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Abstract

Germline and somatic pathogenic variants in the CDC73 gene, encoding the nuclear protein parafibromin, increase the risk for parathyroid
carcinoma and cause hereditary primary hyperparathyroidism (PHPT) syndromes known as familial isolated hyperparathyroidism (FIHP) and
hyperparathyroidism-jaw tumor syndrome (HPT-JT). The identification of pathogenic germline variants in PHPT-susceptibility genes can influence
surgical planning for parathyroidectomy, guide screening for potential syndromic manifestations, and identify/exonerate at-risk family members.
Numerous types of pathogenic germline variants have been described for CDC73-related conditions, including deletion, truncating, missense,
and splice site mutations. Here, we report identification of a non-coding germline CDC73 variant (CDC73 ¢.1155-3A > G), previously categorized
as a variant of uncertain significance (VUS), in a family with HPT-JT. This variant, found in two family members with PHPT, altered CDC73
splicing in peripheral blood cells and disrupted parafibromin immunostaining in associated parathyroid adenomas, strongly evidencing its
pathogenicity. Sestamibi scintigraphy yielded nondiagnostic localization results for both patients’ parathyroid adenomas, consistent with prior
studies suggesting lower sensitivity for small or cystic lesions. Our findings demonstrate key aspects of CDC73-related disorders, highlight the
diagnostic value of RNA testing, and exemplify the importance of obtaining a thorough, three-generational family history.
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Lay Summary

Benign tumors of the parathyroid gland (called parathyroid adenoma) are the most common cause of primary hyperparathyroidism (PHPT), a
condition that causes high blood levels of calcium and can damage several organs, including bone and kidney. The likelihood of developing a
parathyroid adenoma is significantly higher in patients who have inherited a variant in one of several PHPT-susceptibility genes. Only a proportion
of genetic variations in these susceptibility genes result in PHPT. As a result, knowing if a variant is present and whether it truly increases risk
for PHPT is essential. We report a family in which two siblings and their father developed PHPT due to parathyroid adenomas. Furthermore,
the siblings were found to harbor a previously uncharacterized variant in the PHPT susceptibility gene CDC73, which was demonstrated to be
deleterious with clinically available molecular studies. Therefore, individuals who inherit this CDC73 variant should be regarded as having an
increased risk for PHPT and undergo surveillance screening with providers who have expertise in managing this condition.
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Introduction

Primary hyperparathyroidism (PHPT) is a disorder of dysreg-
ulated parathyroid hormone (PTH) secretion characterized by
hypercalcemia with inappropriately elevated PTH levels and
increased risk for skeletal and renal disease.! Most cases of
PHPT are caused by a single parathyroid adenoma, while
a minor proportion result from polyglandular parathyroid
hyperplasia. Multiple parathyroid adenomas and parathyroid
carcinoma are relatively rare causes of PHPT.

Most patients develop PHPT sporadically as an isolated
disorder. However, it is estimated that approximately 10%
of PHPT results from a germline mutation in one of 11
susceptibility genes.?-3 Hereditary PHPT can manifest as an
isolated disease (familial isolated hyperparathyroidism, FIHP)
or as a feature of multiple endocrine neoplasia syndromes
(MEN) and hyperparathyroidism-jaw tumor syndrome (HPT-
JT). HPT-JT is caused by heterozygous mutations in the
CDC73 gene (previously named HRPT2), which encodes an
evolutionarily conserved and ubiquitously expressed nuclear
protein called parafibromin.* Somatic and germline CDC73
variants are identified in a high proportion of patients
with parathyroid carcinoma, with some estimates suggesting
CDC73 mutation in two-thirds of all parathyroid carcinoma
cases.’ ™8

The absence of parafibromin nuclear staining is useful for
diagnosing CDC73-related parathyroid tumors.” A tumor
suppressor role for parafibromin emerged from examination
of CDC73-related conditions, whereby germline inactivating
mutation and loss of heterozygosity at the CDC73 locus
were identified as genetic drivers of parathyroid neoplasia.
In the present study, we report a CDC73 splice site variant
(NM_024529.5:¢.1155-3A > G), which has not been previ-
ously described in PHPT or HPT-JT. RNA testing demon-
strated aberrant CDC73 splicing in family members harboring
the CDC73 ¢.1155-3A > G variant and clinical features of
HPT-JT. Radiographic findings were consistent with other
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studies reporting a lower sensitivity for functional parathyroid
imaging compared to anatomic imaging for cystic parathyroid
adenomas.

Case 1: proband
Presentation

An asymptomatic 37-yr-old male was referred for evaluation
of hypercalcemia. His medical history included the tetralogy
of Fallot, for which he received intracardiac repair during
infancy. He had five healthy siblings, although a sister was
recently found to have hypercalcemia. His father was diag-
nosed with PHPT at age 51 and underwent parathyroidec-
tomy (and total thyroidectomy for multinodular goiter) with
removal of a 1.8 cm parathyroid adenoma (Table 1). The
proband did not have children. His vital signs were normal,
and a physical examination was negative for jaw deformities
or a palpable neck mass.

Diagnosis

The biochemical evaluation was consistent with PTH-
dependent hypercalcemia with a total serum calcium of
11.0 mg/dL (2.75 mmol/L, reference 8.6-10.3 mg/dL),
albumin 4.6 g/dL (reference 3.6-5.1 g/dL), concurrent PTH
111 pg/mL (reference 14-64 pg/mL), and 250HD 16 ng/mL
(39.94 nmol/L, reference 30-100 ng/mL). Hypercalciuria was
also present, with a calcium excretion of 384 mg/24 hr (ref-
erence 55-300 mg/24 hr) and a calcium:creatinine clearance
ratio of 0.02. After a diagnosis of PHPT was made, DXA
showed Z-scores of —1.9 at the hip, and —2.2 at the spine and
1/3 forearm. Parathyroid localization with neck ultrasound
(US) revealed a 1.5 cm solid, heterogenous, hypoechoic nodule
posterior to the left thyroid lobe (Figure 1A and B). However,
technetium-99m sestamibi scintigraphy and single photon
emission computed tomography/CT (SPECT/CT) did not
show any areas of focal uptake (Figure 1C-F).
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Table 1. Characteristics of affected family members.
Patient Genotype Age at PHPT PHPT Parathyroid surgery ~ Pathology Extra-parathyroid Additional
diagnosis complications tumors? CDC73-related
conditions
Proband CDC73 37 Hypercalcemia,  Focused/unilateral Parathyroid None None
c.1155-3A> G hypercalciuria,  parathyroid adenoma,
osteoporosis exploration, 1.5 cm,
left upper 095¢g
parathyroidectomy
Sister CDC73 51 Hypercalcemia,  Focused/unilateral Cystic Breast Renal cyst,
c.1155-3A> G hypercalciuria,  parathyroid parathyroid uterine cyst®
0steoporosis, exploration, adenoma,
nephrolithiasis  left lower 2.5 cm,
parathyroidectomy 28¢g
Father? Unknown 51 Hypercalcemia,  Bilateral neck Parathyroid Pancreas, Unknown
hypercalciuria exploration, right adenoma, multinodular goiter
upper 1.8 cm
parathyroidectomy

2Complete screening for PHPT complications, germline variants, and nonparathyroid CDC73-related conditions unavailable for the father. bNone of the
family members were diagnosed with parathyroid tumor metastasis or recurrence. “Uterine cyst is not represented on the initial spectrum of uterine pathology

reported for patients with HPT-JT by Bradley et al.'® Abbreviation: PHPT, primary hyperparathyroidism.

Figure 1. Case | parathyroid localization studies. (A) Thyroid US showed a heterogenous hypoechoic lesion posterior to the left thyroid lobe measuring
0.9 cm deep x 0.9 cm wide x 1.5 cm long (arrow, sagittal view). (B) Internal vascularity within the lesion was evident using doppler imaging (arrow, sagittal
view). (C) On technetium-99m sestamibi scintigraphy physiologic uptake or the radiotracer was seen in the thyroid gland on the immediate images (arrow).
(D) One hour delayed sestamibi images showed poor washout of radiotracer (arrow) but no areas of focal radiotracer retention. (E, F) No focal areas of
uptake were observed on SPECT/CT images in the region correlating with the lesion identified on US (arrows).

The young age of the proband and the presence of hyper-
calcemia and a parathyroid adenoma in first-degree relatives
raised concern for familial PHPT. Genomic DNA was isolated
from the proband’s peripheral blood, and targeted regions
(within 84 cancer susceptibility genes) were enriched using a
hybridization-based protocol and then sequenced (Illumina).
The transcript coding sequence and 20 bases of flanking
intronic DNA were analyzed. Germline testing identified a
heterozygous variant of uncertain significance (VUS) in a non-
coding region of the CDC73 gene (CDC73 ¢.1155-3A > G),
which had not been reported in association with CDC73-
related conditions. The ¢.1155-3A > G sequence substitution
occurred at a highly conserved position three nucleotides
upstream of exon 14, adjacent to the acceptor splice site
sequence. However, because DNA sequencing is insufficient
to determine whether the variant induces abnormal splicing,

RNA analysis of peripheral blood was obtained (Invitae).
From a separate blood sample, RNA was isolated, and com-
plementary DNA for a similar gene panel was synthesized
by reverse transcription. The targeted genes were enriched
using capture hybridization and then sequenced (Illumina)
and aligned to a reference sequence to identify exon junctions,
allowing quantitative assessment of splice junction usage. The
methods employed revealed the CDC73 ¢.1155-3A > G vari-
ant activates a cryptic splice site, which leads to the insertion
of two intronic nucleotides (r.1154_1155ins1155-2_1155-1,
Figure 2). The insertion results in a frameshift at the start
of exon 14 and the introduction of a stop codon 20 amino
acids downstream, which is predicted to lead to nonsense-
mediated RNA decay. Measurement of evolutionary conser-
vation using the UCSC Genome Browser indicates that the
nucleotide at the —3 position is conserved (phyloP 2.3967),
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Figure 2. Sashimi plots drawn from RNA-sequencing data. (A) A sample of the proband’s peripheral blood demonstrated the native splice site (arrow,
~80% use) and introduction of a cryptic splice site (~20% use). Read densities at splice junction sites are shown; junction reads are plotted as arcs. (B)
A zoomed-in image of the splice junction site reveals the insertion of two intronic nucleotides (dashed box) in the affected family members but not in an
unaffected control patient (proband, (top); sister, (middle); control, (bottom)).

substantially more so than bases immediately upstream (Fig-
ure S1). Hence, RNA analysis indicates that this mutation
introduces a cryptic splice site and, based upon evolutionary
conservation, may also suppress the efficiency of native splice
site utilization.

Screening for additional manifestations of CDC73-related
disease in the proband was negative, including panoramic
jaw X-rays and renal US done to evaluate for jaw and renal
tumors, respectively.

Treatment

The patient began supplementation with cholecalciferol
2000 U daily, and the 250HD level improved to 31 ng/mL
(77.38 nmol/L). He underwent left unilateral neck exploration
and left upper parathyroidectomy. The baseline pre-excision
PTH was 103 pg/mL. At the time of parathyroid gland
manipulation, the PTH was 107 pg/mL, and 10 min after
excision, the PTH decreased to 37 pg/mL. There were no
gross features of parathyroid cancer intraoperatively, and
the resected parathyroid gland measured 1.5 cm and weighed
0.95 g (Figure 3A). The patient did not experience any surgical
complications and had an uncomplicated recovery. Parathy-
roid pathology revealed a hypercellular gland consistent with
an adenoma, with loss of nuclear parafibromin immunohisto-
chemical staining (Figure 3B and C). One year after surgery,
the patient’s serum calcium and PTH levels remained in
the normal range (calcium 9.4 mg/dL (2.35 mmol/L), PTH
56 pg/mL). Bone mineral density increased by 5.8% and 4.1%
at the spine and hip, respectively, but decreased by 3.6% at
the 1/3 forearm. Osteoporosis pharmacotherapy was deferred
considering the patient’s relatively young age and absence of
fractures. Genetic testing of living first-degree relatives was
recommended.

Case 2: sister of the proband
Presentation

The proband’s sister with hypercalcemia was evaluated after
the proband’s germline CDC73 variant was determined to
have a high probability of being pathogenic. She was 51 yr old
and had a history of high-grade left breast ductal carcinoma in
situ (DCIS), which was completely resected with mastectomy
6 yr earlier with no subsequent radiation or endocrine therapy.
She had two healthy children, and menopause occurred at
the age of 45. She developed vaginal bleeding soon after
menopause; pelvic US revealed endometrial cysts, although
pathology following dilation and curettage only showed inac-
tive endometrium.

Diagnosis

Serum calcium levels available from the time of breast cancer
diagnosis ranged between 10.8 and 11.1 mg/dL (2.70 and
2.77 mmol/L). She denied symptoms of hypercalcemia or a
history of nephrolithiasis or adult fractures. She was also
diagnosed with PHPT after the biochemical assessment
showed a serum calcium of 11.1 mg/dL (2.77 mmol/L),
albumin 4.6 g/dL, PTH 176 pg/mL, and 250HD 18 ng/mL
(44.93 nmol/L). Urine calcium excretion was 294 mg/24 hr
with a calcium:creatinine clearance ratio of 0.02, and renal US
showed that her left kidney had both a 4 mm non-obstructing
stone and an inferior pole cyst. DXA revealed a lowest T-score
of —3.4 at the spine (hip —2.1, 1/3 forearm —2.0). Neck US
showed a 2 ¢cm complex cystic and solid structure posterior
and inferior to the left thyroid lobe (Figure 4A and B).
Sestamibi scintigraphy did not show any areas of abnormal
radiotracer uptake (Figure 4C-F). Genetic testing (including
breast cancer susceptibility genes) confirmed that the familial
CDC73 ¢.1155-3A > G variant was present. RNA analysis
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Figure 3. Case 1 left upper parathyroidegtomy pathology. (A) Gross pathology following surgical parathyroid exploration in which the left upper parathyroid
gland (arrow) and a portion of the thymus were removed. The excised parathyroid gland measured 1.5 x 1.2 x 0.7 cm and weighed 0.95 g. (B) H&E-
stained sections revealed hypercellular parathyroid parenchyma consistent with a parathyroid adenoma. (C) Immunohistochemical staining for parafibromin
revealed focally weak to negative nuclear expression in lesional cells (two-toned arrows) with retained staining in surrounding cells (internal positive control,
solid arrows).

Figure 4. Case 2 parathyroid localization studies. (A) Thyroid US revealed a left inferior thyroid lobe lesion measuring 1.5 cm deep x 1.6 cm wide x 2.0 cm
long (arrow, sagittal view). The lesion had a complex cystic and solid appearance with layering internal debris. (B) The solid component of the lesion
demonstrated vascularity (arrow, sagittal view with Doppler). (C) Sestamibi scintigraphy showed physiologic radiotracer uptake of the thyroid gland on the
immediate images (arrow). (D) One hour delayed sestamibi images showed radiotracer washout without areas of focal sestamibi retention (arrow). (E)
The lesion observed on thyroid US correlated with a hypoattenuating lesion posterior to the left thyroid lobe on the CT scan that was done for (arrow). (F)

The hypoattenuating lesion did not have increased radiotracer uptake on the fused SPECT/CT image (arrow).

was performed using the same methods that were employed
for the proband and similarly demonstrated aberrant splicing
(Figure 2B).

Treatment

The proband’s sister underwent focused parathyroid explo-
ration targeting the complex cystic structure. Baseline preop-
erative PTH was 132 pg/mL, and at the time of dissection PTH
was 124 pg/mL. The left lower parathyroid gland was excised,
measuring 2.5 cm with cystic degeneration (Figure SA). At
10 min following removal of the parathyroid gland, the
PTH was 29 pg/mL. Intraoperatively, there were no gross
locally invasive features or lymphadenopathy. She recovered
well from surgery without any complications. H&E stain-
ing showed a hypercellular parathyroid gland with cystic
change, without malignant features (Figure 5B). Immuno-
histochemistry showed loss of nuclear parafibromin stain-
ing (Figure 5C). One year after surgery, the patient main-
tained normal calcium and PTH levels (calcium 9.8 mg/dL
(2.45 mmol/L), PTH 42 pg/mL). Repeat DXA showed an
increase in bone mineral density of 5.7% at the spine, 8.9% at

the hip, and 3.7% at the 1/3 forearm. Osteoporosis pharma-
cotherapy was deferred to monitor for further improvement
in bone density, as in the case of the proband. The ensuing
screening program for both siblings involved biochemical
surveillance for recurrence of PHPT (annual calcium and
PTH) and imaging every S yr with jaw X-ray and renal US. The
proband’s sister also required continued screening for uterine
abnormalities with pelvic US every 5 yr, and genetic testing
was recommended for her children.

Discussion

The diagnostic findings presented in this study illuminate
several important aspects of hereditary PHPT. Obtaining a
careful family history is essential for recognizing hereditary
disease. While there is insufficient evidence for an appropriate
age cutoff for genetic testing in PHPT, age <25-45 yr is
variably suggested in guidelines.'’~!3 Additional indications
for genetic testing in PHPT include multiglandular disease,
parathyroid carcinoma, atypical parathyroid adenoma, or a
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Figure 5. Case 2 left lower parathyroidectomy pathology. (A) The specimen measured 2.5 x 1.5 x 1.2 cm, weighed 2.8 g, and contained a cystic structure
consisting of dark brown fluid. (B) H&E-stained sections displayed hypercellular parathyroid parathyroid with associated areas of fibrosis and cyst formation.
No significant cytologic atypia, mitotic activity, or angioinvasion was identified. (C) Immunohistochemical staining for parafibromin revealed negative nuclear
expression in the lesional cells (two-toned arrows) and retained staining in surrounding cells (internal positive control, solid arrows).

relative with hypercalcemia or features of a hereditary PHPT
syndrome. A germline mutation in 1 of 11 susceptibility genes,
including CDC73, is present in about 10% of individuals
with PHPT.2-3 Hereditary conditions associated with loss-of-
function mutations in CDC73 include FIHP and HPT-JT. A
retrospective cohort study of PHPT patients who underwent
germline CDC?73 analysis reported an estimated penetrance of
65% at age 50 for one or more CDC73-related disorders.'*
This, and numerous other studies, have shown that PHPT has
the highest penetrance among the CDC73-related disorders.
Although HPT-JT patients may also develop ossifying jaw
fibromas and renal abnormalities (kidney cysts, hamartomas,
Wilms tumor, and clear cell carcinoma), the penetrance of jaw
or renal involvement is significantly lower than for parathy-
roid tumors.!® In addition, a high proportion of women with
CDC73 variants were found to have various types of uter-
ine abnormalities (adenosarcoma, adenofibroma, leilomyoma,
adenomyosis, and endometrial hyperplasia).'®

The product of the CDC73 gene is the nuclear protein
parafibromin, which is known to have important roles in
transcription elongation and RNA processing via interactions
with the Paf1 complex and RNA polymerase I1.'7-18 In addi-
tion, parafibromin inhibits cell cycle progression.!® Parafi-
bromin directly interacts with p53 mRNA and B-catenin,
suggesting alterations in p53 expression and Wnt signaling
as potential tumorigenic mechanisms.'”»20 The CDC73 gene
is comprised of 17 exons, encoding the 531 amino acid
parafibromin protein. In a database of human CDC73 vari-
ants, germline and somatic mutations were enriched in exons
1, 2, and 7.2 Among these variants, 79% were frameshift
or nonsense, 13% were missense, and 6% involved splice
sites. CDC73 splice site variants have been reported in asso-
ciation with FIHP and HPT-JT.>>-2° At present, ClinVar,
a public archive of human variants, includes 22 germline
CDC73 variants, which are categorized as pathogenic or likely
pathogenic and involve splice sites (Table 2). Limited geno-
type—phenotype correlations for CDC73 and structural data
for parafibromin have been suggested. Mutations that involve
residues 136-139 result in loss of nuclear localization, suggest-
ing these amino acids comprise a nuclear localization signal
(NLS).2® An evolutionarily conserved domain consisting of
amino acid residues 218-263 binds to B-catenin.'” Mutations
expected to have a significant impact on parafibromin func-
tion or expression were shown to increase risk for parathyroid

Table 2. ClinVar germline pathogenic/likely pathogenic CDC73 splice site
variants.

Variants reported in patients with CDC73-related disease

Genotype Phenotype Reference
c.131+1G>A FIHP Cetani et al.”? Bradley et al.>3
c.132-2A>G FIHP No citation exists
¢.2374+1G>C FIHP Villablanca et al.>*
c.238-2A>T Undisclosed by ~ No citation exists

submitter
c.238-1G>A HPT-JT Moon et al.?’
c.307+1G>A FIHP Kong et al.*¢
c.423+1G>A HPT-JT Lietal$
c.1155-3A>G HPT-JT Present study

Variants not yet observed in patients with CDC73-related disease
Genotype

c.131+1del
c1314+1G>T
c.132-2A>C
c.237_237+1insA
c.237+1G>A
c.23741G>T
c.238-1G>T
c.513-1G>A
c.729+1G>T
c.1030+1G>A
c.10304+2T>C
¢.1067-2_1069del
c.1067-2A>G
c.1316+1del

Abbreviations: FIHP, familial isolated hyperparathyroidism; HPT-]JT,
hyperparathyroidism-jaw tumor.

carcinoma and jaw disease.® While the mechanism is not fully
clear, more damaging mutations may disrupt the C-terminus
of parafibromin, which is likely necessary for Pafl complex
recruitment and transcription elongation.?”

Parafibromin expression has been shown to be inversely
correlated with tumor size and pathological stage in breast,
gastric, and laryngeal squamous cell carcinoma.?8=3% How-
ever, whether parafibromin has a tumor suppressor role in
tissues other than the parathyroid glands, jaw bones, kid-
neys, or uterus requires further investigation. In the present
study, the proband’s sister was diagnosed with a relatively
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large, high-grade DCIS tumor at the age of 45. Genetic test-
ing that identified the germline CDC73 variant included a
breast cancer panel but did not identify any other variants.
However, parafibromin staining, loss of heterozygosity of the
WT CDC73 allele, and somatic CDC73 variants were not
examined in the DCIS tumor.

The identification of pathogenic germline CDC73 variants
can guide surgical planning for parathyroidectomy, appropri-
ate utilization of screening programs, and genetic testing of
family members at risk. Screening for CDC73-related disor-
ders has high clinical value because of the risk for parathyroid
carcinoma, tumors of the kidney and uterus that may also be
malignant, and the potential for locally aggressive jaw tumors.
If a pathogenic variant is identified at a young age, screening is
recommended to begin during childhood.?! Guidelines recom-
mend checking serum calcium and PTH levels annually and
jaw X-ray and renal US every S yr.>> Women of reproductive
age should have an annual pelvic exam and pelvic US every
Syr

In the present study, the germline variant ¢.1155-3A > G
located within intron 13 of the CDC73 gene was identified in
two family members with PHPT due to solitary parathyroid
adenomas. Their father did not complete genetic testing but
also had PHPT due to a single parathyroid adenoma. The
CDC73 ¢.1155-3A > G sequence change (located on chromo-
some 1 at position 193 232 990 in the GRCh38.p14 assembly)
has not been reported in the literature in individuals affected
with CDC73-related conditions. This variant first appeared in
ClinVar (Variation ID: 403885) in 2017 and was initially clas-
sified as VUS by Invitae (despite in silico analyses predicting a
deleterious effect on splicing) because at the time the variant
had not been observed in individuals with CDC73-related
disease. Since then, two additional clinical laboratories have
submitted this variant to ClinVar with VUS classification.
In 2022, the variant was identified in the proband of the
present study using targeted sequencing (Invitae) of 84 genes
associated with cancer predisposition conditions.

The allele frequency of the ¢.1155-3A> G variant is
6.202 x 10=7 for the overall population and 8.485 x 10~
for the non-Finnish European population (the population
with the highest allele frequency), consistent with a low
prevalence in population databases (gnomAD v4.1.0).33
gnomAD also provides a gene constraint score (referred to
as observed/expected or “oe” score) based on mutational
modeling and depicts a measure of how tolerant a transcript
is to variations. The oe score of the surrounding 1 kb
region for the ¢.1155-3A > G variant is 0.898 with a Z
score of 1.421 (Z score range —10 to 10; Z score >2.18
represents the top 10% of constrained non-coding regions),
reflecting relatively low genomic constraint. Nevertheless,
the ¢.1155-3A nucleotide is evolutionarily conserved and,
when mutated, disrupts CDC73 expression. In silico splicing
variant interpretation tools (SpliceAl 0.990, Pangolin 0.870)
predict a high probability that the ¢.1155-3A > G variant
affects splicing, consistent with the peripheral blood cell RNA
analysis. Additionally, immunohistochemistry demonstrated
pathogenic loss of nuclear parafibromin immunostaining.

The family reported here provided integral evidence
supporting the reclassification of the CDC73 ¢.1155-3A> G
variant by Invitae as likely pathogenic. This variant satisfies
criteria for “likely pathogenic” set forth by the Ameri-
can College of Medical Genetics and Genomics (ACMG)
guidelines for the interpretation of sequence variants.’*

Specifically, functional data demonstrating a variant’s impact
on RNA transcription or stability represents strong evidence
of pathogenicity. RNA analysis in conjunction with the
computational splicing data and cosegregation of the variant
with family members affected by CDC73-related disease
provided sufficient proof to appropriately change the
classification of the CDC73 ¢.1155-3A > G variant from VUS
to likely pathogenic using the rules for combining criteria to
classify variants in the ACMG guidelines.

Distinguishing features of parathyroid tumors reported in
association with HPT-JT include asynchronous multiglandu-
lar involvement, increased risk of malignancy, and a tendency
to develop cystic changes. The authors of an early patho-
logic study of HPT-JT families initially termed the syndrome
“familial cystic parathyroid adenomatosis.”® HPT-JT, rather
than FIHP, is the most suitable clinical characterization for this
family given the presence of a cystic parathyroid adenoma and
renal and uterine cysts in the sister of the proband. The initial
description of uterine abnormalities in patients with HPT-JT
does not include uterine cysts, although these may be con-
sidered a potential feature of uterine involvement. Moreover,
the CDC73-related conditions may exist on a spectrum of
potential disease manifestations rather than as distinct clinical
entities.

Accurate preoperative localization is necessary for parathy-
roidectomy surgical planning. In patients with HPT-JT,
anatomic imaging (US, magnetic resonance imaging (MRI),
or four-dimensional CT (4D-CT)) is important as it not
only assists with localizing parathyroid tumors but can also
provide information about the likelihood of malignancy by
assessing for local invasion. This allows surgeons to give
better preoperative counseling about the risk of parathyroid
carcinoma and the potential need for en bloc resection with
the ipsilateral thyroid lobe. Parathyroid imaging guidelines
also recommend using functional imaging for preoperative
localization with sestamibi scintigraphy.>® The visualization
of sestamibi radiotracer in parathyroid tissue depends on its
accumulation in the mitochondria of parathyroid oxyphil
cells.37>3% A meta-analysis of sestamibi SPECT/CT, which
leverages hybridization of functional and anatomic data,
reported a sensitivity of only 68% for localizing PHPT.>’
Causes of false negative parathyroid imaging with sestamibi
include small gland size, superior position, relatively low
oxyphil cell content, use of calcium channel blockers, and
coexisting thyroid disease.*0=#? In addition, several studies
have reported low sensitivity of sestamibi scintigraphy for
cystic parathyroid adenoma.*>*** A recent meta-analysis of
cystic parathyroid adenomas reported a detection rate of 85%
(99/117) with neck US, 100% (32/32) with US-guided fine
needle aspiration (FNA), and 100% (27/27) for the aggregate
of CT, 4D-CT, and MRIL* Sestamibi SPECT detected only
61% (95/157) of cystic parathyroid adenomas. The findings
led the authors to propose that a cystic parathyroid adenoma
identified on US should be followed by 4D-CT, whereas
sestamibi imaging may be considered for solid lesions. The
proband of the present study may have had a false-negative
sestamibi scan due to small lesion size coupled with superior
position, while the sister’s negative imaging may be explained
by the presence of a cystic adenoma.

Gathering a thorough family medical history is crucial
for the proper management of PHPT. Additional studies
are needed to better inform guidelines for genetic testing.
Our diagnostic evaluation provided necessary clinical data



for the revision of the pathogenicity interpretation of the
CDC73 ¢.1155-3A > G variant and emphasizes the role of
RNA sequencing in the assessment of splice site variants.

Author contributions

Leor Needleman (Conceptualization, Data curation, Project administra-
tion, Writing—original draft), Nicolette Chun (Investigation, Writing—
review & editing), Sathvika Sitaraman (Writing—review & editing),
Marilyn Tan (Investigation, Writing—review & editing), Deborah E.
Sellmeyer (Investigation, Writing—review & editing), Electron Kebe-
bew (Investigation, Writing—review & editing), and Justin Annes (Con-
ceptualization, Funding acquisition, Project administration, Supervi-
sion, Writing—review & editing)

Supplementary material

Supplementary material is available at JBMR Plus online.

Funding

L.N.s work was supported in part by National Institutes of Health
(NIH) Training Grant No. T32DK007217; J.P.A.’s work was sup-
ported in part by NIH grants U01DK136965, R01DK1015,30, and
RO1DK119955.

Conflicts of interest

The authors have no conflicts of interest to disclose.

Data availability

No datasets were generated or analyzed during the current study.

Patient consent

Signed informed consent was obtained directly from the patients.

References

1. Bilezikian JP, Bandeira L, Khan A, Cusano NE. Hyper-
parathyroidism. Lancet. 2018;391(10116):168-178. https://doi.o
rg/10.1016/50140-6736(17)31430-7

2. Starker LF, Akerstrom T, Long WD, et al. Frequent germ-line
mutations of the MEN1, CASR, and HRPT2/CDC73 genes in
young patients with clinically non-familial primary hyperparathy-
roidism. Horm Canc. 2012;3(1-2):44-51. https://doi.org/10.1007/
$12672-011-0100-8

3. Thakker RV. Genetics of parathyroid tumours. | Intern Med.
2016;280(6):574-583. https://doi.org/10.1111/joim.12523

4. Carpten JD, Robbins CM, Villablanca A, et al. HRPT2, encoding
parafibromin, is mutated in hyperparathyroidism—jaw tumor syn-
drome. Nat Genet. 2002;32(4):676-680. https://doi.org/10.1038/
ngl1048

5. Shattuck TM, Vilimiki S, Obara T, et al. Somatic and germ-line
mutations of the HRPT2 gene in sporadic parathyroid carcinoma.
N Engl ] Med. 2003;349(18):1722-1729. https://doi.org/10.1056/
NEJMo0a031237

6. Mizusawa N, Uchino S, Iwata T, et al. Genetic analyses in patients
with familial isolated hyperparathyroidism and hyperparathy-
roidism—jaw tumour syndrome. Clin Endocrinol. 2006;65(1):
9-16. https://doi.org/10.1111/j.1365-2265.2006.02534.x

7. Pandya C, Uzilov AV, Bellizzi ], et al. Genomic profiling reveals
mutational landscape in parathyroid carcinomas. JCI Insight.
2017;2(6):€92061. https://doi.org/10.1172/jci.insight.92061

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

JBMR Plus, 2025, Volume 9 Issue 1

Li Y, Zhang J, Adikaram PR, et al. Genotype of CDC73
germline mutation determines risk of parathyroid cancer. Endocr
Relat  Cancer. 2020;27(9):483-494. https://doi.org/10.1530/E
RC-20-0149

Gill AJ, Clarkson A, Gimm O, et al. Loss of nuclear expres-
sion of parafibromin distinguishes parathyroid carcinomas and
hyperparathyroidism-jaw tumor (HPT-JT) syndrome-related ade-
nomas from sporadic parathyroid adenomas and hyperplasias. Am
J Surg Pathol. 2006;30(9):1140-1149. https://doi.org/10.1097/01.
pas.0000209827.39477.4f

Eastell R, Brandi ML, Costa AG, D’Amour P, Shoback DM,
Thakker RV. Diagnosis of asymptomatic primary hyperparathy-
roidism: proceedings of the fourth international workshop. |
Clin Endocrinol Metab. 2014;99(10):3570-3579. https://doi.o
rg/10.1210/jc.2014-1414

Wilhelm SM, Wang TS, Ruan DT, et al. The American Associ-
ation of Endocrine Surgeons Guidelines for definitive Manage-
ment of Primary Hyperparathyroidism. JAMA Surg.2016;151(10):
959-968. https://doi.org/10.1001/jamasurg.2016.2310

Alobuia W, Annes J, Kebebew E. Genetic testing in endocrine
surgery: opportunities for precision surgery. Surgery. 2020;168(2):
328-334. https://doi.org/10.1016/j.surg.2020.03.009

El Lakis M, Nockel P, Gaitanidis A, et al. Probability of posi-
tive genetic testing results in patients with family history of pri-
mary hyperparathyroidism. ] Am Coll Surg.2018;226(5):933-938.
https://doi.org/10.1016/j.jamcollsurg.2018.01.007

Van Der Tuin K, Tops CM]J, Adank MA, et al. CDC73-related
disorders: clinical manifestations and case detection in primary
hyperparathyroidism. | Clin Endocrinol Metab. 2017;102(12):
4534-4540. https://doi.org/10.1210/jc.2017-01249

Bradley K]J, Thakker RV. The hyperparathyroidism-jaw
tumour (HPT-JT) syndrome. Clin Cases Miner Bone Metab.
2006;3(2):167—174.

Bradley KJ, Hobbs MR, Buley ID, et al. Uterine tumours
are a phenotypic manifestation of the hyperparathyroidism-jaw
tumour syndrome. ] Intern Med. 2005;257(1):18-26. https://doi.o
rg/10.1111/5.1365-2796.2004.01421.x

Rozenblatt-Rosen O, Hughes CM, Nannepaga SJ, et al. The Parafi-
bromin tumor suppressor protein is part of a human Pafl com-
plex. Mol Cell Biol. 2005;25(2):612-620. https://doi.org/10.1128/
MCB.25.2.612-620.2005

Yart A, Gstaiger M, Wirbelauer C, et al. The HRPT2 tumor sup-
pressor gene product parafibromin associates with human PAF1
and RNA polymerase II. Mol Cell Biol. 2005;25(12):5052-5060.
https://doi.org/10.1128/MCB.25.12.5052-5060.2005

Mosimann C, Hausmann G, Basler K. Parafibromin/hyrax acti-
vates Wnt/Wg target gene transcription by direct association
with B-catenin/armadillo. Cell. 20065125(2):327-341. https:/
doi.org/10.1016/j.cell.2006.01.053

Jo JH, Chung TM, Youn H, Yoo JY. Cytoplasmic parafi-
bromin/hCDC73 targets and destabilizes p53 mRNA to control
pS53-mediated apoptosis. Nat Commun. 2014;5(1):5433. hteps:/
doi.org/10.1038/ncomms6433

Newey P, Bowl M, Cranston T, Rajesh T. Cell division cycle protein
73 homolog (CDC73) mutations in the hyperparathyroidism-jaw
tumor syndrome (HPT-JT) and parathyroid Tumors. Hum Mutat.
2010;31(3):295-307

Cetani F, Pardi E, Borsari S, et al. Genetic analyses of the
HRPT2 gene in primary hyperparathyroidism: germline and
somatic mutations in familial and sporadic parathyroid Tumors.
J Clin Endocrinol Metab. 2004;89(11):5583-5591. https://doi.o
rg/10.1210/5c.2004-0294

. Bradley KJ. Utilisation of a cryptic non-canonical donor splice

site of the gene encoding PARAFIBROMIN is associated with
familial isolated primary hyperparathyroidism. | Med Genet.
2005;42(8):e51-e51. https://doi.org/10.1136/jmg.2005.032201
Villablanca A. Germline and de novo mutations in the HRPT2
tumour suppressor gene in familial isolated hyperparathy-
roidism (FIHP). ] Med Genet. 2004;41(3):32e-332e. https://doi.o
rg/10.1136/jmg.2003.012369


https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae149#supplementary-data
https://doi.org/10.1016/S0140-6736(17)31430-7
https://doi.org/10.1016/S0140-6736(17)31430-7
https://doi.org/10.1016/S0140-6736(17)31430-7
https://doi.org/10.1016/S0140-6736(17)31430-7
https://doi.org/10.1016/S0140-6736(17)31430-7
https://doi.org/10.1016/S0140-6736(17)31430-7
https://doi.org/10.1007/s12672-011-0100-8
https://doi.org/10.1007/s12672-011-0100-8
https://doi.org/10.1007/s12672-011-0100-8
https://doi.org/10.1007/s12672-011-0100-8
https://doi.org/10.1111/joim.12523
https://doi.org/10.1111/joim.12523
https://doi.org/10.1111/joim.12523
https://doi.org/10.1111/joim.12523
https://doi.org/10.1111/joim.12523
https://doi.org/10.1038/ng1048
https://doi.org/10.1038/ng1048
https://doi.org/10.1038/ng1048
https://doi.org/10.1038/ng1048
https://doi.org/10.1056/NEJMoa031237
https://doi.org/10.1056/NEJMoa031237
https://doi.org/10.1056/NEJMoa031237
https://doi.org/10.1056/NEJMoa031237
https://doi.org/10.1056/NEJMoa031237
https://doi.org/10.1111/j.1365-2265.2006.02534.x
https://doi.org/10.1111/j.1365-2265.2006.02534.x
https://doi.org/10.1111/j.1365-2265.2006.02534.x
https://doi.org/10.1111/j.1365-2265.2006.02534.x
https://doi.org/10.1111/j.1365-2265.2006.02534.x
https://doi.org/10.1172/jci.insight.92061
https://doi.org/10.1172/jci.insight.92061
https://doi.org/10.1172/jci.insight.92061
https://doi.org/10.1172/jci.insight.92061
https://doi.org/10.1172/jci.insight.92061
https://doi.org/10.1172/jci.insight.92061
https://doi.org/10.1530/ERC-20-0149
https://doi.org/10.1530/ERC-20-0149
https://doi.org/10.1530/ERC-20-0149
https://doi.org/10.1530/ERC-20-0149
https://doi.org/10.1097/01.pas.0000209827.39477.4f
https://doi.org/10.1097/01.pas.0000209827.39477.4f
https://doi.org/10.1097/01.pas.0000209827.39477.4f
https://doi.org/10.1097/01.pas.0000209827.39477.4f
https://doi.org/10.1097/01.pas.0000209827.39477.4f
https://doi.org/10.1097/01.pas.0000209827.39477.4f
https://doi.org/10.1210/jc.2014-1414
https://doi.org/10.1210/jc.2014-1414
https://doi.org/10.1210/jc.2014-1414
https://doi.org/10.1210/jc.2014-1414
https://doi.org/10.1001/jamasurg.2016.2310
https://doi.org/10.1001/jamasurg.2016.2310
https://doi.org/10.1001/jamasurg.2016.2310
https://doi.org/10.1001/jamasurg.2016.2310
https://doi.org/10.1001/jamasurg.2016.2310
https://doi.org/10.1001/jamasurg.2016.2310
https://doi.org/10.1001/jamasurg.2016.2310
https://doi.org/10.1016/j.surg.2020.03.009
https://doi.org/10.1016/j.surg.2020.03.009
https://doi.org/10.1016/j.surg.2020.03.009
https://doi.org/10.1016/j.surg.2020.03.009
https://doi.org/10.1016/j.surg.2020.03.009
https://doi.org/10.1016/j.surg.2020.03.009
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1016/j.jamcollsurg.2018.01.007
https://doi.org/10.1210/jc.2017-01249
https://doi.org/10.1210/jc.2017-01249
https://doi.org/10.1210/jc.2017-01249
https://doi.org/10.1210/jc.2017-01249
https://doi.org/10.1111/j.1365-2796.2004.01421.x
https://doi.org/10.1111/j.1365-2796.2004.01421.x
https://doi.org/10.1111/j.1365-2796.2004.01421.x
https://doi.org/10.1111/j.1365-2796.2004.01421.x
https://doi.org/10.1111/j.1365-2796.2004.01421.x
https://doi.org/10.1128/MCB.25.2.612-620.2005
https://doi.org/10.1128/MCB.25.2.612-620.2005
https://doi.org/10.1128/MCB.25.2.612-620.2005
https://doi.org/10.1128/MCB.25.2.612-620.2005
https://doi.org/10.1128/MCB.25.12.5052-5060.2005
https://doi.org/10.1128/MCB.25.12.5052-5060.2005
https://doi.org/10.1128/MCB.25.12.5052-5060.2005
https://doi.org/10.1128/MCB.25.12.5052-5060.2005
https://doi.org/10.1016/j.cell.2006.01.053
https://doi.org/10.1016/j.cell.2006.01.053
https://doi.org/10.1016/j.cell.2006.01.053
https://doi.org/10.1016/j.cell.2006.01.053
https://doi.org/10.1016/j.cell.2006.01.053
https://doi.org/10.1016/j.cell.2006.01.053
https://doi.org/10.1038/ncomms6433
https://doi.org/10.1038/ncomms6433
https://doi.org/10.1038/ncomms6433
https://doi.org/10.1038/ncomms6433
https://doi.org/10.1038/ncomms6433
https://doi.org/10.1210/jc.2004-0294
https://doi.org/10.1210/jc.2004-0294
https://doi.org/10.1210/jc.2004-0294
https://doi.org/10.1210/jc.2004-0294
https://doi.org/10.1136/jmg.2005.032201
https://doi.org/10.1136/jmg.2005.032201
https://doi.org/10.1136/jmg.2005.032201
https://doi.org/10.1136/jmg.2005.032201
https://doi.org/10.1136/jmg.2003.012369
https://doi.org/10.1136/jmg.2003.012369
https://doi.org/10.1136/jmg.2003.012369
https://doi.org/10.1136/jmg.2003.012369

JBMR Plus, 2025, Volume 9 Issue 1

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

© The Author(s) 2024. Published by Oxford University Press on behalf of the American Society for Bone and Mineral Research. This is an Open Access article distributed under the terms of the Creative Commons Attr

Moon SD, Park JH, Kim EM, et al. A novel IVS2-1G>a
mutation causes aberrant splicing of the HRPT2 gene in a
family with hyperparathyroidism-jaw tumor syndrome. | Clin
Endocrinol Metab. 2005;90(2):878-883. https://doi.org/10.1210/
jc.2004-0991

Bradley KJ, Bowl MR, Williams SE, et al. Parafibromin is a nuclear
protein with a functional monopartite nuclear localization sig-
nal. Oncogene. 2007;26(8):1213-1221. https://doi.org/10.1038/
sj.onc.1209893

Amrich CG, Davis CP, Rogal WP, et al. CDC73 subunit of
Pafl complex contains C-terminal Ras-like domain that pro-
motes association of Pafl complex with chromatin. J Biol
Chem. 2012;287(14):10863-10875. https://doi.org/10.1074/jbc.
M111.325647

Selvarajan S, Sii LH, Lee A, et al. Parafibromin expression in
breast cancer: a novel marker for prognostication? | Clin Pathol.
2007;61(1):64-67. https://doi.org/10.1136/jcp.2007.048694
Zheng HC, Takahashi H, Li XH, et al. Downregulated parafi-
bromin expression is a promising marker for pathogene-
sis, invasion, metastasis and prognosis of gastric carcinomas.
Virchows Arch. 2008;452(2):147-155. https://doi.org/10.1007/
s00428-007-0551-z

Cho I, Lee M, Lim S, Hong R. Significance of parafibromin expres-
sion in laryngeal squamous cell carcinomas. | Pathol Transl Med.
2016550(4):264-269. https://doi.org/10.4132/jptm.2016.04.24

. Wasserman JD, Tomlinson GE, Druker H, et al. Multiple endocrine

neoplasia and hyperparathyroid-jaw tumor syndromes: clinical
features, genetics, and surveillance recommendations in child-
hood. Clin Cancer Res. 2017;23(13):e123-e132. https://doi.o
rg/10.1158/1078-0432.CCR-17-0548

Skefos CM, Waguespack SG, Perrier ND, Hu MI. CDC73-related
disorders. GeneReviews. Published online. 2023.

Chen S, Francioli LC, Goodrich JK, et al. A genomic mutational
constraint map using variation in 76,156 human genomes. Nature.
20243625(7993):92-100. https://doi.org/10.1038/s41586-023-06
045-0

Richards S, Aziz N, Bale S, et al. Standards and guidelines for
the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet
Med. 2015;17(5):405-424. https://doi.org/10.1038/gim.2015.30
Mallette LE. Familial cystic parathyroid adenomatosis. Ann
Intern Med. 1987;107(1):54. https://doi.org/10.7326/0003-4819-
107-1-54

Petranovi¢c Ovcaricek P, Giovanella L, Carrié6 Gasset I, et al.
The EANM practice guidelines for parathyroid imaging. Eur

permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
JBMR Plus, 2025, 9, ziac149

https://doi.org/10.1093/ibmrpl/ziac149

Case Report

37.

38.

39.

40.

41.

42.

43.

44,

4S.

46.

J Nucl Med Mol Imaging. 2021;48(9):2801-2822. https://doi.o
rg/10.1007/s00259-021-05334-y

Hetrakul N, Civelek C, Stagg C, Udelsman R. In vitro accumulation
of technetium 99m-sestamibi in human parathyroid mitochon-
dria. Surgery. 2001;130(6):1011-1018. https://doi.org/10.1067/
msy.2001.118371

Carpentier A, Jeannotte S, Verreault J, Lefebvre B, Bisson G,
Maheux P. Preoperative localization of parathyroid lesions in
hyperparathyroidism: relationship between technetium-99m-MIBI
uptake and oxyphil cell content. | Nucl Med. 1998;39(8):
1441-1444.

Wan QC, Li JF, Tang LL, et al. Comparing the diagnostic accu-
racy of 4D CT and 99mTc-MIBI SPECT/CT for localizing hyper-
functioning parathyroid glands: a systematic review and meta-
analysis. Nucl Med Commun. 2021;42(3):225-233. https://doi.o
rg/10.1097/MNM.0000000000001331

Stephen AE, Roth SI, Fardo DW, et al. Predictors of an accurate
preoperative sestamibi scan for single-gland parathyroid adeno-
mas. Arch Surg. 2007;142(4):381-386. https://doi.org/10.1001/a
rchsurg.142.4.381

Mehta NY, Ruda JM, Kapadia S, Boyer PJ, Hollenbeak CS,
Stack BC. Relationship of technetium Tc 99m Sestamibi scans to
histopathological features of hyperfunctioning parathyroid tissue.
Arch Otolaryngol Head Neck Surg. 2005;131(6):493-498. https://
doi.org/10.1001/archotol.131.6.493

Friedman K, Somervell H, Patel P, et al. Effect of calcium channel
blockers on the sensitivity of preoperative 9mTc-MIBI SPECT for
hyperparathyroidism. Surgery. 2004;136(6):1199-1204. https:/
doi.org/10.1016/j.surg.2004.06.047

Ishii S, Sugawara S, Yaginuma Y, et al. Causes of false negatives in
technetium-99 m methoxyisobutylisonitrile scintigraphy for hyper-
parathyroidism: influence of size and cysts in parathyroid lesions.
Ann Nucl Med. 2020;34(12):892-898. https://doi.org/10.1007/
s12149-020-01520-4

Johnson NA, Yip L, Tublin ME. Cystic parathyroid adenoma:
sonographic features and correlation with 2™ Tc-Sestamibi SPECT
findings. Am | Roentgenol. 2010;195(6):1385-1390. https://doi.o
rg/10.2214/AJR.10.4472

Daoud A, Ronen O. Parathyroid cystic adenoma: a systematic
review and meta-analysis. Endocr Pract. 2023;29(1):2-10. https:/
doi.org/10.1016/j.eprac.2022.11.004

Kong ], Wang O, Nie M, et al. Familial isolated primary
hyperparathyroidism/hyperparathyroidism-jaw tumour syndrome
caused by germline gross deletion or point mutations of CDC73
gene in Chinese. Clin Endocrinol. 2014;81(2):222-230. https:/
doi.org/10.1111/cen.12461

ution License (1 ol by/4.0/), which


https://doi.org/10.1210/jc.2004-0991
https://doi.org/10.1210/jc.2004-0991
https://doi.org/10.1210/jc.2004-0991
https://doi.org/10.1210/jc.2004-0991
https://doi.org/10.1038/sj.onc.1209893
https://doi.org/10.1038/sj.onc.1209893
https://doi.org/10.1038/sj.onc.1209893
https://doi.org/10.1038/sj.onc.1209893
https://doi.org/10.1038/sj.onc.1209893
https://doi.org/10.1074/jbc.M111.325647
https://doi.org/10.1074/jbc.M111.325647
https://doi.org/10.1074/jbc.M111.325647
https://doi.org/10.1074/jbc.M111.325647
https://doi.org/10.1074/jbc.M111.325647
https://doi.org/10.1136/jcp.2007.048694
https://doi.org/10.1136/jcp.2007.048694
https://doi.org/10.1136/jcp.2007.048694
https://doi.org/10.1136/jcp.2007.048694
https://doi.org/10.1007/s00428-007-0551-z
https://doi.org/10.1007/s00428-007-0551-z
https://doi.org/10.1007/s00428-007-0551-z
https://doi.org/10.1007/s00428-007-0551-z
https://doi.org/10.1007/s00428-007-0551-z
https://doi.org/10.4132/jptm.2016.04.24
https://doi.org/10.4132/jptm.2016.04.24
https://doi.org/10.4132/jptm.2016.04.24
https://doi.org/10.4132/jptm.2016.04.24
https://doi.org/10.1158/1078-0432.CCR-17-0548
https://doi.org/10.1158/1078-0432.CCR-17-0548
https://doi.org/10.1158/1078-0432.CCR-17-0548
https://doi.org/10.1158/1078-0432.CCR-17-0548
https://doi.org/10.1038/s41586-023-06045-0
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.7326/0003-4819-107-1-54
https://doi.org/10.1007/s00259-021-05334-y
https://doi.org/10.1007/s00259-021-05334-y
https://doi.org/10.1007/s00259-021-05334-y
https://doi.org/10.1007/s00259-021-05334-y
https://doi.org/10.1007/s00259-021-05334-y
https://doi.org/10.1067/msy.2001.118371
https://doi.org/10.1067/msy.2001.118371
https://doi.org/10.1067/msy.2001.118371
https://doi.org/10.1067/msy.2001.118371
https://doi.org/10.1097/MNM.0000000000001331
https://doi.org/10.1097/MNM.0000000000001331
https://doi.org/10.1097/MNM.0000000000001331
https://doi.org/10.1097/MNM.0000000000001331
https://doi.org/10.1001/archsurg.142.4.381
https://doi.org/10.1001/archsurg.142.4.381
https://doi.org/10.1001/archsurg.142.4.381
https://doi.org/10.1001/archsurg.142.4.381
https://doi.org/10.1001/archsurg.142.4.381
https://doi.org/10.1001/archotol.131.6.493
https://doi.org/10.1001/archotol.131.6.493
https://doi.org/10.1001/archotol.131.6.493
https://doi.org/10.1001/archotol.131.6.493
https://doi.org/10.1001/archotol.131.6.493
https://doi.org/10.1001/archotol.131.6.493
https://doi.org/10.1016/j.surg.2004.06.047
https://doi.org/10.1016/j.surg.2004.06.047
https://doi.org/10.1016/j.surg.2004.06.047
https://doi.org/10.1016/j.surg.2004.06.047
https://doi.org/10.1016/j.surg.2004.06.047
https://doi.org/10.1016/j.surg.2004.06.047
https://doi.org/10.1007/s12149-020-01520-4
https://doi.org/10.1007/s12149-020-01520-4
https://doi.org/10.1007/s12149-020-01520-4
https://doi.org/10.1007/s12149-020-01520-4
https://doi.org/10.2214/AJR.10.4472
https://doi.org/10.2214/AJR.10.4472
https://doi.org/10.2214/AJR.10.4472
https://doi.org/10.2214/AJR.10.4472
https://doi.org/10.1016/j.eprac.2022.11.004
https://doi.org/10.1016/j.eprac.2022.11.004
https://doi.org/10.1016/j.eprac.2022.11.004
https://doi.org/10.1016/j.eprac.2022.11.004
https://doi.org/10.1016/j.eprac.2022.11.004
https://doi.org/10.1016/j.eprac.2022.11.004
https://doi.org/10.1111/cen.12461
https://doi.org/10.1111/cen.12461
https://doi.org/10.1111/cen.12461
https://doi.org/10.1111/cen.12461
https://doi.org/10.1111/cen.12461
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jbmrpl/ziae149

	 CDC73 c.1155-3A>G is a pathogenic variant that causes aberrant splicing, disrupted parafibromin expression, and hyperparathyroidism-jaw tumor syndrome
	Introduction
	Case 1: proband
	Case 2: sister of the proband
	Discussion
	Author contributions
	Supplementary material
	Funding
	Conflicts of interest
	Data availability
	Patient consent


