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Around 10% of cases of primary hyperparathyroidism are thought to be genetic in origin, some of which are
part of a syndromic form such as multiple endocrine neoplasia types 1, 2A or 4 or hyperparathyroidism-
jaw tumor syndrome, while the remainder are cases of isolated familial primary hyperparathyroidism.
Recognition of these genetic forms is important to ensure appropriate management according to the
gene and type of variant involved, but screening for a genetic cause is not justified in all patients pre-
senting primary hyperparathyroidism. The indications for genetic analysis have made it possible to
propose a decision tree that takes into account whether the presentation is familial or sporadic, syndro-
mic or isolated, patient age, and histopathological type of parathyroid lesion. Thus, the first consensus
recommendation is to propose genetic screening to any patient with a familial form of primary hyper-
parathyroidism (>2 1st or 2nd degree relatives) or in syndromic presentation or a sporadic isolated
presentation if the patient is under 50 years of age, or over 50 with a recurrent or multi-glandular form,
carcinoma, atypical parathyroid tumor and/or loss of parafibromin expression. The panel of genes cur-
rently recommended for first-line treatment comprises MEN1, CDKN1B, CDC73, CASR, GNA11, AP251 and
GCM2. Other genes may also be involved in familial primary hyperparathyroidism, but in a much more
rarely and less consistently. The second recommendation is to propose genetic screening, up to and
including whole-genome sequencing in the event of inconclusive panel analysis, to patients with proven
familial primary hyperparathyroidism and/or pediatric onset. The role of the genetic practitioner is to
interpret the sequencing data by categorizing the variants into 5 classes of pathogenicity. The aim of
genetic analysis is to identify the genetic variant involved in the patient’s phenotype, in order to make or
refute a diagnosis of hereditary primary hyperparathyroidism, and to adapt management and monitoring.

Appropriate genetic counseling should then be provided for patient and family.
© 2025 Les Auteurs. Publié par Elsevier Masson SAS. Cet article est publié en Open Access sous licence
CC BY (http://creativecommons.org/licenses/by/4.0/).

1. Introduction: genetic forms of primary
hyperparathyroidism

Genetic causes of hyperparathyroidism account for up to 10%
of cases of primary hyperparathyroidism (PHPT) encountered in
routine practice [1], and are classified into:
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e syndromic forms: multiple endocrine neoplasia type 1 (MEN1),
type 2A (MEN2A), type 4 (MEN4) and hyperparathyroidism-jaw
tumor (HPT-JT) syndrome;

e isolated forms: isolated familial hyperparathyroidism, severe
neonatal primary hyperparathyroidism.

These forms must be differentiated from familial
hypercalcemia-hypocalciuria (FHH) and, exceptionally, from
transient neonatal HPT.

0003-4266/© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Decision tree: indications of genetic analysis. HPT: hyperparathyroidism; VHS: very high sequencing tumor board.

2. Indications for genetic analysis

The majority of patients with hyperparathyroidism do not
require genetic analysis. However, screening for genetic forms is
useful not only for identifying affected relatives, but also for the
index case itself. Management of patients with familial HPT differs
from that of patients with sporadic HPT, and involves screening
for associated lesions in the case of a genetic variant involved in a
syndromic form.

Few studies have accurately assessed the cost-effectiveness of
genetic analysis in an unselected population. In agreement with the
French Association of Practitioners of Molecular Genetics (ANPGM),
screening for a genetic form of PHPT may be recommended in the
following cases (Fig. 1):

e personal and/or family history compatible with an existing syn-
drome (MEN1, MEN2A, MEN4, HPT-JT). Table 1 summarizes other
manifestations that may be associated with syndromic presen-
tations. In particular, patients and relatives should be screened
for other endocrinopathies (medullary thyroid cancer, pituitary
adenoma, duodeno-pancreatic neuroendocrine tumor, etc.) and
lesions associated with the HPT-JT spectrum (jaw tumor, uterine
tumor);

e family history compatible with isolated HPT (>2 1st or 2nd
degree relatives with PHPT);

e jsolated case in a young subject. The age threshold is debated.
The 5th International Workshop on HPT set the threshold at 30
or even 35 years of age [1,2]. In a study of 86 patients (age <45)
with isolated presentation, the results of genetic testing showed
sequence variations in the predisposing genes in 8 subjects: 4
concerned the MEN1 gene, 3 the CASR gene and 1 the CDC73
gene [3]. The ANPGM and the Endocrine Tumor Group (GTE)
recommendations concerning MEN1 recommend screening for
all subjects with isolated PTH under 50 years of age [4].In aretros-
pective analysis of a French series of 1258 patients, the mean age
at genetic diagnosis for patients with a CDC73 or AP2S1 mutation
was less than 30 years; it was 46 years for MEN1 and over 50

years for CASR and GCM2, the latter being most often responsible
for single adenoma-type presentations [5].

If the NGS (next-generation sequencing) panel including
the known genes predisposing to hypercalcemia has been
implemented (cf. Recommendation 1 below) and is considered
non-contributory, and it is a familial form and/or with pediatric
onset, then it should be discussed in the Plan France Médecine
Génomique (PFMG) tumor board for whole-genome (WGS) very
high-throughput sequencing (VHS) of a trio that usually includes
the patient and his or her parents, wherever possible (see Recom-
mendation no. 2). The prescriber informs the patient and family
in advance of the possibility of sequencing, and must obtain their
agreement for sampling and genetic analysis before presenting the
file to the tumor board.

Phenotypically, certain presentations are more frequently asso-
ciated with genetic forms:

e recurrent disease [6];

e multi-glandular involvement, including synchronous or meta-
chronous parathyroid adenoma. Multi-glandular parathyroid
involvement is frequently found in MEN1 and FHH;

parathyroid carcinoma, suggestive of CDC73 gene variant. There
is no definite threshold for hypercalcemia, but parathyroid carci-
noma is usually associated with severe hypercalcemia and very
high parathyroid hormone concentration (>500pg/mL) [7,8].
Similarly, atypical parathyroid tumors or those with loss of parafi-
bromin expression warrant screening for a constitutional variant
of CDC73;

hypercalcemia with low calciuria, suggestive of FHH. This diffe-
rential diagnosis is described in Section 4 “Differential diagnosis”.

In some forms of PHPT in which a genetic cause is suspected,
molecular study may include a certain degree of emergency, espe-
cially in pregnant women or in case of severe hypercalcemia poorly
responding to treatment, since genetic results may influence the
type of surgery.
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Table 1
Specificity of genes involved in primary hyperparathyroidism.
Pathology Gene Genetic mechanism HPT features Other possible Recommended
manifestations screening age
Genes associated with
syndromic presentations
MEN1 MEN1 Tumor suppressor (AD) Found in ~90% of MEN1 Pancreatic NET (~60%), From age 5
patients pituitary adenoma
Multi-glandular HPT: (~30-40%), adrenal NET,
hyperplasia/adenoma thymic NET, bronchial NET,
etc.
MEN2A RET Proto-oncogene (AD) Found in ~20% of MEN2A Medullary thyroid Between 0 and 5 years
patients carcinoma (~90-95%), depending on variant
PTH with adenoma/hyperplasia pheochromocytoma
(~50%)
MEN4 CDKN1B Tumor suppressor (AD) Multi-glandular HPT: adenoma Pituitary adenoma, other Adolescence?
with or without hyperplasia MEN1-like NETs
HPT-JT CDC73 (ex-HRPT2)  Tumor suppressor (AD) Found in 80-90% of HPT-]JT Maxillo-mandibular tumor From age 5

patients

PHPT with single or multiple
glandular involvement
Increased predisposition to
carcinoma

(~30%), kidney lesions,
uterine lesions

Genes associated with
isolated presentations

FHH type 1 CASR Calcium-sensing or signal ~ Permanent elevation of If homozygous or Possible from birth. To
transduction abnormalities calcium with FeCa <2% compound heterozygous be adapted to context
(AD; AR) suggestive form: severe neonatal HPT
Hyperplasia with severe osteoporosis,
growth retardation
FHH type 2 GNAIT1 Abnormal calcium-sensing
or signal transduction (AD)
FHH type 3 AP2S1 Abnormal calcium-sensing Possible pancreatitis
or signal transduction (AD)
Isolated familial HPT GCM2 Proto-oncogene Frequently recurrent PHPT Five years before the

(gain-of-function) (AD)

age of diagnosis of the
index case

AD: autosomal dominant; AR: autosomal recessive; PHPT: primary hyperparathyroidism; NET: neuroendocrine tumor.

3. Genes involved

Genes studied in PHPT include those responsible for isolated
PHPT and those associated with syndromic presentations, which
may be incomplete. Depending on the patient’s and family’s history,
MENT1, CDKN1B, RET, CDC73, CASR, GNA11, AP2S1 and GCM2 genes
are investigated in first line, either targeted in case of syndromic
presentation, or as part of a panel in isolated presentation. Patho-
logies are autosomal dominant, with except for neonatal forms.
Newly described genes, such as CDKN1A, CDKN2B, CDKN2C and
PRUNE2, can be explored as second-line targets.

3.1. Genes associated with syndromic presentations

3.1.1. MENT1 gene

The MENT1 geneislocated at 11q13,is 10 kb in size and comprises
10 exons, 9 of which are coding [9]. It is a tumor suppressor gene
responding to Knudson’s tumorigenesis model [10,11]. It encodes
menin, a 610-amino-acid, predominantly nuclear protein. This pro-
tein has numerous functions, including transcriptional regulation
(differentiation, proliferation, cell cycle, apoptosis) and genome
stability (replication, repair). These functions are carried out in a
wide range of cell types (ubiquitous expression). This protein exerts
its anti-oncogenic role notably by preventing nuclear translocation
of 3-catenin, blocking the Wnt/[3-catenin signaling pathway [12].
To date, over 1300 sequence variants have been described at soma-
tic and/or germline level, distributed throughout the coding part,
with no real hot spots. According to the UMD-MENT1 database, the
variants can be broken down as follows: missense variants (39% of
cases), nonsense variants (9.2%), splice-site variants (9.2%), intronic
variants (7.5%), small rearrangements (small insertions/deletions:
33%)and large deletions (2.1%) [13]. Deleterious or probably delete-

rious variants are reported in 90-95% of familial cases and 30-45%
of sporadic presentations with the 3 major MEN1 disorders (para-
thyroid, pancreas, pituitary). Mosaic sequence variants in the MEN1
gene may account for some cases [14,15].

3.1.2. CDC73 gene

The CDC73 gene (homologous to yeast Cdc73), formerly named
HRPT2, is responsible for HPT-JT. It is located at 1q31.2 and com-
prises 17 exons, with the coding region spanning 1593 bp. It
encodes parafibromin, a 531-amino-acid protein. It is a tumor
suppressor gene according to the Knudson model [10,11]. Parafi-
bromin is a protein with a predominantly nuclear location (NLS
domain in the N-terminal region) and ubiquitous expression. It
acts as a transcriptional modulator of histone modifications, chro-
matin remodeling, initiation and elongation phases. It is part of a
protein complex (PAF1) that binds to RNA polymerase. Its role is
to modulate the Wnt and Notch intracellular signaling pathways,
contributing to the regulation of major cellular functions: prolifera-
tion, differentiation, apoptosis and survival. Sequence deleterious
variants of the CDC73 gene in HPT-JT syndrome (120 currently lis-
ted) are inactivating: small deletions (a few nucleotides), nonsense
or missense sequence variants, splice-site sequence variants, or
small insertions. Complete deletions of the gene, or of a few exons,
have also been reported [16].

3.1.3. RET gene

The RET proto-oncogene, responsible for MEN2 [17], is located
at 10q11 and encodes a receptor tyrosine kinase involved in the
development and survival of neural crest-derived cells. Type 2 MEN
results from variants in RET-activating sequences, essentially punc-
tual, affecting 8 of the gene’s 21 exons and leading to amino acid
changes either in the extracellular cysteine-rich domain (exons 5, 8,
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10and 11)orinthe intracytoplasmic tyrosine kinase domain (exons
13 to 16). Genotype-phenotype correlations have been reported.
In MEN2A, exon 11 followed by exon 10 are the most frequently
mutated, and in MEN2B, exon 16 followed by exon 15. In familial
medullary thyroid cancer (FMTC), sequence variants concern exons
10, 11, 13, 14, 15 and 8 in order of frequency [18]. In MEN2, PHPT
is only exceptionally present as an isolated disorder, and RET gene
analysis is not recommended in isolated PHPT.

3.1.4. CDKN1B gene

The CDKN1B gene is located in 12p13. It comprises 3 exons,
including 2 coding exons, and encodes the p27 proteinkiP! consis-
ting of 198 amino acids [19]. This protein is a cyclin-dependent
kinase inhibitor, negatively controlling the cell cycle and limiting
the G1-S transition. The promoter of this gene is normally activa-
ted by MENT1 in endocrine tissues to exert its tumor suppressor role
[20]. Deleterious sequence variants lead to uncontrolled cell cycle
progression. To date, some 30 CDKN1B variants have been identi-
fied as responsible for MEN4. PHPT and pituitary adenoma are the
most frequently associated lesions in MEN4 [21].

3.2. Genes associated with isolated presentations

3.2.1. CASR gene

The CASR gene is located at 3g21.1 and codes for the calcium-
sensitive receptor (CaSR), a G protein-coupled transmembrane
receptor comprising 1078 amino acids. There is a low-abundance
functional alternative transcript of 1088 amino acids. The gene
comprises 7 exons, with the coding region spanning 3234 bp. Inac-
tivating sequence variants of the CASR gene are responsible for
FHH type 1, while activating sequence variations are responsible
for autosomal dominant hypocalcemia type 1 [22,23].

To date, over 300 inactivating gene sequence variants have been
characterized and are responsible for autosomal dominant FHH
type 1, or autosomal recessive neonatal HPT.

3.2.2. GNA11 gene

The GNA11 gene is located at 19p13.3. and encodes the a-
subunit of the G protein;, one of the major G proteins activated by
the CaSR pathway [24]. To date, only a few inactivating sequence
variants have been described as responsible for type 2 FHH [23].

3.2.3. AP2S1 gene

The AP2S1 gene encodes the adaptor protein AP2 o-subunit,
involved in CaSR endocytosis [25]. Three recurrent sequence
variants, located on codon 15, which is the area of interaction
between the protein and CaSR at the dileucine motif, have been
implicated in type 3 FHH. Other sequence variants have more rarely
been implicated [26].

3.2.4. GCM2 gene

The GCM2 gene is located on chromosome 6 (locus 6p24.2) and
codes for the GCM2 transcription factor involved in parathyroid
gland development and maintenance of PTH secretion [27]. GCM2
inactivating sequence variants were initially described in associa-
tion with familial hypoparathyroidism. It was only in 2016 that
Guan et al. [28] identified activating sequence variants responsible
for PHPT. These are mainly located in a conserved C-terminal inhi-
bitory domain of the protein. Inheritance is autosomal dominant,
but penetrance is incomplete [29].

3.3. Complementary genes
The CDKN1A, CDKN2B and CDKN2C genes encode the p21, p15

and p18 proteins, respectively. These genes, located at 6p21.2
(10,821 bp), 9p21.3 (6461 bp) and 1p32.3 (13,893 bp), comprise 3,

Annales d’Endocrinologie 86 (2025) 101694

2 and 3 exons respectively, including 2 coding exons, and code for
proteins of 164, 138 and 168 amino acids. They belong to the cyclin-
dependent kinase inhibitor (CDKI) complex, and sequence variants,
leading to cyclin D1 activation, have been implicated in various
tumors, including parathyroid adenoma [30].

The PRAD1 gene, which encodes cyclin D1, and other genes
involved in cyclin D1 activation, such as CCND1, CTNNB1, EZH2 or
ZFX, could also be involved [30,31]. However, the involvement of
these genes is exceptional, and they are not systematically included
in diagnostic panels.

The PRUNE2 gene, located on chromosome 9 at position 9.q21.2,
is thought to be involved in cases of parathyroid carcinoma. This
tumor suppressor gene inhibits the activity of RhoA, a Ras A
homolog, by interfering with its protein binding. This reduces the
formation of stress fibers and the oncogenic transformation of
cells [32,33]. Sequence variants of this gene have been described
in prostate cancer, but also in ovarian and thyroid cancer. Soma-
tic sequence variants of PRUNE2 have been found in parathyroid
carcinoma, but also at germline level, associated with loss of hetero-
zygosity of the other allele in the parathyroid tumor. Nevertheless,
further studies are needed to determine whether this gene really
does play a role in the genetic predisposition to parathyroid carci-
noma.

The TRPV6 gene (transient receptor potential cation channel,
subfamily V, member 6) encodes a calcium channel expressed in
numerous tissues, notably the placenta and pancreas. It is loca-
ted at 7q34. Loss-of-function variants have been associated with
transient neonatal forms of autosomal recessive HPT [34]. The
phenotype includes prenatal skeletal dysplasia suggestive of muco-
polysaccharidosis, resulting from defective mineralization of the
fetal skeleton secondary to defective transplacental calcium trans-
port. Biology and bone phenotype appear to correct spontaneously
within 2 years of birth, without treatment. Heterozygous loss-of-
function variants have also been reported in chronic non-alcoholic
pancreatitis [35].

4. Interpretation of variants

The aim of genetic testing is to identify any genetic variant
involved in the patient’s phenotype, in order to make or refute a
diagnosis of genetic disease, adapt management and propose an
appropriate monitoring protocol, potentially including screening
for syndromic lesions.

The test is interpreted by a practitioner approved by the French
Biomedicine Agency (Agence de la BioMédecine), working in a labo-
ratory authorized by the Regional Health Agency. It is based on
analysis of the genetic examination and the information provided
as part of the prescription.

Variants (relative to the reference genome) present in the
genome of the individual are categorized in 5 classes of pathoge-
nicity: benign variants (class 1), probably benign variants (class 2),
variants of undetermined or uncertain significance (class 3), pro-
bably pathogenic variants (class 4), and pathogenic variants (class
5)[36].

To harmonize and improve this classification of variants,
laboratories rely on guidelines from French scientific socie-
ties (ANPGM: Association Nationale des Praticiens en Génétique
Moléculaire https://anpgm.fr/; ACLF: Association des Cytogé-
néticiens de Langue Frangaise), international societies (HGVS:
Human Genome Variant Society; ACMG-AMP: American
College of Medical Genetics & the Association for Molecu-
lar Pathology), and specialized laboratory networks (INCa
TENGEN network of laboratories specializing in endocrine
tumor oncogenetics: https://www.reseau-gte.org/tengen/;
NGS-DIAG network). The Rare Diseases and NGS-DIAG
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networks proposed a consensus for standardized inter-
pretation of sequence variants generated by NGS analysis
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ber 30, 2023), the patient signing the informed consent undertakes
to pass on information to potentially concerned relatives in the

(https://anpgm.fr/media/documents/BP-NGSDiag 001 _Interpretation Veventtof/Pheddjscovery of a genetic abnormality responsible for a

This consensus is mainly based on the ACMG-AMP classification
grid published in 2015 [36]. Pathology-specific adaptations may
be proposed by accredited practitioners [37].

In all cases, this classification is based on genomic data and the
nature of the variant, literature data, locus-specific databases, epi-
demiological data (notably databases of variants identified in the
general population, such as 1000genomes, EXAC, or gnomAD), ana-
lytical data andin-silicopredictions, and also on personal and family
anamnesis, and the segregation of the variant and the disease in
the family. Each of these elements is assigned a weighting in favor
of the pathogenic or benign nature of the variant. The weighted
sum of these elements is used to classify variants into one of the 5
pathogenicity classes above.

Class 1 and 2 variants have no known clinical consequence and
are not mentioned in the report. Class 4 and 5 variants have known
clinical impact and must be reported so that the person tested can
be informed by the prescribing physician when the result is repor-
ted. As the clinical consequences of class 3 variants are uncertain,
this type of result may be mentioned in the report, specifying that
it should not be used to guide management, and in particular that
it should not be used for prenatal diagnosis or to inform relatives.

Complementary studies may be necessary in certain cases to
reclassify the variant: genetic analysis of the individual’s parents,
to determine whether the variation is de novo or inherited, a family
survey to look for cosegregation between genotype and pheno-
type (screening for the variant and phenotypic characterization of
affected or unaffected major individuals in the family), in vitro func-
tional analyses (sequencing of the transcript of interest, screening
for loss of heterozygosity in a tumor, functional analyses on cell
lines), or complementary phenotypic explorations (measurement
of calcium excretion fraction, imaging to screen for a syndromic
tumor form, dermatological examination). These additional studies
are suggested by the approved practitioner, depending on the cli-
nical situation, gene and variant and its presumed consequences at
the time the result is delivered. They are particularly necessary in
the case of class 3 variants of uncertain significance.

Knowledge in the field of genetics is constantly progressing and,
as aresult, the interpretation of results may change over time: new
arguments may confirm the pathogenicity of a given variant, or
invalidate it. Re-interpretation of data can be carried out at the
request of the prescribing physician, and is particularly relevant
for older interpretations.

5. Genetic counseling (including PND [prenatal diagnosis]
and PGD [preimplantation genetic diagnosis])

As with all constitutional genetic analyses, genetic testing
should be proposed in a dedicated consultation, explaining to the
patient the interest of the test, both personally and for his or her
relatives, and the implications for the management of his or her
pathology if a probably pathogenic or pathogenic variant is iden-
tified. Patients should also be alerted to the limitations of genetic
analysis: the possibility of identifying a variant of undetermined
significance at the time of analysis, or of non-identification of a
deleterious variant which, even so, does not necessarily call into
question the hereditary nature of the pathology (French Order of
May 27, 2013: recommendations of good practice for the examina-
tion of the genetic characteristics of persons for medical purposes).

The patient will then sign an informed consent form, specifying
that he or she may interrupt the diagnostic process at any time, or
refuse to be informed of the results. Under French bioethics law (Act
n° 2021-1017 of August 02, 2021; Decree n°® 2023-1426 of Decem-

predisposition to a serious disease.

The result of the genetic analysis must be transmitted by the
prescribing physician in a dedicated consultation. In the event of
identification of a deleterious variant responsible for PHPT, appro-
priate management and follow-up should be implemented. The age
at which relatives can be screened depends on the age at which
surveillance begins, according to the gene in question (Table 1).
Screening consultations for asymptomatic relatives should be car-
ried out as part of an individual consultation by a physician working
as part of a multidisciplinary team dedicated to the care of asymp-
tomatic patients.

In the event of inconclusive genetic analysis or identification of
a variant of uncertain significance, further investigations or sub-
sequent re-evaluation may be envisaged, following advances in
knowledge or new technical possibilities.

Patients must be given information on the possibilities of pre-
natal diagnosis (PND) or preimplantation genetic diagnosis (PGD)
and the related care pathway. Depending on the pathology, it does
not seem legitimate to systematically propose these techniques,
but rather to respond to a couple’s requests, referring to existing
recommendations where they exist. If necessary, a request can be
made to the Multidisciplinary Center for Prenatal Diagnosis.

RECOMMENDATIONS
R1: genetic screening should be proposed to any patient presenting a

familial form of primary hyperparathyroidism (> 2 relatives in the 1st or

2nd degree), or in a syndromic presentation, or a sporadic isolated form

if the patient is under 50, or over 50 with a recurrent or multi-glandular

form or an atypical parathyroid carcinoma or tumor and/or loss of

parafibromin expression. The recommanded first-line gene panel

comprises MEN1, CDKN1B, CDC73, CASR, GNA11, AP2S1 and GCM_2.
Grade A+++

R2: patients with familial and/or pediatric onset primary
hyperparathyroidism should be proposed genetic screening, up to and
including whole-genome sequencing (WGS) in case of inconclusive
panel analysis.

Grade C+
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