of <0.01,.18,23,68,69 Three 

distinct variants of FHH are reported, designated FHH types 1-3, due to loss of function 

mutations in CASR, GNA11, and AP2S1, respectively (Figure 1).23,68 The majority of 

patients with FHH are asymptomatic, although patients with FHH type 3 are reported 

to have a higher serum calcium and reduced urinary calcium excretion compared to 

FHH types 1 and 2, and have an increased risk of hypercalcaemic symptoms, reduced 
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bone mineral density, and neurodevelopmental abnormalities.23,70 Most FHH patients 

do not require treatment, although cinacalcet has been reported to improve 

biochemical parameters in symptomatic patients with FHH types 1-3.18,23,69,71,72 

Although the parathyroid glands in FHH may be enlarged, parathyroid surgery does 

not ameliorate the hypercalcaemia, and should be avoided.50,69 The offspring of 

parents with FHH are at risk of hyper- and hypocalcaemia in the neonatal period. For 

example, infants who inherit a paternal FHH mutation may manifest marked 

hypercalcaemia, whereas the unaffected offspring of mothers with FHH may manifest 

transient neonatal hypoparathyroidism. 73 18,74 

 

Genetics: FHH1 accounts for ~65% of all FHH cases with >150 different loss-of-

function CASR mutations reported, and a recent population-based study indicating a 

genetic prevalence of ~75/100,000. 14,15,68,75 FHH2 is the least common form of FHH 

due to inactivating mutations in GNA11 which encodes Gα11, a component of the 

heterotrimeric G-protein complex associated with CaSR signalling (Figure 

1).23.23,71,76,77  FHH3 results from germline inactivating mutations affecting codon 15 of 

the AP2S1 gene which encode the adaptor protein 2 sigma (AP2σ) subunit, which is 

involved in clathrin-mediated endocytosis.23,78  Genetic testing for FHH types 1-3 

should be considered in all patients with a suggestive biochemical phenotype (i.e., 

raised serum calcium, normal/raised PTH, and hypocalciuria) (Figure 2).  

 

Neonatal Severe Hyperparathyroidism (NSHPT): NSHPT presents in the first few 

weeks of life with severe hypercalcaemia (serum calcium typically 3.0-6.0mmol/l), 

elevated PTH, skeletal demineralization causing fracture, respiratory distress, and if 

untreated is frequently fatal by 3-6 months.18,23,50,68 NSHPT most commonly results 
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from bi-allelic (i.e., homozygous or compound heterozygous) loss-of-function CASR 

variants, although may also occur with some heterozygous CASR mutations and result 

in less severe hypercalcaemia which may improve over time to a phenotype consistent 

with FHH1.18,74,79 NSHPT is typically treated with urgent parathyroidectomy, although 

bisphosphonates and/or cinacalcet may be used to control hypercalcaemia pre-

operatively.79 

 

 

Several additional rare genetic disorders may be associated with hypercalcaemia, and 

often present in the neonatal and paediatric settings.18,80 Details of these disorders are 

provided in Table 2.  
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Hereditary Hypocalcaemic Disorders  

The monogenic causes of hypocalcaemia/HP may be divided into those in which it 

occurs as part of a developmental or autoimmune syndrome, and those in which it is 

an apparent isolated feature. Of these, DGS type 1 and ADH1 are the most frequently 

encountered.  

 

Syndromes Associated with HP 

DiGeorge Syndrome/22q11.2 syndrome 

Clinical Features: DGS affects ~1 in 4000 live births and accounts for up to 60% of 

cases of familial or idiopathic hypoparathyroidism in children.81 It is characterised by 

cardiac outflow tract malformations, facial dysmorphia, palatal dysfunction, 

hypoparathyroidism and immune deficiency related to thymic hypoplasia, although the 

severity of clinical features varies markedly.19,82 The HP phenotype may present in the 

neonatal period with symptomatic hypocalcaemia (e.g., seizures, laryngospasm), or 

at a later stage (e.g., during adolescence or adulthood).82 

 

Genetics: The majority of DGS cases are sporadic resulting from a de novo 

heterozygous 0.25-3Mb microdeletion involving chromosome 22q11.2 (DGS type 1), 

although it is inherited from an affected parent in ~10% of cases.19,83 Although the 

microdeletion typically results in the loss of 30-40 genes, the majority of DGS type 1 

clinical features are thought to be due to loss of the T-Box Transcription Factor 1 

(TBX1) gene, involved in parathyroid and thymus development.19,84A more severe 

DGS phenotype with marked cognitive impairment is reported in association with a 

chromosomal deletion on chromosome 10p (DGS type 2) and may be due to loss of 
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the NEBL gene.85 Genetic testing for DGS is indicated in those with relevant clinical 

features including HP in infancy or childhood.  

 

Autoimmune Polyendocrine Syndrome Type 1 (APS1) 

Clinical Features: APS1, also referred to as the autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy (APECED) syndrome, has a prevalence of 

~1:100,000, and is characterised by immune deficiency and a constellation of 

autoimmune endocrine and non-endocrine disorders.25,86 APS1 is classically defined 

as ≥2 of the triad of HP, Addison’s disease and mucocutaneous candidiasis. It is also 

associated with type 1 diabetes, growth hormone deficiency, primary gonadal failure, 

hypothyroidism, alopecia, urticaria, pernicious anaemia, chronic active hepatitis and 

vitiligo. APS1 is more frequent in specific geographical regions including Finnish, 

Iranian Jewish, and Sardinian populations. 

 

Genetics: APS1 results from mutations of the AIRE gene, which encodes the 

autoimmune regulator protein, that is expressed in thymic medullary epithelial cells 

and regulates the elimination of organ-specific auto-reactive T-cells thereby promoting 

immunological tolerance to self-antigens.27,87,88  

 

Miscellaneous Syndromic HP disorders  

The Hypoparathyroidism, Deafness and Renal Anomalies Syndrome (HDR) is a rare 

disorder characterised by HP in association with bilateral sensorineural hearing loss 

and renal abnormalities (e.g., bilateral cysts).24 HDR is due inactivating mutations of 

GATA3, which encodes a dual zinc finger transcription factor involved in the embryonic 

development of the common parathyroid-thymus primordia and regulation of PTH 
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expression.24 Three mitochondrial disorders are occasionally associated with HP and 

include the Kearns-Sayre syndrome (KSS), MELAS syndrome and mitochondrial 

trifunctional protein (MTP) deficiency syndrome (Table 3).81,89,90  Details of additional 

rare syndromic HP disorders are provided in Table 3.  

 

Isolated Hypoparathyroidism 

Isolated HP may be inherited as an autosomal recessive, autosomal dominant or X-

linked recessive disorder. Thus, mutations in the GCM2 gene are associated with 

autosomal recessive and dominant forms of isolated HP and may present with severe 

hypocalcaemia and low/undetectable PTH concentrations.91,92 The GCM2 mutations 

causing autosomal recessive HP impair nuclear localization, DNA binding and/or 

transcriptional activity of the encoded GCMb transcription factor,91 whilst the 

heterozygous GCM2 mutations causing autosomal dominant HP result in a truncated 

protein, which inhibits the wild-type GCMb protein (i.e., dominant-negative effect).92 

Rarely, autosomal dominant and recessive forms of HP may also result from 

inactivating PTH mutations,20,21,93-95 whilst an ultra-rare X-linked recessive form of HP 

is reported due to a deletion-insertion involving chromosomes 2p25 and Xq27 (Table 

3).96  

 

Autosomal Dominant Hypocalcaemia (ADH) 

Clinical Features: ADH comprises two genetically distinct forms, designated ADH 

types 1 and 2, which result from germline activating mutations of the CASR and 

GNA11 genes, respectively.15,23,68,97,98 ADH1, accounts for most cases, and is 

characterised by mild to moderate hypocalcaemia in association with 

hypomagnesaemia, hyperphosphataemia and inappropriately low PTH 
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concentrations.15,23,68 Around 50% of patients develop paraesthesia, muscle cramps 

or seizures.99,100 Patients with ADH1 have hypercalciuria and may be at risk of 

nephrocalcinosis or renal stones, particularly when treated with calcium and/or 

vitamin D analogues (e.g. alfacalcidol, calcitriol).23,68 Small clinical studies have 

reported that recombinant PTH is effective for treating symptomatic ADH1 

patients without increasing urine calcium excretion.100,101 Pre-clinical and 

clinical studies have also indicated the potential utility of calcilytic drugs, which 

are CaSR negative allosteric modulators, as targeted therapies for ADH1.98,102-

104  Patients with ADH1 may also exhibit ectopic calcification, and some develop a 

Bartter syndrome, characterized by renal salt wasting leading to volume depletion, 

hyper-reninaemic hyperaldosteronism and hypokalaemic alkalosis.60 Only a few 

kindreds with ADH2 have been reported and these patients have similar biochemical 

features to ADH1, although appear to have a milder urinary phenotype with less 

hypercalciuria. ADH2 patients are often symptomatic, whilst short stature is reported 

to affect some kindreds.23,77,97    

 

Genetics: To date, ≥100 ADH1-associated CASR mutations have been reported 

whereas <10 ADH2-associated GNA11 mutations have been reported.23,77,97 Genetic 

testing for ADH should be considered in all those with isolated idiopathic HP (Figure 

3). 
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Pseudohypoparathyroidism (PHP)/Albright’s Hereditary Osteodystrophy (AHO) 

Clinical Features: PHP arises from resistance to the actions of PTH, primarily in the 

renal proximal tubule, resulting in hypocalcaemia, hyperphosphataemia, and elevated 

PTH.4,5,105,106 Two main forms of PHP are described, PHP types 1A (PHP1A) and 1B 

(PHP1B). Patients with PHP1A manifest multi-hormone resistance (e.g., resistance to 

TSH, LH/FSH, GHRH), obesity and features of AHO, which include short stature, 

brachydactyly, subcutaneous calcification, and round facies.4,5 In contrast, PHP1B 

patients do not typically have multi-hormone resistance or AHO.  

 

Genetics: PHP primarily results from mutations affecting the GNAS locus, which 

encodes and regulates the expression of Gαs, that forms part of a heterotrimeric G-

protein complex utilized by G-protein coupled receptors (GPCRs) to stimulate cAMP 

synthesis (Figure 1).4,5,107,108 GNAS is a complex imprinted locus, with maternally 

inherited heterozygous inactivating GNAS mutations causing PHP1A.107,108 In 

contrast, the equivalent paternally inherited GNAS mutations cause the related 

disorder of PPHP, characterised by the AHO phenotype, in the absence of PTH 

resistance.107,108 Most PHP1A/PPHP mutations affect the GNAS coding-region and 

inactivate Gαs.  Abnormalities of the upstream region of the GNAS locus or of genes 

or transcripts within the GNAS cluster (i.e., STX16, NESP55 and NESPAS), which 

affect GNAS methylation, are reported in PHP1B.107,108 Genetic testing for patients 

with the AHO phenotype (i.e., PHP1A/PPHP) should initially involve GNAS 

sequencing as this reveals coding-region mutations in ~70% of  patients, whilst testing 

for PHP1B may include methylation analysis of the exon 1A differentially methylated 

region (DMR) and/or evaluation for STX16, NESP55 or NESPAS gene 

deletions.4,5,107,108  
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Genetic Testing Workflow  

Genetic testing should be considered in patients with disorders of calcium and bone 

metabolism where there is an increased likelihood of a monogenic aetiology, and 

where identifying such a cause will facilitate improved health outcomes in the patient 

and/or wider family. Genetic testing workflows for index cases presenting with 

hypercalcaemic and hypocalcaemia phenotypes are shown in Figures 2 and 3. Unless 

there is compelling reason to undertake single gene testing (i.e., clinical features or 

family history are suggestive of a specific disorder), the use of disease-targeted gene 

panels is increasingly recommended. All testing should be undertaken in accredited 

laboratories and variants evaluated using standardized methods (i.e., American 

College of Medical Genetics and Genomics (ACMG) guidelines).109 It should be noted 

that variant classification depends on the accuracy of available evidence at the time 

of assessment. The identification of variants of uncertain significance (VUS) pose a 

particular challenge, and where possible, additional information should be sought to 

facilitate a more definitive classification. Furthermore, the likelihood of detecting VUSs 

increases as the gene panel content (i.e., number of genes) increases.30 In addition, 

the genetic result should be interpreted in the clinical context of the patient. Thus, if 

the result is incongruent with the patient’s phenotype, further clinical and/or genetic 

assessment may be required.1 For example, a change in genetic testing platform may 

yield the diagnosis as illustrated by the identification of MEN1 mutations using next 

generation sequencing in patients in whom previous MEN1 sequencing had not 

identified a causative mutation.29,35  Finally, following the identification of a 

pathogenic/likely pathogenic variant, predictive testing of family members is warranted 

with the provision of relevant genetic counselling.   
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Conclusions  

Monogenic disorders of calcium homeostasis mainly affect parathyroid gland function, 

thereby resulting in isolated or syndromic forms of PHPT or HP. A thorough clinical 

evaluation is essential for selecting patients for genetic testing. The recognition of 

patients with a monogenic aetiology is important to guide appropriate management, 

and also to identify family members who may be at risk of disease. The genetic testing 

strategy is dependent on the clinical presentation and mode of inheritance, and 

increasingly involves analysis of disease-targeted gene panels.  

 

 

  



 26 

References 

1. Newey PJ. Clinical genetic testing in endocrinology: Current concepts and 

contemporary challenges. Clin Endocrinol (Oxf). 2019;91:587-607. 

2. Hannan FM, Newey PJ, Whyte MP, Thakker RV. Genetic approaches to 

metabolic bone diseases. Br J Clin Pharmacol. 2019;85:1147-1160. 

3. Beijers H, Stikkelbroeck NML, Mensenkamp AR, et al. Germline and somatic 

mosaicism in a family with multiple endocrine neoplasia type 1 (MEN1) 

syndrome. Eur J Endocrinol. 2019;180:K15-K19. 

4. Mantovani G, Bastepe M, Monk D, et al. Recommendations for Diagnosis and 

Treatment of Pseudohypoparathyroidism and Related Disorders: An Updated 

Practical Tool for Physicians and Patients. Horm Res Paediatr. 2020;93:182-

196. 

5. Mantovani G, Bastepe M, Monk D, et al. Diagnosis and management of 

pseudohypoparathyroidism and related disorders: first international Consensus 

Statement. Nat Rev Endocrinol. 2018;14:476-500. 

6. Kiuchi Z, Reyes M, Juppner H. Preferential Maternal Transmission of STX16-

GNAS Mutations Responsible for Autosomal Dominant 

Pseudohypoparathyroidism Type Ib (PHP1B): Another Example of 

Transmission Ratio Distortion. J Bone Miner Res. 2021;36:696-703. 

7. Snanoudj S, Molin A, Colson C, et al. Maternal Transmission Ratio Distortion 

of GNAS Loss-of-Function Mutations. J Bone Miner Res. 2020;35:913-919. 

8. de Castro LF, Ovejero D, Boyce AM. DIAGNOSIS OF ENDOCRINE DISEASE: 

Mosaic disorders of FGF23 excess: Fibrous dysplasia/McCune-Albright 

syndrome and cutaneous skeletal hypophosphatemia syndrome. Eur J 

Endocrinol. 2020;182:R83-R99. 



 27 

9. Javaid MK, Boyce A, Appelman-Dijkstra N, et al. Best practice management 

guidelines for fibrous dysplasia/McCune-Albright syndrome: a consensus 

statement from the FD/MAS international consortium. Orphanet J Rare Dis. 

2019;14:139. 

10. Brandi ML, Agarwal SK, Perrier ND, Lines KE, Valk GD, Thakker RV. Multiple 

Endocrine Neoplasia Type 1: Latest Insights. Endocr Rev. 2021;42:133-170. 

11. Thakker RV, Newey PJ, Walls GV, et al. Clinical practice guidelines for multiple 

endocrine neoplasia type 1 (MEN1). J Clin Endocrinol Metab. 2012;97:2990-

3011. 

12. Ding C, Buckingham B, Levine MA. Familial isolated hypoparathyroidism 

caused by a mutation in the gene for the transcription factor GCMB. J Clin 

Invest. 2001;108:1215-1220. 

13. Guan B, Welch JM, Sapp JC, et al. GCM2-Activating Mutations in Familial 

Isolated Hyperparathyroidism. Am J Hum Genet. 2016;99:1034-1044. 

14. Dershem R, Gorvin CM, Metpally RPR, et al. Familial Hypocalciuric 

Hypercalcemia Type 1 and Autosomal-Dominant Hypocalcemia Type 1: 

Prevalence in a Large Healthcare Population. Am J Hum Genet. 2020;106:734-

747. 

15. Gorvin CM, Frost M, Malinauskas T, et al. Calcium-sensing receptor residues 

with loss- and gain-of-function mutations are located in regions of 

conformational change and cause signalling bias. Hum Mol Genet. 

2018;27:3720-3733. 

16. Whyte MP. Hypophosphatasia - aetiology, nosology, pathogenesis, diagnosis 

and treatment. Nat Rev Endocrinol. 2016;12:233-246. 



 28 

17. El Allali Y, Hermetet C, Bacchetta J, et al. Presenting features and molecular 

genetics of primary hyperparathyroidism in the paediatric population. Eur J 

Endocrinol. 2021;184:347-355. 

18. Stokes VJ, Nielsen MF, Hannan FM, Thakker RV. Hypercalcemic Disorders in 

Children. J Bone Miner Res. 2017;32:2157-2170. 

19. Du Q, de la Morena MT, van Oers NSC. The Genetics and Epigenetics of 

22q11.2 Deletion Syndrome. Front Genet. 2019;10:1365. 

20. Clarke BL, Brown EM, Collins MT, et al. Epidemiology and Diagnosis of 

Hypoparathyroidism. J Clin Endocrinol Metab. 2016;101:2284-2299. 

21. Cinque L, Sparaneo A, Penta L, et al. Autosomal Dominant PTH Gene Signal 

Sequence Mutation in a Family With Familial Isolated Hypoparathyroidism. J 

Clin Endocrinol Metab. 2017;102:3961-3969. 

22. Marx SJ, Sinaii N. Neonatal Severe Hyperparathyroidism: Novel Insights From 

Calcium, PTH, and the CASR Gene. J Clin Endocrinol Metab. 2020;105. 

23. Hannan FM, Babinsky VN, Thakker RV. Disorders of the calcium-sensing 

receptor and partner proteins: insights into the molecular basis of calcium 

homeostasis. J Mol Endocrinol. 2016;57:R127-142. 

24. Lemos MC, Thakker RV. Hypoparathyroidism, deafness, and renal dysplasia 

syndrome: 20 Years after the identification of the first GATA3 mutations. Hum 

Mutat. 2020;41:1341-1350. 

25. Ferre EM, Rose SR, Rosenzweig SD, et al. Redefined clinical features and 

diagnostic criteria in autoimmune polyendocrinopathy-candidiasis-ectodermal 

dystrophy. JCI Insight. 2016;1. 



 29 

26. Goudet P, Dalac A, Le Bras M, et al. MEN1 disease occurring before 21 years 

old: a 160-patient cohort study from the Groupe d'etude des Tumeurs 

Endocrines. J Clin Endocrinol Metab. 2015;100:1568-1577. 

27. Bruserud O, Oftedal BE, Wolff AB, Husebye ES. AIRE-mutations and 

autoimmune disease. Curr Opin Immunol. 2016;43:8-15. 

28. Orlova EM, Sozaeva LS, Kareva MA, et al. Expanding the Phenotypic and 

Genotypic Landscape of Autoimmune Polyendocrine Syndrome Type 1. J Clin 

Endocrinol Metab. 2017;102:3546-3556. 

29. Coppin L, Ferriere A, Crepin M, et al. Diagnosis of mosaic mutations in the 

MEN1 gene by next generation sequencing. Eur J Endocrinol. 2019;180:L1-L3. 

30. Newey PJ, Berg JN, Zhou K, Palmer CNA, Thakker RV. Utility of Population-

Level DNA Sequence Data in the Diagnosis of Hereditary Endocrine Disease. 

J Endocr Soc. 2017;1:1507-1526. 

31. Linglart A, Imel EA, Whyte MP, et al. Sustained efficacy and safety of 

burosumab, a monoclonal antibody to FGF23, in children with X-linked 

hypophosphatemia. J Clin Endocrinol Metab. 2021. 

32. Dahir K, Roberts MS, Krolczyk S, Simmons JH. X-Linked Hypophosphatemia: 

A New Era in Management. J Endocr Soc. 2020;4:bvaa151. 

33. Whyte MP, Madson KL, Phillips D, et al. Asfotase alfa therapy for children with 

hypophosphatasia. JCI Insight. 2016;1:e85971. 

34. Lines KE, Nachtigall LB, Dichtel LE, et al. Multiple Endocrine Neoplasia Type 1 

(MEN1) Phenocopy Due to a Cell Cycle Division 73 (CDC73) Variant. J Endocr 

Soc. 2020;4:bvaa142. 



 30 

35. Backman S, Bajic D, Crona J, Hellman P, Skogseid B, Stalberg P. Whole 

genome sequencing of apparently mutation-negative MEN1 patients. Eur J 

Endocrinol. 2020;182:35-45. 

36. Mariathasan S, Andrews KA, Thompson E, et al. Genetic testing for hereditary 

hyperparathyroidism and familial hypocalciuric hypercalcaemia in a large UK 

cohort. Clin Endocrinol (Oxf). 2020;93:409-418. 

37. Al-Salameh A, Cadiot G, Calender A, Goudet P, Chanson P. Clinical aspects 

of multiple endocrine neoplasia type 1. Nat Rev Endocrinol. 2021;17:207-224. 

38. Romanet P, Mohamed A, Giraud S, et al. UMD-MEN1 Database: An Overview 

of the 370 MEN1 Variants Present in 1676 Patients From the French 

Population. J Clin Endocrinol Metab. 2019;104:753-764. 

39. Marini F, Giusti F, Brandi ML. Multiple endocrine neoplasia type 1: extensive 

analysis of a large database of Florentine patients. Orphanet J Rare Dis. 

2018;13:205. 

40. Concolino P, Costella A, Capoluongo E. Multiple endocrine neoplasia type 1 

(MEN1): An update of 208 new germline variants reported in the last nine years. 

Cancer Genet. 2016;209:36-41. 

41. Lemos MC, Thakker RV. Multiple endocrine neoplasia type 1 (MEN1): analysis 

of 1336 mutations reported in the first decade following identification of the 

gene. Hum Mutat. 2008;29:22-32. 

42. Kooblall KG, Boon H, Cranston T, et al. Multiple Endocrine Neoplasia Type 1 

(MEN1) 5'UTR Deletion, in MEN1 Family, Decreases Menin Expression. J 

Bone Miner Res. 2021;36:100-109. 

43. Frederiksen A, Rossing M, Hermann P, Ejersted C, Thakker RV, Frost M. 

Clinical Features of Multiple Endocrine Neoplasia Type 4: Novel Pathogenic 



 31 

Variant and Review of Published Cases. J Clin Endocrinol Metab. 

2019;104:3637-3646. 

44. Wells SA, Jr. Advances in the management of MEN2: from improved surgical 

and medical treatment to novel kinase inhibitors. Endocr Relat Cancer. 

2018;25:T1-T13. 

45. Wells SA, Jr., Asa SL, Dralle H, et al. Revised American Thyroid Association 

guidelines for the management of medullary thyroid carcinoma. Thyroid. 

2015;25:567-610. 

46. Mulligan LM. 65 YEARS OF THE DOUBLE HELIX: Exploiting insights on the 

RET receptor for personalized cancer medicine. Endocr Relat Cancer. 

2018;25:T189-T200. 

47. Plaza-Menacho I. Structure and function of RET in multiple endocrine neoplasia 

type 2. Endocr Relat Cancer. 2018;25:T79-T90. 

48. Fussey JM, Smith JA, Cleaver R, et al. Diagnostic RET genetic testing in 1,058 

index patients: A UK centre perspective. Clin Endocrinol (Oxf). 2020. 

49. Loveday C, Josephs K, Chubb D, et al. p.Val804Met, the Most Frequent 

Pathogenic Mutation in RET, Confers a Very Low Lifetime Risk of Medullary 

Thyroid Cancer. J Clin Endocrinol Metab. 2018;103:4275-4282. 

50. DeLellis RA, Mangray S. Heritable forms of primary hyperparathyroidism: a 

current perspective. Histopathology. 2018;72:117-132. 

51. van der Tuin K, Tops CMJ, Adank MA, et al. CDC73-Related Disorders: Clinical 

Manifestations and Case Detection in Primary Hyperparathyroidism. J Clin 

Endocrinol Metab. 2017;102:4534-4540. 



 32 

52. Newey PJ, Bowl MR, Cranston T, Thakker RV. Cell division cycle protein 73 

homolog (CDC73) mutations in the hyperparathyroidism-jaw tumor syndrome 

(HPT-JT) and parathyroid tumors. Hum Mutat. 2010;31:295-307. 

53. Cardoso L, Stevenson M, Thakker RV. Molecular genetics of syndromic and 

non-syndromic forms of parathyroid carcinoma. Hum Mutat. 2017;38:1621-

1648. 

54. Iacobone M, Camozzi V, Mian C, et al. Long-Term Outcomes of 

Parathyroidectomy in Hyperparathyroidism-Jaw Tumor Syndrome: Analysis of 

Five Families with CDC73 Mutations. World J Surg. 2020;44:508-516. 

55. Dutta A, Pal R, Jain N, et al. Pediatric Parathyroid Carcinoma: A Case Report 

and Review of the Literature. J Endocr Soc. 2019;3:2224-2235. 

56. Li Y, Zhang J, Adikaram PR, et al. Genotype of CDC73 germline mutation 

determines risk of parathyroid cancer. Endocr Relat Cancer. 2020;27:483-494. 

57. Cetani F, Marcocci C, Torregrossa L, Pardi E. Atypical parathyroid adenomas: 

challenging lesions in the differential diagnosis of endocrine tumors. Endocr 

Relat Cancer. 2019;26:R441-R464. 

58. Marx SJ. New Concepts About Familial Isolated Hyperparathyroidism. J Clin 

Endocrinol Metab. 2019;104:4058-4066. 

59. Carling T, Szabo E, Bai M, et al. Familial hypercalcemia and hypercalciuria 

caused by a novel mutation in the cytoplasmic tail of the calcium receptor. J 

Clin Endocrinol Metab. 2000;85:2042-2047. 

60. Hannan FM, Thakker RV. Calcium-sensing receptor (CaSR) mutations and 

disorders of calcium, electrolyte and water metabolism. Best Pract Res Clin 

Endocrinol Metab. 2013;27:359-371. 



 33 

61. Hannan FM, Nesbit MA, Christie PT, et al. A homozygous inactivating calcium-

sensing receptor mutation, Pro339Thr, is associated with isolated primary 

hyperparathyroidism: correlation between location of mutations and severity of 

hypercalcaemia. Clin Endocrinol (Oxf). 2010;73:715-722. 

62. Coppin L, Dufosse M, Romanet P, et al. Should the GCM2 gene be tested when 

screening for familial primary hyperparathyroidism? Eur J Endocrinol. 

2020;182:57-65. 

63. El Lakis M, Nockel P, Guan B, et al. Familial isolated primary 

hyperparathyroidism associated with germline GCM2 mutations is more 

aggressive and has a lesser rate of biochemical cure. Surgery. 2018;163:31-

34. 

64. Guan B, Welch JM, Vemulapalli M, et al. Ethnicity of Patients With Germline 

GCM2-Activating Variants and Primary Hyperparathyroidism. J Endocr Soc. 

2017;1:488-499. 

65. Costa-Guda J, Soong CP, Parekh VI, Agarwal SK, Arnold A. Germline and 

somatic mutations in cyclin-dependent kinase inhibitor genes CDKN1A, 

CDKN2B, and CDKN2C in sporadic parathyroid adenomas. Horm Cancer. 

2013;4:301-307. 

66. Costa-Guda J, Marinoni I, Molatore S, Pellegata NS, Arnold A. Somatic 

mutation and germline sequence abnormalities in CDKN1B, encoding p27Kip1, 

in sporadic parathyroid adenomas. J Clin Endocrinol Metab. 2011;96:E701-

706. 

67. Riccardi A, Aspir T, Shen L, et al. Analysis of Activating GCM2 Sequence 

Variants in Sporadic Parathyroid Adenomas. J Clin Endocrinol Metab. 

2019;104:1948-1952. 



 34 

68. Hannan FM, Kallay E, Chang W, Brandi ML, Thakker RV. The calcium-sensing 

receptor in physiology and in calcitropic and noncalcitropic diseases. Nat Rev 

Endocrinol. 2018;15:33-51. 

69. Lee JY, Shoback DM. Familial hypocalciuric hypercalcemia and related 

disorders. Best Pract Res Clin Endocrinol Metab. 2018;32:609-619. 

70. Hannan FM, Howles SA, Rogers A, et al. Adaptor protein-2 sigma subunit 

mutations causing familial hypocalciuric hypercalcaemia type 3 (FHH3) 

demonstrate genotype-phenotype correlations, codon bias and dominant-

negative effects. Hum Mol Genet. 2015;24:5079-5092. 

71. Gorvin CM, Hannan FM, Cranston T, et al. Cinacalcet Rectifies Hypercalcemia 

in a Patient With Familial Hypocalciuric Hypercalcemia Type 2 (FHH2) Caused 

by a Germline Loss-of-Function Galpha11 Mutation. J Bone Miner Res. 

2018;33:32-41. 

72. Howles SA, Hannan FM, Babinsky VN, et al. Cinacalcet for Symptomatic 

Hypercalcemia Caused by AP2S1 Mutations. N Engl J Med. 2016;374:1396-

1398. 

73. Dharmaraj P, Gorvin CM, Soni A, et al. Neonatal Hypocalcemic Seizures in 

Offspring of a Mother With Familial Hypocalciuric Hypercalcemia Type 1 

(FHH1). J Clin Endocrinol Metab. 2020;105. 

74. Glaudo M, Letz S, Quinkler M, et al. Heterozygous inactivating CaSR mutations 

causing neonatal hyperparathyroidism: function, inheritance and phenotype. 

Eur J Endocrinol. 2016;175:421-431. 

75. Gorvin CM. Insights into calcium-sensing receptor trafficking and biased 

signalling by studies of calcium homeostasis. J Mol Endocrinol. 2018;61:R1-

R12. 



 35 

76. Gorvin CM, Cranston T, Hannan FM, et al. A G-protein Subunit-alpha11 Loss-

of-Function Mutation, Thr54Met, Causes Familial Hypocalciuric Hypercalcemia 

Type 2 (FHH2). J Bone Miner Res. 2016;31:1200-1206. 

77. Nesbit MA, Hannan FM, Howles SA, et al. Mutations affecting G-protein subunit 

alpha11 in hypercalcemia and hypocalcemia. N Engl J Med. 2013;368:2476-

2486. 

78. Nesbit MA, Hannan FM, Howles SA, et al. Mutations in AP2S1 cause familial 

hypocalciuric hypercalcemia type 3. Nat Genet. 2013;45:93-97. 

79. Gorvin CM. Molecular and clinical insights from studies of calcium-sensing 

receptor mutations. J Mol Endocrinol. 2019;63:R1-R16. 

80. Gorvin CM. Genetic causes of neonatal and infantile hypercalcaemia. Pediatr 

Nephrol. 2021. 

81. Kim JH, Shin YL, Yang S, et al. Diverse genetic aetiologies and clinical 

outcomes of paediatric hypoparathyroidism. Clin Endocrinol (Oxf). 

2015;83:790-796. 

82. Cancrini C, Puliafito P, Digilio MC, et al. Clinical features and follow-up in 

patients with 22q11.2 deletion syndrome. J Pediatr. 2014;164:1475-1480 

e1472. 

83. Zhao Y, Diacou A, Johnston HR, et al. Complete Sequence of the 22q11.2 

Allele in 1,053 Subjects with 22q11.2 Deletion Syndrome Reveals Modifiers of 

Conotruncal Heart Defects. Am J Hum Genet. 2020;106:26-40. 

84. Alghamdi M, Al Khalifah R, Al Homyani DK, et al. A Novel TBX1 Variant 

Causing Hypoparathyroidism and Deafness. J Endocr Soc. 2020;4:bvz028. 



 36 

85. Villanueva MP, Aiyer AR, Muller S, et al. Genetic and comparative mapping of 

genes dysregulated in mouse hearts lacking the Hand2 transcription factor 

gene. Genomics. 2002;80:593-600. 

86. Kisand K, Peterson P. Autoimmune polyendocrinopathy candidiasis ectodermal 

dystrophy. J Clin Immunol. 2015;35:463-478. 

87. Constantine GM, Lionakis MS. Lessons from primary immunodeficiencies: 

Autoimmune regulator and autoimmune polyendocrinopathy-candidiasis-

ectodermal dystrophy. Immunol Rev. 2019;287:103-120. 

88. Oftedal BE, Hellesen A, Erichsen MM, et al. Dominant Mutations in the 

Autoimmune Regulator AIRE Are Associated with Common Organ-Specific 

Autoimmune Diseases. Immunity. 2015;42:1185-1196. 

89. Al-Gadi IS, Haas RH, Falk MJ, Goldstein A, McCormack SE. Endocrine 

Disorders in Primary Mitochondrial Disease. J Endocr Soc. 2018;2:361-373. 

90. El-Hattab AW, Adesina AM, Jones J, Scaglia F. MELAS syndrome: Clinical 

manifestations, pathogenesis, and treatment options. Mol Genet Metab. 

2015;116:4-12. 

91. Bowl MR, Mirczuk SM, Grigorieva IV, et al. Identification and characterization 

of novel parathyroid-specific transcription factor Glial Cells Missing Homolog B 

(GCMB) mutations in eight families with autosomal recessive 

hypoparathyroidism. Hum Mol Genet. 2010;19:2028-2038. 

92. Mannstadt M, Bertrand G, Muresan M, et al. Dominant-negative GCMB 

mutations cause an autosomal dominant form of hypoparathyroidism. J Clin 

Endocrinol Metab. 2008;93:3568-3576. 

93. Gild ML, Bullock M, Luxford C, Field M, Clifton-Bligh RJ. Congenital 

Hypoparathyroidism Associated With Elevated Circulating Nonfunctional 



 37 

Parathyroid Hormone Due to Novel PTH Mutation. J Clin Endocrinol Metab. 

2020;105. 

94. Lee S, Mannstadt M, Guo J, et al. A Homozygous [Cys25]PTH(1-84) Mutation 

That Impairs PTH/PTHrP Receptor Activation Defines a Novel Form of 

Hypoparathyroidism. J Bone Miner Res. 2015;30:1803-1813. 

95. Lee JH, Davaatseren M, Lee S. Rare PTH Gene Mutations Causing Parathyroid 

Disorders: A Review. Endocrinol Metab (Seoul). 2020;35:64-70. 

96. Bowl MR, Nesbit MA, Harding B, et al. An interstitial deletion-insertion involving 

chromosomes 2p25.3 and Xq27.1, near SOX3, causes X-linked recessive 

hypoparathyroidism. J Clin Invest. 2005;115:2822-2831. 

97. Gorvin CM, Stokes VJ, Boon H, et al. Activating Mutations of the G-protein 

Subunit alpha 11 Interdomain Interface Cause Autosomal Dominant 

Hypocalcemia Type 2. J Clin Endocrinol Metab. 2020;105. 

98. Hannan FM, Olesen MK, Thakker RV. Calcimimetic and calcilytic therapies for 

inherited disorders of the calcium-sensing receptor signalling pathway. Br J 

Pharmacol. 2018;175:4083-4094. 

99. Raue F, Pichl J, Dorr HG, et al. Activating mutations in the calcium-sensing 

receptor: genetic and clinical spectrum in 25 patients with autosomal dominant 

hypocalcaemia - a German survey. Clin Endocrinol (Oxf). 2011;75:760-765. 

100. Sastre A, Valentino K, Hannan FM, et al. PTH Infusion for Seizures in 

Autosomal Dominant Hypocalcemia Type 1. N Engl J Med. 2021;385:189-191. 

101. Hawkes CP, Shulman DI, Levine MA. Recombinant human parathyroid 

hormone (1-84) is effective in CASR-associated hypoparathyroidism. Eur J 

Endocrinol. 2020;183:K13-K21. 



 38 

102. Hannan FM, Gorvin CM, Babinsky VN, et al. Calcilytic NPSP795 Increases 

Plasma Calcium and PTH in an Autosomal Dominant Hypocalcemia Type 1 

Mouse Model. JBMR Plus. 2020;4:e10402. 

103. Roberts MS, Gafni RI, Brillante B, et al. Treatment of Autosomal Dominant 

Hypocalcemia Type 1 With the Calcilytic NPSP795 (SHP635). J Bone Miner 

Res. 2019;34:1609-1618. 

104. Gafni RI, Hartley IR, Roszko KL, et al. The Effects of Encaleret (CLTX-305) on 

Mineral Physiology in Autosomal Dominant Hypocalcemia Type 1 (ADH1) 

Demonstrate Proof-of-Concept: Early Results From an Ongoing Phase 2b, 

Open-Label, Dose-Ranging Study. J Endocr Soc. 2021;5:A269. 

105. Pereda A, Elli FM, Thiele S, et al. Inactivating PTH/PTHrP signaling disorders 

(iPPSDs): evaluation of the new classification in a multicenter large series of 

544 molecularly characterized patients. Eur J Endocrinol. 2021;184:311-320. 

106. Underbjerg L, Sikjaer T, Mosekilde L, Rejnmark L. Pseudohypoparathyroidism 

- epidemiology, mortality and risk of complications. Clin Endocrinol (Oxf). 

2016;84:904-911. 

107. Juppner H. Molecular Definition of Pseudohypoparathyroidism Variants. J Clin 

Endocrinol Metab. 2021;106:1541-1552. 

108. Lemos MC, Thakker RV. GNAS mutations in Pseudohypoparathyroidism type 

1a and related disorders. Hum Mutat. 2015;36:11-19. 

109. Richards S, Aziz N, Bale S, 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. 



 39 

110. Seabrook AJ, Harris JE, Velosa SB, et al. Multiple Endocrine Tumors 

Associated with Germline MAX Mutations: Multiple Endocrine Neoplasia Type 

5? J Clin Endocrinol Metab. 2021;106:1163-1182. 

111. Romanet P, Odou MF, North MO, et al. Proposition of adjustments to the 

ACMG-AMP framework for the interpretation of MEN1 missense variants. Hum 

Mutat. 2019;40:661-674. 

 



 40 

Table 1. Examples of Monogenic Disorders of Bone Metabolism Not Typically Associated with Abnormal Calcium Homeostasis 
 

Hereditary Metabolic Bone Diseasea Estimated  

Prevalence 

Gene Chrom. Pos Inherit. Variant type Genetic testing strategy 

Disorders of Bone and Jointa 
      

Osteogenesis Imperfectab 
      

Osteogenesis Imperfecta (OI) Types I-IV ~1/15-20,000 COL1A1 17q21.33 AD (Mos)c LOF, ms Single Gene/Gene Panel 

  COL1A2 7q21.3 AD (Mos)c LOF, ms, del Single Gene/Gene Panel 

Osteogenesis Imperfecta (OI) Type VII Rare (<1/million) CRTAP 3p22.3 AR LOF Single Gene/Gene Panel 

Osteogenesis Imperfecta (OI) Type VIII Rare (<1/million) P3H1 1p34.2 AR LOF Single Gene/Gene Panel 

Osteogenesis Imperfecta (OI) Type XV Rare (<1/million) WNT1 12q13.12 AR LOF Single Gene/Gene Panel 

Disorders characterised by Epiphyseal, Metaphyseal or Chondro-dysplasia 
     

Multiple Epiphyseal Dysplasia (MED) Types 1d ~ 1/10,000 COMP 19p13.11 AD ms, del Gene Panel 

Multiple Epiphyseal Dysplasia (MED) Type 4d ~1/10,000 SLC26A2 5q32 AR LOF, ms Single Gene/Gene Panel 

Jansen Type Metaphyseal Chondrodysplasia Rare PTH1R 3p21.31 AD ms Single Gene/Gene Panel 

Blomstrand Type Chondrodysplasia Rare PTH1R 3p21.31 AR LOF, ms Single Gene/Gene Panel 

Stickler Syndrome type 1 ~ 1/7,500 COL2A1 12q13.11 AD LOF Single Gene/Gene Panel 

Stickler Syndrome type 2 ~1/80,000 COL11A1 1p21.1 AD ms, del Single Gene/Gene Panel 

Spondylo-epiphyseal dysplasia tarda, X-linked ~1/150,000 TRAPPC2 (SEDL) Xp22.2 XLR LOF, del Single Gene/Gene Panel 

Disorders with Increased BMD/Sclerosis 
      

Autosomal dominant osteopetrosis/osteosclerosis  Unknown LRP5 11q13.2 AD ms Single Gene/Gene Panel 

‘High bone mass’ (Worth-type endosteal hyperostosis) Rare (<1/million) LRP5 11q13.2 AD ms Single Gene/Gene Panel 

Sclerosteosis type 1 Rare  SOST 17q21.31 AR LOF Single Gene/Gene Panel 

van Buchem disease Rare  SOST 17q21.31 AR del Single Gene/Gene Panel 

Pyle disease Rare SFRP4 7p14.1 AR LOF, del Single Gene/Gene Panel 

Juvenile Paget disease Rare TNFRSF11B 8q24.12 AR LOF, ms, del Single Gene/Gene Panel 

Disorders with Reduced BMD/Osteolysis 
      

Osteoporosis-Pseudoglioma syndrome ~1/2,000,000 LRP5 11q13.2 AR LOF, ms Single Gene/Gene Panel 

Early-onset osteoporosis Unknown WNT1 12q13.12 AD ms Single Gene/Gene Panel 

Familial expansile osteolysis Rare TNFRSF11A 18q21.33 AD dup Del/dup analysis 

Mineralisation/Vitamin D and Renal Disorders       

Autosomal Dominant Hypophosphataemic Rickets ~ 1/20,000 FGF23 12p13.32 AD ms Single Gene/Gene Panel 

X-linked Hypophosphataemic Rickets ~1/20,000 PHEX Xp22.11 XLD LOF, ms Single Gene/Gene Panel 
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Autosomal Recessive Hypophosphataemic Rickets Type 1 Rare DMP1 4q22.1 AR LOF Single Gene/Gene Panel 

Autosomal Recessive Hypophosphataemic Rickets Type 2 Rare ENPP1 6q23.2 AR LOF, ms Single Gene/Gene Panel 

Vitamin D-dependent rickets, Type 1 <1/200,000 CYP27B1 12q14.1 AR LOF, ms Single Gene/Gene Panel 

Vitamin D-dependent rickets, Type 2 <1/200/000 VDR 12q13.11 AR LOF, ms Single Gene/Gene Panel 

Dent disease type 1 Rare CLCN5 Xp11.23 XLR LOF, ms Single Gene/Gene Panel 

Dent disease type 2 Rare OCRL Xq26.1 XLR LOF, ms Single Gene/Gene Panel 

Endocrine Neoplasia Disorders       

Neurofibromatosis type 1 (NF1) ~ 1/3,000 NF1 17q11.2 AD (Mos)c LOF, ms, del,  Single Gene/Gene Panel 

Carney Complex Rare PRKAR1A 17q24.2 AD LOF, ms, del Single Gene/Gene 
Panel/aCGH 

McCune-Albright Syndrome (MAS)/Polyostotic fibrous 
dysplasia 

1/100,000-1/million GNAS 20q13.32 PZ Som ms (PZ som) Single Gene/Gene Panel 

a There is a great diversity of genetic skeletal disorders; a 2019 classification included 469 different conditions divided into 42 different groups, describing variants in 437 different genes.110  
b Osteogenesis imperfecta (OI) is a genetically heterogeneous disorder with a large number of subtypes (i.e. Types I – XVIII). OI Types I-V are inherited in an autosomal dominant manner, whilst OI 
Types VI-XVIII have autosomal recessive inheritance. OI due to mutations in COL1A1 and COL1A2 account for >90% of cases.   
c Some autosomal disorders may occur in the context of mosaicism, either arising as post-zygotic somatic mosaicism in foetal development or as germline mosaicism in an apparently unaffected parent.  
d The Multiple Epiphyseal Dysplasias are a genetically heterogeneous group of disorders characterised by abnormal development of the epiphyses of the appendicular skeleton. At least 10 different 
disorders are described with either autosomal dominant or recessive patterns of inheritance (MED types 1 and 4, shown above). 
Loss of function (LOF) variants include nonsense mutations (i.e., resulting from a SNV introducing a premature stop codon), small insertions or deletions (indels) typically resulting in frameshift 
alterations, and those affected canonical splice sites resulting in aberrant transcript processing. 
Abbreviations: aCGH, array comparative genomic hybridisation; chrom; chromosome del-ins; del, deletion (whole or partial gene deletion); LOF, loss of function; ms, missense; PZ som, post-zygotic 
somatic mosaicism. 
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Table 2. Syndromic and Non-Syndromic Monogenic Disorders Associated with Hereditary Hypercalcaemia/PHPT 
 Estimated 

prevalence  
Gene Chrom. Pos Inherit. Variant type Genetic testing strategy 

Syndromic Forms of PHPT      

Multiple Endocrine Neoplasia Type 1 (MEN1) ~1/30,000 MEN1 11q13.1 AD ms, LOF, delb Single Gene/Gene Panel (MLPA) 

Multiple Endocrine Neoplasia Type 2A (MEN2A) ~1/35,000 RET 10q11.21 AD ms Single Gene/Gene Panel 

Multiple Endocrine Neoplasia Type 4 (MEN4) Rare (<1/million) CDKN1Ba 12p13.1 AD ms, LOF Single Gene/Gene Panel 

Hyperparathyroidism Jaw Tumor (HPT-JT) Syndrome  Rare (<1/million) CDC73 1q31.2 AD ms, LOF, delb Single Gene/Gene Panel (MLPA) 

Non-Syndromic Forms of PHPT including FHH      

Familial Isolated Hyperparathyroidism (FIHP) Uncertain GCM2c 6p24.2 AD ms, Single Gene/Gene Panel 

 - (MEN1c) 11q13.1 AD ms, LOF Single Gene/Gene Panel (MLPA) 

 - (CDC73c) 1q31.2 AD ms, LOF Single Gene/Gene Panel (MLPA) 

 - (CASRc) 3q13.33‐q21.1 AD ms, LOF Single Gene/Gene Panel 

Familial Hypocalciuric Hypercalcemia Type 1 (FHH1) ~1/1-5,000 CASR 3q13.33‐q21.1 AD ms, LOF Single Gene/Gene Panel 

Familial Hypocalciuric Hypercalcemia Type 2 (FHH2) Rare GNA11 19p13.3 AD ms, (if-del) Single Gene/Gene Panel 

Familial Hypocalciuric Hypercalcemia Type 3 (FHH3) ~1/13,000 AP2S1 19q13.32 AD ms (Arg15) Single Gene/Gene Panel 

Neonatal Severe Hyperparathyroidism (NSHPT) Rare CASR 3q13.33‐q21.1 AR/AD ms, LOF Single Gene/Gene Panel 

Miscellaneous Conditions Associated with Hypercalcaemia      

Infantile Hypercalcaemia type 1 rare CYP24A1 20q13.2 AR LOF Single gene/Gene Panel 

Infantile Hypercalcaemia type 2 rare SLC34A1 5q35.3 AR LOF Single gene/Gene Panel 

Hypophosphatasia ~1/100,000 TNSALP 1p36.12 AR (AD) ms, LOF Single gene/Gene Panel 

Williams-Bueren Syndrome ~1/10,000 7q11.23 
microdeletion 

7q11.23 de novo, 
AD 

1.5-1.8Mb 
deletion 

aCGH 

Jansen metaphyseal chondrodysplasia (MC) rare PTH1R 3p21.31 AD ms Single gene/Gene Panel 

a In addition to the association with MEN4, germline variants in CDKN1B as well as other cyclin-dependent kinase inhibitor genes (e.g., CDKN1A, CDKN2B, CDKN2C) have been reported in apparently 

sporadic parathyroid adenomas in the absence of a relevant family history such that their role as predisposition genes for hereditary PHPT remains uncertain. 
b Several monogenic disorders may result from partial or whole gene deletions, which may not be detected by single‐gene or gene‐panel testing and may require alternate methods for detection (e.g. 
MLPA or aCGH), although some NGS platforms have the capability to detect these abnormalities. Loss of function (LOF) variants include nonsense mutations (i.e., resulting from a SNV introducing a 
premature stop codon), small insertions or deletions (indels) typically resulting in frameshift alterations, and those affected canonical splice sites resulting in aberrant transcript processing.  
c FIHP represent a heterogeneous disorder whose incidence is uncertain. Approximately 15-20% of FIHP kindreds are reported to harbour GCM2 mutations, although these variants are reported to be 

associated with low disease penetrance.  Kindreds with FIHP have also been identified to harbour MEN1 and CDC73 mutations but distinguishing FIHP from the wider PHPT clinical syndromes is 
difficult as PHPT is frequently the first manifestation of disease, and for practical purposes such kindreds should be followed up as per the guidelines for MEN1 and HPT-JT, respectively. Although a 
small number of kindreds with apparent FIHP have been reported with heterozygous or homozygous inactivating CASR mutations, most individuals/kindreds with inactivating CASR mutations will have a 
biochemical phenotype consistent with FHH, which is not improved with parathyroid surgery.  
Abbreviations: aCGH, array comparative genomic hybridization; AD, autosomal dominant; AR, autosomal recessive; chrom pos; chromosomal position; del, deletion; if-del, in-frame deletion; ms, 
missense; LOF, loss of function 
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Table 3. Syndromic and Non-Syndromic Monogenic Disorders Associated with Hypocalcaemia/HP 

 Estimated 
prevalence 

Gene(s) / 
location 

Chrom. Pos Inherit. Variant type Genetic testing strategy 

Non-syndromic Monogenic Hypocalcaemic disorders       

Isolated hypoparathyroidism Rare (<1/million) PTH 11p15.3 AR/AD ms, LOF Single Gene/Gene Panel 

Isolated Hypoparathyroidism Unknowna GCM2 6p24.2 AR LOF, ms Single Gene/Gene Panel 

Isolated Hypoparathyroidism Rare (<1/million) Del/Ins (SOX3) Xq26-27 XLR chrom. del/ins aCGH/other 

Autosomal Dominant Hypocalcaemia Type 1 (ADH1) ~1/25,000 CASR 3q13.33‐q21.1 AD ms Single Gene/Gene Panel 

Autosomal Dominant Hypocalcaemia Type 1 (ADH2) Rare GNA11 19p13.3 AD ms Single Gene/Gene Panel 

Syndromic Hypoparathyroid disorders        

DiGeorge Syndrome Type 1 (DGS1) ~1/4,000 TBX1 22q11.21 AD del aCGH 

DiGeorge Syndrome type 2 (DGS2) Rare (<1/million) NEBL 10p13-14 AD del aCGH 

bCHARGE ~1/10,000 CHD7 8q12.2 AD LOF, ms Single Gene/Gene Panel 

Autoimmune Polyendocrine Syndrome type 1 (APS1) ~1/100,000 AIRE 21q22.3 AR LOF, ms, del Single Gene/Gene Panel/Del-dup 

Hypoparathyroidism Deafness, Renal dysplasia (HDR) Rare (<1/million) GATA3 10p14 AD LOF, ms Single Gene/Gene Panel 

bKearns-Sayre Syndrome ~1/100,000 Mit. gene NA MIT del Mit. Del/dup analysis 

bMELAS  ~1/5,000 MT-TL1 + others Mit. tRNA MIT del, LOF Single Gene / Mit. Gene Panel 

bMitochondrial trifunctional protein (MTP) deficiency ~1/100,000 HADHB  2p23 AR ms, del, dup Biochemical/single gene testingc 

Kenny-Caffey Type 1, Sanjad-Sakati syndrome Rared TBCE 1q42.3 AR LOF, ms Single Gene/Gene Panel 

Kenny-Caffey Type 2 Rare (~1/million) FAM111A 11q12.1 AD LOF, ms Single Gene/Gene Panel 

Pseudohypoparathyroidism (PHP)       

Pseudohypoparathyroidism Type 1a (PHP1A) / Albright’s 
Hereditary Osteodystrophy (AHO) 

~1/100,000 GNAS 20q13.3 AD (IMP)e LOF, ms, del, Del-dup/single gene/MS-MLPA 

Pseudopseudohypoparathyroidism (PPHP) ~1/100,000 GNAS 20q13.3 AD (IMP)e LOF, ms, del Del-dup/single gene/MS-MLPA 

Pseudohypoparathyroidism Type 1b (PHP1B) ~1/150,000 GNAS, STX16, 
NESP55 

20q13.3 AD (IMP)e meth/del Del/dup/MS-MLPA 

a The incidence of isolated familial hypoparathyroidism due to GCM2 mutations is unknown, but is reported to be the most common autosomal inherited cause of HP 
b HP is a rare or occasional feature in these disorders. 
c MTP deficiency is typically diagnosed on biochemical testing in the neonatal period but confirmatory genetic testing may be undertaken.  
d Although Kenny-Caffey type 1 is rare, the associated Sanjad-Sakati syndrome is reported to be more common in Middle Eastern populations (prevalence ~1/10-50,000).   
e The GNAS gene occurs within a complex imprinted locus. Maternally inherited heterozygous inactivating GNAS mutations are associated with PHP1A/AHO, whilst the equivalent paternally inherited 

variants are associated with PPHP. PHP1B is associated with methylation defects of the GNAS locus most commonly due to a maternally inherited deletions within the linked STX16 gene, but also 
resulting from deletions involving NESP55 or the NESP antisense (NESPAS) transcript 
Loss of function (LOF) variants include nonsense mutations (i.e., resulting from a SNV introducing a premature stop codon), small insertions or deletions (indels) typically resulting in frameshift 
alterations, and those affected canonical splice sites resulting in aberrant transcript processing. Abbreviations: aCGH, array comparative genomic hybridization; AD, autosomal dominant; AR, autosomal 
recessive; chrom del-ins, chromosomal deletion-insertion; del, deletion; del-dup, deletion or duplication; IMP, imprinted locus; LOF, loss of function; MIT/mit, mitochondrial; ms, missense,; MS-MLPA, 
methylation-specific multiplex ligation-dependent probe amplification; meth, methylation defect; XLR, X-linked recessive. 
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Figure Legends 

Figure 1: Schematic highlighting molecular components associated with 

monogenic disorders of calcium and bone metabolism. Alterations in extracellular 

calcium are detected by the calcium-sensing receptor (CaSR), which is expressed in 

parathyroid, kidney and bone cells. The CaSR signals via the Gq/11 proteins to stimulate 

phospholipase C (PLC), which catalyses the hydrolysis of phosphoinositide (PIP2) to 

inositol triphosphate (IP3), thereby increasing intracellular calcium (Ca2+
i), and 

diacylglycerol (DAG). Expression of CaSR is also regulated by the AP2 adaptor complex 

(AP2) which is involved in clathrin-mediated endocytosis. In parathyroid cells, CaSR 

activation decreases PTH secretion. Parathyroid gland development and function are 

regulated by genes encoding: transcription factors (e.g., GCM2, GATA3, TBX1), 

members of epigenetic regulatory complexes (e.g., MEN1, CDC73), and mitochondrial 

and cytoskeletal proteins. Parathyroid cells express other receptors (e.g., RET) that may 

influence their proliferation/behaviour.  The PTH1 receptor is abundantly expressed in 

kidney and bone where it regulates calcium and phosphate homeostasis. Binding of PTH 

to the PTH1 receptor results in activation of two second messenger pathways: Gs-

dependent cAMP/Protein Kinase A (PKA) and Gq/11-dependent IP3/Protein Kinase C 

(PKC). The generation of cAMP results in binding to the PKA regulatory subunits (R) and 

release of catalytic subunits (C), facilitating serine-threonine phosphorylation of 

downstream target proteins. cAMP levels are also regulated by degradation, mediated by 

phosphodiesterase enzymes (e.g., PDE4D). Renal phosphate homeostasis is 

predominantly regulated in the proximal renal tubule by two apically expressed Na/Pi co-

transporters. Activation of the PTH1 receptor and FGF receptor inhibit phosphate 

reabsorption. In the latter setting, the ligand FGF23, whose expression is regulated by 

the endopeptidase PHEX, binds to the FGF receptor in the presence of the membrane 

bound klotho (K) co-receptor, to activate MAPK and downstream phosphorylation of the 
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Na+-H+ exchanger regulatory factor 1 (NHERF1) and internalization of the NPT2a and 

NPT2c proteins.  Mutations in several genes involved in parathyroid gland development 

and function, and/or those involved in the activities of PTH-dependent target tissues (e.g., 

kidney, bone) are associated with monogenic disorders of calcium and bone metabolism. 

In this schematic, disorders manifesting HP/hypocalcaemia are highlighted in bold red 

font to the right of the figure, those associated with PHPT/hypercalcaemia are shown in 

bold blue font to the left of the figure, whilst relevant disorders of bone/mineral metabolism 

not typically associated with hypo- or hypercalcaemia calcium are shown in italic green 

font (both sides of schematic). Additional details of each of these disorders is provided in 

Tables 1-3.  

 

  



 46 

Figure 2: Clinical approach to establishing a genetic diagnosis in patients with 

PHPT/FHH  

A monogenic aetiology should be considered in all patients presenting with the 

biochemical phenotype of PHPT and/or FHH. Identifying patients in whom genetic testing 

is appropriate is dependent on a thorough clinical evaluation, including acquisition of 

relevant past medical history and family history. Specific features identified during 

investigation or treatment may suggest a genetic aetiology (e.g., multi-gland parathyroid 

hyperplasia, atypical parathyroid adenoma or parathyroid carcinoma). Specific 

indications for testing and the strategy employed for genetic testing (i.e., single gene 

testing vs disease-targeted gene panel) will depend on the clinical presentation and on 

local and national protocols. In most settings, disease-targeted gene panels are 

employed and given the overlap in biochemical phenotypes, simultaneous/combined 

evaluation of PHPT and FHH genes may be appropriate.  Multiplex ligation-dependent 

probe amplification (MLPA) and/or copy number analysis should be considered for genes 

in which whole or partial gene deletions may result in disease (e.g., MEN1, CDC73). The 

interpretation of genetic variants should follow standardized processes (i.e., adhering to 

ACMG guidelines) classifying variants into one of five classes: pathogenic, likely 

pathogenic, benign, likely benign or variant of uncertain significance (VUS). However, 

this molecular classification does not equate to a clinical diagnosis and the test result 

should be incorporated into the overall clinical assessment of the patient, thereby 

achieving a ‘clinical-genetic’ diagnosis. Adjustment to ACMG guidance has been 

proposed for specific disorders (e.g., MEN1) to improve diagnostic accuracy.111 When 

there is uncertainty over the clinical-genetic diagnosis, discussion with the genetics team 

should aim to determine whether additional support for a particular diagnosis can be 

established. Likewise, if the clinical phenotype strongly points to a particular genetic 

diagnosis, but initial genetic testing does not reveal a causative mutation, it may be 
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appropriate to consider alternate testing strategies/platforms. When molecular 

classification identifies a VUS, additional evidence to support a more categorical 

classification should be sought where possible (e.g., testing of further affected family 

members, additional in vitro/in silico functional analysis). It should be noted that variant 

classification may change over time such that periodic re-evaluation of variants is 

recommended. Where likely pathogenic/pathogenic variants associated are identified, 

predictive genetic testing of ‘at-risk’ family members is usually recommended (under the 

remit of the clinical genetics team with appropriate genetic counselling). Abbreviations: 

CNV, copy number variant; FDRs, first-degree relatives; MLPA, multiplex ligation-

dependent probe amplification 
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Figure 3: Clinical approach to establishing a genetic diagnosis in patients with 

Hypoparathyroidism (HP) 

The initial evaluation of patients with biochemical evidence of HP should aim to establish 

if there is an acquired cause. Once such causes have been excluded the likelihood of a 

genetic cause will be determined by age of onset, relevant family history, and clinical 

features associated with syndromic/monogenic forms of HP. The genetic testing strategy 

is determined by the clinical phenotype and divided according to whether a syndromic or 

non-syndromic cause is suspected. For the syndromic HP causes, genetic testing is 

targeted to the specific disorder (e.g., aCGH for DGS type 1 to detect a 22q11.2 deletion). 

For non-syndromic causes, which include isolated HP and ADH types 1 and 2, a disease 

targeted gene panel may be appropriate (i.e., including CASR, GNA11, PTH, and GCMB 

genes). Alternate methods may be required in instances where the genetic aetiology 

remains unclear (e.g., detection of an Xq26-27 deletion). The genetic confirmation of 

syndromic HP should facilitate investigation and management of any associated clinical 

features in the patient and establish whether genetic testing of other family members is 

indicated. Likewise, establishing a genetic diagnosis of isolated HP or ADH type 1 or 2 

not only allows appropriate management of the condition but facilitates cascade testing 

of first-degree relatives (FDRs). * in patients with pseudohypoparathyroidism, the plasma 

PTH is elevated. 

  



 49 

Figure 1 

 

  



 50 

Figure 2 
 

 
 



 51 

Figure 3 
 

 


