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Abstract

Mutation of the CDC73 gene, which encodes parafibromin, has been linked with parathyroid
cancer. However, no correlation between genotypes of germline CDC73 mutations and the

risk of parathyroid cancer has been known. In this study, subjects with germline CDC73
mutations were identified from the participants of two clinical protocols at National Institutes

of Health (Discovery Cohort) and from the literature (Validation Cohort). The relative risk of
developing parathyroid cancer was analyzed as a function of CDC73 genotype, and the impact

of representative mutations on structure of parafibromin was compared between genotype groups.
A total of 419 subjects, 68 in Discovery Cohort and 351 in Validation Cohort, were included. In
both cohorts, percentages of CDC73 germline mutations that predicted significant conformational
disruption or loss of expression of parafibromin (referred as ‘high-impact mutations”) were
significantly higher among the subjects with parathyroid cancers compared to all other subjects.
The Kaplan—Meier analysis showed that high-impact mutations were associated with a 6.6-fold
higher risk of parathyroid carcinoma compared to low-impact mutations, despite a similar risk

of developing primary hyperparathyroidism between two groups. Disruption of the C-terminal
domain (CTD) of parafibromin is directly involved in predisposition to parathyroid carcinoma,
since only the mutations impacting this domain were associated with an increased risk of
parathyroid carcinoma. Structural analysis revealed that a conserved surface structure in the

CTD is universally disrupted by the mutations affecting this domain. In conclusion, high-impact
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germline CDC73 mutations were found to increase risk of parathyroid carcinoma by disrupting the
CTD of parafibromin.

atypical parathyroid adenoma; hyperparathyroidism-jaw tumor syndrome (HPT-JT); genotype-
phenotype correlation; HRPT2; jaw tumor

Introduction

Parathyroid cancer is an uncommon disease with an estimated annual incidence of 5.73
per 10,000,000 population in the United States (Lee et a/. 2007). Most parathyroid
cancers are functional and secrete excessive parathyroid hormone (PTH), which causes
primary hyperparathyroidism (PHPT) and typically severe complications secondary to
hypercalcemia. Because it is insensitive to chemotherapy or radiotherapy, surgery is the
only effective treatment of parathyroid cancer (Rodrigo et al. 2020). However, about 50%
of patients had persistent or recurrent disease and PHPT is the main cause of death (Wei
& Harari 2012). Identifying those at high risk of developing parathyroid cancer could
potentially lead to earlier-stage diagnosis and increased chance of cure.

CDC73, formerly known as HRPTZ, is a key gene implicated in development of parathyroid
cancer. It is a putative tumor suppressor gene with 17 exons (Fig. 1), and multiple germline
and somatic mutations have been identified and are presumed to cause partial or complete
inactivation of this gene (Newey et a/. 2010). It is estimated that at least two thirds of
seemingly sporadic parathyroid carcinomas harbor somatic or germline mutations in the
CDC73gene (Shattuck et al. 2003, Yu et al. 2015, Pandya et al. 2017, Clarke et al.

2019, Cui et al. 2019), while 10-15% of subjects with germline CDC73 mutations develop
parathyroid carcinoma (Jackson et a/. 1993). In atypical parathyroid adenomas, germline
CDC73 mutations have so far been the most commonly identified genomic abnormalities
(Cetani et al. 2019). In contrast, somatic COC73 mutation occurs at a much lower frequency
in sporadic typical parathyroid adenomas (Krebs et al. 2005, Wei et al. 2018). Besides
parathyroid tumors, germline CDC73 mutation could lead to fibro-osseous jaw tumors and
tumors in kidney or uterus, all of which are manifestations of a familial cancer syndrome
named the hyperparathyroidism-jaw tumor syndrome (HPT-JT syndrome; OMIM #145001)
(Li & Simonds 2016).

The CDC73 gene encodes an evolutionally conserved protein, parafibromin (Carpten et al.
2002). Parafibromin functions as a component of the polymerase-associated factor-1 (PAF1)
complex that regulates gene transcription through its interaction with RNA polymerase 1l
(Yart et al. 2005). Parafibromin contains two recognized protein domains, an N-terminal
domain (NTD; Pfam PF16050) and a C-terminal domain (CTD; Pfam PF05179; Fig. 1).
The NTD contains one nuclear localization sequence (Hahn & Marsh 2005) and two
nucleolar localization signals (Hahn & Marsh 2007, Panicker et al. 2010, Pazienza et al.
2013). The crystal structure of the N-terminal 111 amino acids of parafibromin revealed a
highly-conserved hydrophobic groove with unknown function (Sun et a/. 2017). In contrast,
the structure of the CTD of parafibromin has not been solved. Yeast Cdc73, a homolog
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of the CTD of human parafibromin, is similar in structure to the Ras family of small

GTPase but lacks GTPase activity (Amrich et al. 2012, Chen et al. 2012). The central
sequence of parafibromin is important for binding to multiple proteins, such as p-catenin,
GLI (glioma-associated oncogene transcription factor) and the PAF1 (polymerase-associated
factor 1) complex (Yart et al. 2005, Mosimann et al. 2006, 2009, Iwata et al. 2007).

Unlike the multiple endocrine neoplasia type 2 syndrome in which specific germline RET
proto-oncogene mutations predict a higher risk of medullary thyroid carcinoma (Eng et al.
1996, Frank-Raue et al. 1996, Machens et al. 2003), any correlation between the risk of
parathyroid cancer and genotypes of germline CDC73 mutations has not been known. In this
study, we explored the connection(s) between genotypes of CDC73 germline mutations

and parathyroid cancer/HPT-JT syndrome and investigated the structural basis of such
connection(s).

Materials and methods

Subjects

The subjects in this study were identified from the participants of two natural history
protocols, NCT00001345 for inheritable metabolic disease and NCT00001277 for
hyperparathyroidism, at the National Institutes of Health (NIH), as well as from the
published cases and case series included in Human Genetic Mutation Database (HGMD;
http://www.hgmd.cf.ac.uk/ac/index.php) from 2002 to 2016. The clinical protocols were
approved by the Institutional Review Board of National Institute of Diabetes and Digestive
and Kidney Diseases and consents were obtained for all subjects enrolled in the NIH
protocols. Genomic CDC73alterations were detected by targeted gene sequencing or by
copy number analysis if the former analysis was negative.

Data collection

Information about subject demographics, CDC73 germline mutation, parathyroid disease
status, age of onset of parathyroid disease and other clinical manifestations of HPT-JT
syndrome, and biochemical test results were collected, if available. In instances when
CDC73 mutation-positive subjects had no evidence of parathyroid disease, the ages at the
last follow-up were recorded. Parathyroid disease status was recorded according to the
surgical pathological diagnosis. Among the NIH cases, diagnosis of parathyroid tumors
was made according to the WHO criteria (Bondeson et al. 2004, DeLellis et al. 2017):
parathyroid carcinoma must have histological evidence of vascular, capsular, or gross
adjacent tissue invasion or obvious metastases, while atypical parathyroid adenoma should
have aggressive histological features (e.g., pleomorphism and atypia, mitoses, necrosis,
and microscopic capsular infiltration) but must not have extensive invasion into adjacent
tissues or metastasis (two diagnostic criteria for carcinoma). Immunohistochemical (IHC)
staining for parafibromin was not performed for diagnosis of parathyroid disease at the
NIH. The levels of serum total calcium and PTH were recorded at initial diagnosis or at
recurrence(s) of PHPT if the former values were not available, and units were converted
to the same unit (e.g., mmol/L for calcium and pg/mL for PTH). The germline mutations
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of the CDC73gene in the general population were queried in the EXAC database (https://
gnomad.broadinstitute.org/).

Structure modeling

The crystal structure of the N-terminal 1-111 amino acid fragment of human parafibromin
(PDB ID: 5YDE) was visualized using PyMOL (Sun et a/. 2017). The highly conserved
residues in or at both ends of a previously reported hydrophobic groove (Sun et al. 2017)
were highlighted based on their hydrophobicity scores (Wimley & White 1996). The
missense mutations were highlighted to show their locations in or near the hydrophobic
groove.

The structure of the CTD of human CDC73 was modeled based on the structure of

yeast Cdc73 (PDB ID: 3V46) (Amrich ef al. 2012). The human parafibromin (aa 350—

531) sequence, which corresponds to the sequence of yeast Cdc73, was analyzed by
I-TASSER (Yang et al. 2015). The resulted five models were aligned with the yeast

Cdc73 to determine the best fit human parafioromin CTD model. Next, patient-specific
mutations were introduced into the sequence, and models for each mutant were generated by
I-TASSER and visualized by PyMOL.

Statistical analysis

Results

Continuous variables were compared with the use of the Student-¢test (for two-group
comparison) or ANOVA and Dunnett test with a single pooled variance (multiple
comparisons) under the presumption of same S.D, and normal distribution. Log
transformation was applied to the PTH results to convert the data from a highly skewed
distribution into a normal distribution before quantitative statistical analysis. Categorical
variables were compared using a chi-square test or Fisher’s exact test, as appropriate. The
Kaplan—Meier analysis and log-rank test were used to estimate time-to-event curves, hazard
ratio and 95% CI. All tests were performed with a two-sided significance level of 5%.

We identified 68 and 351 subjects with germline CDC73 mutations from the participants

of two clinical protocols in the NIH and from the published case reports/series ranging

from 2002 to 2016, respectively (Supplementary Table 1, see section on supplementary
materials given at the end of this article). A total of 86 distinct germline CDC73 mutations
were found among these 419 subjects (Supplementary Table 2). There were 42 (61.8%)

and 338 (96.3%) subjects whose germline CDC73 mutations were confirmed by DNA
analysis in the NIH cases and the cases reported in literature, respectively; and the remaining
subjects in each group were presumed to possess CDC73 mutations, because they were
either obligate carriers or clinically affected first- or second-degree relatives of an index case
with a confirmed CDC73 mutation (Fig. 2). Among the NIH cases and the cases reported

in literature, 14 (20.6%) and 63 (17.9%) subjects had a history of parathyroid cancer,

and 3 (4.4%) and 20 (5.7%) subjects were diagnosed with atypical parathyroid adenomas,
respectively (Fig. 2). Among the subjects who had detailed surgical pathology information
(n=128), 59.1% (13 out of 22) in the Parathyroid Carcinoma group and 42.5% (45 out
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of 106) in the Parathyroid Adenoma group were found to have multi-glandular parathyroid
involvement. Among the NIH parathyroid carcinoma cases with detailed pathology report
(n=18), 62.5% (n=15) had evidence of metastasis and the remaining three cases (37.5%)

had features of local invasion on histopathology. Compared to those with classic and atypical
parathyroid adenoma, the subjects who developed parathyroid carcinoma had slightly older
age as well as higher serum PTH and calcium levels, all of which were statistically
significant (Supplementary Fig. 1a, ¢, and d). The median tumor size of parathyroid
carcinomas was marginally bigger than those of atypical adenomas and classic adenomas
(P=0.05) (Supplementary Fig. 1b).

Correlation between CDC73 genotype and parathyroid cancer

To assess what CDC73 mutation genotype is more commonly present in parathyroid cancer,
we grouped the mutations based on their effects on the coding region of the CDC73 gene.
We used the NIH cases as the Discovery cohort and the cases reported in literature as the
Validation cohort. In the Discovery cohort, composition of CDC73 mutation types in the
parathyroid carcinoma cases was strikingly different (£=0.003) from that of all other cases
(Fig. 3a). The four types of mutations (gross indels, splicing, frame-shift and nonsense),
which were all predicted to cause a significant impact on parafibromin function or a loss

of parafibromin expression and were thus considered as ‘high-impact” mutations, were
more common in the Parathyroid Carcinoma group. In contrast, other types of mutations
(missense, in-frame indels and others), which were predicted to have a more limited impact
on parafibromin function and were thus referred as ‘low-impact’ mutations, were absent in
the Parathyroid Carcinoma group (Fig. 3a). Similarly, in the Validation cohort, there was
only one case (1.6%) with low-impact mutation in the Parathyroid Carcinoma group (/7= 63)
compared to 29 cases (37%) in all other subjects (7= 288; P=0.0251; Fig. 3b).

Kaplan—Meier analysis was next performed to estimate risks of parathyroid carcinoma

in the high-impact and low-impact CDC73 mutation groups. In the Discovery cohort,

the subjects with high-impact mutations had a significantly higher risk of developing
parathyroid carcinoma compared to those with low-impact mutations (hazard ratio: not
applicable; £=0.0033; Fig. 3c). Similar results were found in the Validation cohort (hazard
ratio = 6.60; £=10.03; 95% ClI, 2.7-16.1; Fig. 3d). In contrast, in both Discovery and
Validation cohorts, the subjects in the high-impact mutation groups had similar risks of
developing PHPT as those in the low-impact mutation groups (Fig. 3e and f). These analyses
were also performed in the subsets of the subjects who had sequencing-confirmed germline
CDC73mutations, in those who were the index cases, and in those after atypical parathyroid
adenoma was excluded. Significantly higher risks of parathyroid carcinoma, but similar
risks of developing PHPT, were consistently found in the subjects harboring high-impact
mutations compared to those with low-impact mutations in all subsets (Supplementary Fig.
2). We also compared among various types (namely gross indels, splicing, frame-shift

or nonsense) of high-impact mutations, and found all types of high-impact mutations
increased risk for parathyroid carcinomas without changing risk for PHPT in comparison

to low-impact mutations (Supplementary Fig. 3). Taken together, these findings showed

that high-impact germline mutations, but not low-impact mutations, of the CDC73 gene are
associated with an increased risk of parathyroid cancer.
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Differential effect of high-impact and low-impact mutations on parafibromin protein

domains

To investigate how the high-impact mutations differ from the low-impact ones, we first
examined mapping locations of all nonsynonymous mutations included in this study in the
coding sequence of the CDC73 gene. Most of the nonsynonymous mutations mapped to
exons 1-8 that constitute the NTD of parafibromin and the remaining mutations mapped
to exons 13-16 that constitute the CTD, with no mutations present in exons 9-12 that
encode the central sequence of parafibromin or in exon 17 that encodes the last 12 amino
acids at the carboxy terminus of parafibromin (Fig. 4a). The mapping locations of low-
impact mutations differed from those of high-impact ones in that the former mutations
predominantly affect the NTD of parafibromin and are rarely present in the exons encoding
the CTD (Fig. 4a). Although high-impact mutations were also more commonly mapped

to the coding region of the NTD, they were all predicted to disrupt the CTD (either the
CTD alone or both the CTD and the NTD) because the coding sequence of CTD is altered
by these mutations. Next, we selected 19 mutations from both genotype groups that were
predicted not to cause a complete loss of parafibromin. Irrespective of mutation genotypes,
the mutant forms of parafibromin could all be expressed in a transient-transfection system
but commonly at much lower levels than WT parafibromin except for two low-impact
mutations (c.1135G > A and c.815 A > G; Supplementary Fig. 4a). In addition, mutations
from both genotype groups did not typically affect binding of parafibromin to PAF1
complex when the central sequence of parafibromin remains intact (Supplementary Fig.
4b). These results indicate that mutant forms of parafibromin could retain certain properties
of the native protein and mutations of various genotype groups may cause loss of separate
function of parafibromin by disrupting different protein domains.

We next compared the germline CDC73 mutations in our dataset with those identified in

the general population. To this end, we queried the CDC73 gene mutations collected in the
Exome Aggregation Consortium (ExAC) database. In contrast to the findings in our dataset,
most of the nonsynonymous variants in the EXAC database were low-impact mutations and
were mapped throughout the CDC73 coding sequence, with the highest number of variants
in exon 11 that encodes part of the central sequence of parafibromin (Fig. 4b). These
findings suggest that not all germline CDC73 mutations are equally damaging and mutations
that disrupt either the CTD or the NTD of parafibromin are more pathogenic.

To determine disruption of which protein domain of parafibromin increases risk of
parathyroid cancer, we grouped the subjects based on the predicted effects of the mutations
on two protein domains of parafibromin (Supplementary Table 2), namely impacting the
NTD-only, CTD-only and NTD + CTD groups. The cases from both Discovery and
Validation cohorts were combined to increase power of the analysis. The Kaplan—Meier
analysis revealed a significant difference in the risk of developing parathyroid cancer among
the three groups (P = 0.016; Fig. 4c). Compared to the NTD-only group, the hazard ratios
for parathyroid cancer were 14.64 (95% CI, 1.078-198.8; £=0.002) and 9.625 (95% ClI,
4.52-20.49; P=10.006) in the CTD-only and NTD + CTD groups, respectively. In contrast,
the subjects in all three groups had a similar risk of PHPT (Fig. 4d). The analyses performed
on the subsets of the subjects produced very similar results (Supplementary Fig. 5).
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In summary, high-impact mutations differ from low-impact ones with respect to the protein
domains of parafibromin that are affected. The mutations involving the CTD (either CTD
only or both NTD and CTD), but not those involving the NTD only, are associated with an
increased risk of parathyroid carcinoma.

Correlation of CDC73 mutation genotype and severity of PHPT

We next examined if the subjects with high-impact CDC73 mutations could have a more
advanced clinical presentation of parathyroid disease. As shown in Fig. 5a, b, and c left
panel, the average size of the parathyroid tumors (including both carcinomas and adenomas),
serum PTH and calcium levels were all greater in the high-impact mutation group than
those in the low-impact mutation group, although the difference in the serum calcium levels
was not statistically significant. To eliminate the potential bias of disproportionally higher
numbers of parathyroid carcinomas in the high-impact mutation group, we repeated this
analysis by including only parathyroid adenomas. As shown in Fig. 5a, b, and c right panel,
the high-impact mutation group still had a greater size of parathyroid adenoma as well as
higher serum PTH and calcium levels, though the latter differences were not statistically
significant. Because clinical information was available only in a few subjects within the
CTD-only group, a comparison of PHPT severity was not performed between the NTD,
CTD and NTD + CTD groups. Together, these results demonstrate that the high-impact
CDC73 germline mutations are associated with a more advanced clinical presentation of
parathyroid disease.

CDC73 mutation genotype in atypical parathyroid adenoma

Atypical parathyroid adenoma represents an intermediate form of parathyroid neoplasms
of uncertain malignant potential (Cetani ef a/. 2019). We asked how genotype of CDC73
mutation in this tumor group differs from those in typical parathyroid adenomas and
parathyroid cancers. As shown in Fig. 6a and b, the percentage of high-impact mutations or
mutations involving the CTD in the subjects with atypical parathyroid adenomas resembled
that in the subjects with parathyroid carcinomas, indicating the genotypes of CDC73
mutations in these two groups are more similar.

Genotype-phenotype correlation between CDC73 germline mutations and other
manifestations of the HPT-JT syndrome

The HPT-JT syndrome, which has been linked to CDC73 germline mutations, is featured
with PHPT resulting from parathyroid tumors (typical adenoma, atypical adenoma, or
carcinoma), fibro-osseous jaw tumors, and/or tumors in kidney and uterus (Li & Simonds
2016). We asked if genotypes of CDC73 germline mutations are also correlated with the
manifestations of the HPT-JT syndrome other than parathyroid carcinoma. Because specific
pathology information was often not available for the lesions found in jaw, kidney and
uterus, we included all diseases in each organ for this analysis. As shown in Supplementary
Table 3, the percentage of high-impact mutations was significantly higher in the subjects
who developed jaw diseases but not in those with kidney and uterine diseases. Similarly, the
mutations affecting the CTD only or NTD + CTD were significantly more common in the
subjects who developed jaw diseases but not in the subjects with kidney diseases and uterine
diseases (Supplementary Table 4). Because information on age of onset of jaw disease
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was unavailable in most of the subjects, Kaplan-Meier analysis could not be performed.
In summary, these results demonstrate that, besides parathyroid carcinoma, the high-impact
CDC73 germline mutations were associated with an increased risk of jaw disease.

Structural impact of different genotype mutations on parafibromin

To gain further insight into how the NTD-only and CTD-only mutations affect the function
of parafibromin, we assessed impact of mutations within each genotype group on the
structure of parafibromin. Since the crystal structure of part of the NTD of human
parafibromin has been solved, we examined structural impact of the NTD-only mutations
by modeling on the crystal structure of amino acids 1-111 of parafibromin (Sun et al.
2017). Strikingly, many of the N-terminal missense mutations affect the residues in a
highly conserved hydrophobic groove in the NTD of parafibromin (Fig. 7a middle panel).
The ¢.176¢ > T (S59F) mutation, the only missense germline CDC73 mutation associated
with parathyroid carcinoma, affects a residue adjacent to the highly-conserved hydrophobic
groove, while the Y55 residue, which is affected by two distinct germline missense
mutations (c.163T > A [Y55N] and c¢.164A > C [Y55S]), is at some distance away from
the groove (Fig. 7a right panel).

We next assessed the structural impact of the CTD-only mutations. Because the structure of
the CTD of parafibromin is still unsolved, we modeled its structure based on the structure
of yeast Cdc73, which is a homolog of the CTD of human CDC73 but without an NTD-like
sequence. All of the seven high-impact mutations affecting the CTD only cause disruption
of a previously-reported “flat’ surface (highlighted in red in Fig. 7b left panel), which is
formed by the residues that are evolutionarily-conserved across different species (Amrich
et al. 2012); and the only missense germline mutation present in the CTD (c.1135G > A
[p.D379N]) also affected one of the residues present on this surface (Fig. 7b right panel).
Together, these data suggest that the conserved “flat’ surface structure in the CTD is critical
for tumor suppressor activity of parafibromin and is disrupted by “high-impact’ mutations or
those affecting the CTD.

Discussion

In this study, we discovered that high-impact germline CDC73 mutation is associated with
an increased risk of parathyroid carcinoma and jaw disease. Consistent with our findings, in
three published studies that performed targeted gene sequencing or whole exome sequencing
on parathyroid carcinomas, all of the subjects harboring germline CDC73 mutations had
high-impact mutations (either frame-shift or nonsense mutations) in the CDC73 gene
(Shattuck et al. 2003, Yu et al. 2015, Pandya et al. 2017). In contrast, we found that the
subjects with low-and high-impact germline mutations had a similar risk of developing
PHPT. In addition, the clinical presentation of PHPT was more advanced in the subjects
with high-impact germline CDC73 mutations. These results suggest that impairment of
parafibromin function by the high-impact mutations have pathophysiologic ramifications
that overlap with, but are distinct from, those resulting from the low-impact mutations.

One common feature we found between the low- and high-impact mutations of the CDC73
gene is that most of the mutations in both genotype groups diminished expression of
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mutant parafibromin. Despite being unstable, the parafibromin mutants resulting from
these germline mutations were still able to bind to CTR9 and thus likely retained certain
biological function(s) of native parafibromin. A notable distinction between the low-and
high-impact mutations is that most of the former mutations only affect the NTD while

all of the latter mutations disrupt the CTD of parafibromin. Structure modeling revealed
that the mutations within the NTD-only group or the CTD-only group are predicted to
disrupt a conserved structure within each protein domain. We speculate that each domain of
parafibromin has distinct functions (e.g., the CTD is more critical for the tumor suppressor
function of parafibromin), and disruption of separate domains of parafibromin by different
genotype groups of germline mutations could be the mechanistic basis for their differential
risk of parathyroid cancer. A previous study in yeast Cdc73 has suggested that the CTD of
parafibromin may play an important role in transcription elongation (Amrich et al. 2012),
but evidence is still lacking in human parafibromin. Future study should investigate how
disruption of the conserved “flat’ surface structure in the CTD could compromise the tumor
suppressor function of parafibromin.

It has been suggested that IHC staining of parafibromin could be used as a screening test
for not-so-widely-available genomic testing of CDC73 germline mutation (Gill ef a/. 2019).
However, IHC test of parafibromin has not been standardized and could be difficult to
perform with variable results (Gill ef a/. 2019). In addition, there is a concern that this
approach may favor the detection of germline mutations that cause a complete/significant
loss of parafibromin expression over those that do not affect parafibromin expression. Our
data in Supplementary Fig. 4 showed that, among the mutations we tested, all the high-
impact germline mutations and most of the low-impact germline mutations of the CDC73
gene (which account for 88% of all the low-impact mutation cases in our study) caused a
significantly diminished expression of parafibromin mutants compared to WT parafibromin.
Two low-impact mutations (c.1135G > A and ¢.815 A > G, which account for 4% of the
low-impact mutation cases in our study) did not affect expression of parafibromin mutants,
while the effect of remaining three low-impact mutations (9.95151T > C, *12C > A and
c.-4dupG, which account for 8% of the low-impact mutation cases) were unknown. These
results suggest that the approach of using parafibromin IHC as a screening test could lead to
missed diagnosis of a small percentage of low-impact germline mutations that do not affect
or have unknown effect on expression of parafibromin mutants. Because this approach was
not adopted in our institution and may only affect a small percentage of the cases reported in
the literature, it is unlikely to be a significant confounding factor in our study.

The findings in this study have several clinical implications. First, subjects who are

known to harbor the high-impact germline CDC73 mutations that damage or eliminate

the CTD of parafibromin should be educated and counseled for an increased risk of
parathyroid carcinoma. These subjects may also benefit from closer monitoring, particularly
for parathyroid cancer. On the contrary, subjects with the low-impact mutations or mutations
not affecting CTD of parafibromin, have a much lower risk of parathyroid carcinoma and
may be suitable for less frequent surveillance. Secondly, our findings are consistent with the
view that atypical parathyroid adenoma may represent a precursor of parathyroid carcinoma
and has the potential to transform into cancer after accumulation of addition genomic
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alteration(s). Our findings, therefore, support the recommendation to closely follow patients
with atypical parathyroid adenoma after parathyroid surgery (Cetani et al. 2019).

This study has several limitations. First, most of the case reports and case series were
cross-sectional observations without long-term follow up. Therefore, the rates of parathyroid
tumor are likely to be underestimated, and we could not assess effect of genotypes of
germline CDC73 mutation on long-term outcome (e.g., parathyroid tumor recurrence or
all-cause survival). Secondly, the results of laboratory tests (e.g., calcium and PTH levels)
came from many different centers over a span of 14 years. These results may be obtained

by employing different assays and with different normal ranges and it is not possible to
normalize these values. Therefore, the analysis results on these data need be interpreted with
this limitation in mind. Lastly, diagnosis of parathyroid carcinomas and atypical parathyroid
adenomas could be challenging if only based on histological findings, and pathological
diagnosis is not necessary to predict the outcome of parathyroid disease (Gill 2014). It
would be ideal to have all parathyroid pathologies reviewed by an expert pathologist in

a blinded fashion to ensure the same set of criteria being applied to all cases. However,
because most of the parathyroid specimens were unavailable for blinded pathology review
in both cohorts, we could only rely on the diagnoses reported in the original reports for

our analysis. Nevertheless, because of retrospective nature of our study, the diagnoses

of parathyroid diseases were made by pathologists without knowing specific genotype of
CDC73mutations for the purposes of this study.

In conclusion, this is the first study to show a strong correlation between CDC73 genotype
and the development of parathyroid cancer and jaw disease. Appropriate counseling and
surveillance for parathyroid carcinoma and jaw disease should be considered for those
harboring high-risk germline mutations of the CDC73 gene, which could lead to a better
clinical outcome of these subjects.
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A schematic presentation of CDC73gene and parafibromin protein domains.

Endocr Relat Cancer. Author manuscript; available in PMC 2022 January 31.

Page 14



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal. Page 15

Discovery Cohort Validation Cohort
NIH Cases Cases from Literature
(N=68) (N=351)
CDC73 Germline Mutation CDC73 Germline Mutation
Confirmed 42 (61.8%) Confirmed 338 (96.3%)
Presumed 26 (38.2%) Presumed 13 (3.7%)
PC PA NED PC PA NED
N=14 N=42 N=12 N=63 N=210 N=78
(20.6%) (61.8%) (17.6%) (17.9%) (59.8%) (22.2%)
Classic Atypical Classic Atypical
N=39 N=3 N=190 N=20
(57.4%) (4.4%) (54.1%) (5.7%)

Figure2.
CONSORT diagram of the cases with CDC73 germline mutations in this study. ‘Confirmed’

referred to the cases with CDC73 germline mutation verified by DNA sequencing, and
‘Presumed’ were those considered to have CDC73 germline mutation but without DNA
sequencing verification. NIH, National Institutes of Health; PC, parathyroid carcinoma; PA,
parathyroid adenoma; NED, no evidence of parathyroid disease.
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associated with an increased risk of parathyroid cancer. (A, B) Comparison of mutation
composition between the subjects with parathyroid carcinoma and all other subjects in the
Discovery Cohort (A) and Validation cohort (B). (C, D) Kaplan-Meier plots of event-free

survival of parathyroid carcinoma in the subjects of the Discovery cohort (c) and the

Validation cohort (D) grouped by predicted impact of the CDC73 germline mutations. (E,
F) Kaplan-Meier plots of event-free survival of hyperparathyroidism in the subjects of the

Discovery cohort (E) and the Validation cohort (F) grouped by predicted impact of the

CDC73 germline mutations.
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Figure 4.
Germline CDC73 mutations that impact the CTD of parafibromin are associated with an

increased risk of parathyroid carcinoma. (A, B) Mapping of high-impact and low-impact
CDC73germline mutations from the present study (A) or in the EXAC database (B) in the
coding regions of the CDC73gene. The gross-indel mutations were not included in this
analysis because these genomic alterations affect multiple exons of the CDC73gene. The

Y axis represents the case number in each exon of the CDC73 gene divided by length of

the corresponding exon and then multiplied by 100. (C, D) Kaplan—Meier plots of event-free
survival of parathyroid carcinoma (c) and hyperparathyroidism (d) in the subjects with
germline mutations that are predicted to impact the NTD only (N), the CTD only (C) or both
the NTD and CTD (N + C) of parafibromin.
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Parathyroid adenomas only
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The subjects harboring high-impact CDC73 germline mutations had more advanced clinical
presentation of PHPT than those with low-impact mutations. Comparisons of parathyroid
tumor size (A), serum PTH levels (B), and serum calcium levels (C) between the high-
impact mutation group and the low-impact mutation group among the subjects who were
diagnosed of parathyroid tumors (including both adenomas and carcinomas, left panel) or in
the subjects who were diagnosed of parathyroid adenoma only (right panel).
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The genotypes of CDC73 germline mutations in atypical parathyroid carcinomas resemble
those in parathyroid carcinomas. (A) Composition of the low-impact and the high-impact
mutations in the subjects with atypical parathyroid adenomas, parathyroid typical adenomas
or parathyroid carcinomas; (B) Composition of the NTD-only, the CTD-only, or both NTD
+ CTD mutations in the subjects with atypical parathyroid adenomas, parathyroid typical
adenomas or parathyroid carcinomas.
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Il Hydrophobic amino acid
B Hydrophilic amino acid

B wy p.L478Efs*3 p.L461Cfs*18 p.D379N
(c.1432-1433delCT) (c.1382delT) (c.1135G>A)

Figure7.
Structural impact of the germline mutations that affect the CTD only or the NTD only.

(A) The germline mutations that impact the NTD only commonly affect the residues in

or near the conserved hydrophobic groove of the NTD. Left: The conserved residues that
form the hydrophobic groove in the NTD were highlighted in blue color; K34 and R91, two
hydrophilic residues at the bilateral ends of the groove, were highlighted in dark red color.
Middle: The residues L63, L64, L95, L98 and R91 (highlighted in light blue), which are
affected by the germline mutations, are in or at one end of the hydrophobic groove. Right:
The two residues that are affected by the germline mutations, S59 and Y55, are located
proximal to or away from the hydrophobic groove, respectively. (B) Mutations that impact
the CTD only disrupt a conserved “flat” surface structure. Far left: The residues 350-531 in
the CTD were modeled based on the yeast Cdc73 structure. Red and pink colors highlight
identical and highly conserved residues between human and yeast CDC73, respectively. The
region from 387-394 is colored in light blue to display the similar orientation of each model.
Top 3 on the right: the surface view of the mutant structures as specified. The blue arrow
shows the location of the residue D379; Bottom: Superimposition of the modeled mutant
structure (light blue) over the WT structure (green), with the missing/affected structure in
the mutants highlighted in magenta color.
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