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Abstract 
Parathyroid carcinoma (PC) and atypical parathyroid tumors (APT) are incompletely understood and pose challenges in definitive diagnosis. FLCN 
sequence variants have recently been linked to PC and APT. Inactivating mutations in the ubiquitously expressed FLCN tumor suppressor gene, 
encoding folliculin, cause Birt-Hogg-Dubé syndrome (BHD), a rare tumor predisposition syndrome. Germline inactivating FLCN variants, 
accompanied by somatic allelic loss, were reported in 2 unrelated patents with PC, both with clinical features, but no diagnosis, of BHD. 
Somatic frameshift variants of likely pathogenicity were reported in 1 patient with PC and 1 with APT. On the other hand, neither PC nor APT 
has been reported in sizeable BHD series. To better understand the frequency of FLCN variants in PC and APT, we analyzed a series of 10 
patients with sporadic PC and 14 with APT by direct Sanger DNA sequencing. We identified no inactivating FLCN mutations in any of the PC 
or APT samples examined. A germline missense variant (p.Gly325Val), predicted as benign/tolerated, was seen in 1 PC and a synonymous 
variant in 1 APT. The absence of pathogenic mutations detected in our series of PC and APT further suggests that FLCN variants are rare in 
these tumors. Nevertheless, the potential roles of FLCN in the pathogenesis of PC and APT merits further consideration and study.
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The molecular pathogenesis of parathyroid carcinoma (PC) 
and atypical parathyroid tumors (APT) are incompletely under
stood. APTs are defined as parathyroid lesions with atypical 
features, such as fibrous banding, trabecular growth pattern, 
increased mitotic activity, or other aberrant features, but lack 
the definitive evidence of malignancy required for unequivocal 
diagnosis of PC (ie, invasion into adjacent structures or metas
tasis). Thus, APTs are of uncertain malignant potential and 
long-term follow-up is advised [1]. However, few data on the 
recurrence rate or pathogenic drivers of APT exist [2].

The most common genetic alteration in PC is inactivation of 
the CDC73 tumor suppressor gene, observed in a mean of 
around 35% of sporadic carcinomas across multiple studies 
but with considerable variation in frequency (13%-100%), 
likely because of differences in case selection and the potential 
inclusion of cases meeting some histopathologic criteria for car
cinoma but with less definitive evidence for malignant clinical 
behavior [3-12]. CDC73 mutations have been reported in ap
proximately 5% of sporadic APT [2, 13, 14]. In both PC and 
APT, CDC73 mutations may occasionally be germline, despite 
sporadic tumor presentation. The frequency of other genetic al
terations in PC, such as amplifications of the cyclin D1/CCND1 
gene, or gain-of-function mutations in PIK3CA or MTOR [15] 
is unclear in APT [16]. Recently, FLCN variants have been 
linked to PC [17]. FLCN, located on chromosome 17, encodes 

folliculin, a ubiquitously expressed protein with roles in mul
tiple cellular processes such as apoptosis and cell signaling. 
Inactivating FLCN germline mutations are the only known 
genetic basis of Birt-Hogg-Dubé syndrome (BHD), an auto
somal dominant condition characterized by benign fibrofollicu
lomas, pulmonary cysts and spontaneous pneumothorax, and 
increased risk of renal cancer. Although benign parathyroid tu
mors have been reported [18-20], PC in the context of BHD had 
not previously been reported. Germline FLCN variants were 
found in 3 of 17 unrelated patients with PC negative for 
CDC73 and MEN1 mutation [17]. Identical variants in 2 of 
3 patients had been previously reported in patients with BHD 
[21, 22]. Parathyroid tumor DNA sequencing revealed loss of 
the normal FLCN allele in 2 of the 3 patients. All 3 patients 
had additional clinical features suggestive of, or potentially 
consistent with, BHD, such as lung or kidney lesions, but no fi
brofolliculomas and no established diagnosis of BHD before 
the study. An identical somatic FLCN inactivating variant 
was identified in 2 patients: 1 with metastatic PC and 1 with 
an APT. Prior to that report, no FLCN variants had been iden
tified in next-generation sequencing (NGS) studies of PC, in
cluding more than 100 patients.

However, in 35% of cases subjected to NGS across the pub
lished literature, germline variants were specifically filtered 
out during data analysis. Interestingly, lower than expected 
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coverage levels of FLCN on whole-exome sequencing (WES), 
resulting in the failure to detect FLCN variants that had been 
identified by Sanger sequencing, was observed by Jha et al 
[17]. This raises the possibility that even somatic FLCN var
iants may have been missed in published WES studies. Thus, 
using Sanger sequencing because of its reportedly superior 
sensitivity for detecting variants in this particular gene, we 
sought to better understand the frequency of germline or som
atic FLCN variants in PC and APT.

Methods
Patients and Samples
Ten primary, recurrent or metastatic PCs, 14 APTs and 
paired nontumor tissue or blood were obtained from patients 
who underwent surgery for primary hyperparathyroidism. 
All samples were obtained with informed consent in accord
ance with institutional review board-approved protocols. All 
patients were diagnosed per clinical routine with sporadic 
presentation; no patient was diagnosed preclinically in a sur
veillance program for known/suspected carriers of germline 
CDC73 mutation. Tumors were categorized in accordance 
with stringent clinicopathologic criteria [1]. Apart from 
histologic diagnosis and sporadic presentation, cases were 
otherwise unselected with regard to CDC73 mutation status 
or other criteria. Nine of the carcinoma samples had been 
previously subjected to WES [5]. Samples were flash frozen 
on surgical excision, with the exception of 1 PC and 1 
APT, which were from formalin-fixed, paraffin-embedded 
tissue. Genomic DNA was extracted from each sample using 
either proteinase K digestion for surgical samples or sucrose 
gradient centrifugation for blood samples, followed by 
phenol-chloroform extraction and ethanol precipitation.

PCR and Sanger Sequencing
Primers were designed to cover the entire FLCN coding re
gion and intron/exon boundaries (Table 1). PCR was per
formed in 20-μL reaction volumes, using template DNA at 
a concentration of 25 ng/μL. Each reaction contained 13 
μL H2O, 2 μL 10X PCR buffer, 200 μmol deoxynucleotide 
triphosphates, 1.5 mmol MgCl2, 1 μM of each forward and 
reverse primer, and 0.2 μL of AmpliTaq Gold (Applied 

Biosystems/ThermoFisher, Waltham, MA, USA). The PCR re
actions were performed by incubating at 95 °C for 10 minutes, 
followed by 35 cycles of 95 °C for 30 seconds, 55 °C or 60 °C 
for 30 seconds, 72 °C for 1 minute, and a final elongation step 
of 72 °C for 10 minutes. PCR products were run on 1.5% agar
ose gel to confirm amplification of the intended product. Then, 
remaining PCR product was enzymatically purified with 
ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) and sequenced 
by GENEWIZ (GENEWIZ, Inc, South Plainfield, NJ, USA). 
The results were assembled and compared to published refer
ence data (ENSG00000154803) using Sequencher (Gene 
Codes, Ann Arbor, MI). Variants were confirmed with an inde
pendent PCR/sequencing reaction. The somatic/germline status 
of each identified variant was confirmed by PCR amplification 
and sequencing of nontumor, germline DNA from the same in
dividual. The novelty of identified variants was assessed by the 
presence/absence in the Genome Aggregation Database [23] 
and predicted effects of known variants were evaluated using 
embedded in silico tools.

Results
We identified no inactivating FLCN variants in any of the 
10 PC or 14 APT samples. A heterozygous, germline missense 
variant, c.973G > T, resulting in a p.Gly325Val change in the 
predicted protein, was found in 1 PC (Fig. 1). This is a very 
rare allele, appearing only once in the Genome Aggregation 
Database, and predicted by multiple in silico analyses to be be
nign/tolerated. In the absence of functional data, the variant is 
presently classified as a variant of uncertain significance [23]. 
The patient with this variant had metastatic parathyroid cancer 
diagnosed at age 40 years. Although not specifically assessed 
for clinical features suggestive of BHD, no evidence of pneumo
thorax or lung blebs was seen on multiple chest scans, and no 
skin lesions were noted. However, small, bilateral renal cysts 
were noted. A known synonymous variant (c.1233G > A, 
MAF = 0.007908 in the Genome Aggregation Database) was 
also observed in 1 APT but nontumor DNA was not available 
to determine germline/somatic status. Overall, across the pre
sent and previous study [17], likely pathogenic FLCN variants 
have been detected in 3 of 27 (11.1%) sporadic PCs and in 1 of 
17 (5.9%) APTs.

Table 1. FLCN primer sequences

Exon Forward primer (5′-3′) Reverse primer (5′-3′) Product size (bp) Annealing temperature (° C)

4a AGTCCATGGCACCCAGGTGC TCTTCCGCCTGCTCACCCTG 265 55
4b CACTCTCTTCTGCACGGAGG ACTGCTCTCAGGTCCTCCTG 275 55
5 AGCTCAGATTTGCATAAACC TGTGCAATGCTGGCTCCGAG 315 55
6a ATTTGTGCCAGCTGACTCTG TGATGAGGTAGATCCGGTCC 250 55
6b ATCAAGGACAGCCTGGCCAG CCTCAACCTCAGCACAGAGC 220 60
7 GTTGGCTGTGAACGAGTAGG ACAAGCCAACCAATGTATCG 300 55
8 AACTGGTAGGATCAGGGGCT TTCCTGCCAGGAGAGCAGAC 260 55
9 CCATGAAGTATCTTGGGCTG AGGCTGTCAGTCACTTCCAG 400 60
10 ACACACAAATAACTTCATGG TGGTGCACAGCGGTTCTGTG 300 55
11 GTTTGGGTAGTAGAGCATGG GAGATCTGGTTCCACTTTGG 280 55
12 GACCTGGGATGAGCGGAGTG GAGCAAGGGCAGGCGTTAGC 300 55
13 TGTAGCTGCAGACCGAGGTG CCTCTTTTGGAAACAGCTCC 270 55
14 AGCTCCTGCTGGTGCCAAAG GAAACTCAAGGGACAGTCCC 390 55
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Discussion
We sought to determine the frequency of pathogenic germ
line and/or somatic FLCN variants in a series of sporadic 
PCs and ATPs by direct Sanger DNA sequencing, given prior 
information that coverage of this gene can be poor when us
ing NGS technology. We identified 1 germline FLCN mis
sense variant in 1 of 10 PCs and 1 synonymous variant in 
1 of 14 APTs, neither of likely pathogenic importance, and 
suggesting that pathogenic FLCN variants are likely rare 
in PC and APT.

With the expansion of the number of NGS studies of PC in 
recent years, one might turn to such published studies to 

further understand the overall frequency of newly reported 
gene variants. In total, 133 PCs across 10 studies have been 
subjected to NGS, including whole exome, whole genome, 
and panel sequencing for which FLCN was included [3-12]. 
No pathogenic FLCN variants have been reported in prior 
WES studies of PC. Germline variants were intentionally 
and specifically filtered out during data analysis in 35% of 
cases across all studies. Indeed, the case in our series with an 
FLCN variant of uncertain significance had been included in 
a prior NGS study of somatic variants [5], and on reexamin
ation of the data from that study, this variant had been present 
but not reported because of its germline status. Although 
germline variants could have been present but unreported in 
some NGS studies, somatic FLCN variants (that can often 
be present as pathogenic second hits in a classic tumor sup
pressor) would have been detected and reported. Finally, the 
lower than expected coverage levels of FLCN on WES re
ported by Jha et al, resulting in the failure to detect FLCN 
variants in 2 patients that had been identified by Sanger se
quencing [17], raises the possibility that some FLCN variants 
may have been missed by prior published NGS studies. Such 
studies may also have missed potentially important alterations 
in other genes with lower coverage levels, an important con
sideration for interpreting data from published NGS studies 
and for design of future studies.

The link between parathyroid tumors and BHD is intri
guing. Before Jha et al [17], only 3 patients with BHD across 
more than 600 families had been reported to have parathyroid 
tumors, all benign: 2 with parathyroid adenoma and 1 with 
multigland parathyroid disease [18-20]. This does suggest 
that parathyroid tumorigenesis is only a very rare manifestation 
of BHD. Genetic screening of a health care system population 
revealed pathogenic/likely pathogenic FLCN truncating muta
tions in 0.03% of unrelated individuals, 68.6% of whom had 
classical BHD related manifestations but only 11.4% had a 
diagnosis of BHD [24]. Taken together, these observations sug
gest that the clinical spectrum of BHD outside of the classical 
familial presentation is incompletely understood and thus raises 
the possibility that BHD-associated primary hyperparathyroid
ism could be more prevalent than currently believed. The rare 
nature of PC poses a limitation to these studies, as sample num
bers are often low. Although our study did not reveal any in
activating FLCN variants, the presence of such variants could 
be enriched to some extent when CDC73-mutation positive pa
tients are excluded, as in Jha et al [17].

Folliculin is associated with both mTOR and AMPK path
ways. These pathways are both essential in maintaining cellu
lar homeostasis, and dysregulation of mTOR and AMPK 
pathways have been linked to several cancers; therapeutic 
agents targeting them have been and continue to be developed. 
Examining such agents for efficacy in treating FLCN-mutation 
positive patients with PC and BHD would be an important 
consideration [25].

The preponderance of evidence suggests that pathogenic 
FLCN mutations are quite rare in sporadic PC and APT. 
However, given the potential clinical implications, such as 
the benefits of diagnosing BHD for the prevention of other se
vere manifestations and the possibility of future precision 
medicine therapeutic approaches, germline FLCN testing 
and/or additional screening for BHD-related lesions in pa
tients with PC, especially in the absence of confirmed 
CDC73 germline mutation, merits further study.

Figure 1. Identified FLCN missense variant. A heterozygous guanine to 
thymine transversion was identified at position 973 of the FLCN coding 
sequence (c.973G > T), resulting in a Gly325Val protein change, in 1 
sporadic parathyroid carcinoma in this study. This variant was also 
present in nontumor germline DNA from the same individual. The top 
electropherogram shows the nontumor (N) DNA sequence; the bottom 
electropherogram shows the tumor sequence (T). Position of the variant 
is indicated by an arrow.
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