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Genomic aberrations associated with atypical parathyroid adenoma (AA) are poorly understood. Thus, herein, we sought to expand
our current understanding of the molecular basis of atypical parathyroid adenomas. We analyzed 134 samples that had been
surgically obtained from parathyroid tumors, including parathyroid carcinomas, atypical parathyroid adenomas, and
parathyroid adenomas. The tumors were harvested from formalin-fixed, paraffin-embedded tissues. Fifteen tumor-related genes
from recently published genome sequencing data were subjected to targeted sequencing analysis, and an average sequencing
depth of 500x was achieved. Sixteen (16/50, 32%) AA tumors harbored at least one of the following genomic alterations: CDC73
(12, 24%), EZH2 (4, 8%), HIC1 (1, 2%), and CDKN2A (1, 2%). Our study identified, for the first time, a relatively high frequency
of genomic alterations in patients with AA in a Chinese population. This suggests that AA arises de novo, rather than
developing from a parathyroid adenoma. Altogether, these findings will improve our understanding of the malignant potential
of parathyroid tumors at the molecular level.

1. Introduction

Atypical parathyroid adenoma (AA) exhibits some of the fea-
tures of parathyroid carcinoma but lacks its uncontrolled
invasive growth. AA has uncertain malignant potential and
exhibits morphological features that lie between those of
benign parathyroid adenoma (PA) and parathyroid carci-
noma (PC) [1]. Although the plasma levels of calcium and
parathyroid hormone (PTH) are often higher in patients with
PC or AA than in patients with PA, they are not sufficiently
different to allow for differential diagnosis. Histopathology
is the diagnostic gold standard, and uncontrolled invasive
growth—as evidenced by capsular penetration and definitive
invasion into adjacent tissue, vascular permeation, perineural
spread, or metastases—has been specified as a criterion for
PC diagnosis in the 4th edition of the World Health Organi-
zation (WHO) classification system published in 2017.
Tumors with atypical features that do not meet the criteria
for carcinoma can be classified as AA. The histopathological
features of AA include banding, fibrosis, adherence to a con-

tiguous structure, envelopment of the tumor within a cap-
sule, solid or trabecular growth patterns, nuclear atypia,
prominent nucleoli and mitotic activity, and no metastasis
or invasion into the surrounding tissues. However, there is
little agreement among pathologists regarding the histology-
based diagnosis of AA, and none of the histopathological
features mentioned above—either individually or in combina-
tion—can be used to diagnose the malignancy [2]. PC and PA
are also associated with completely different prognoses. With
respect to PC, the clinical findings are generally nonspecific;
most recur locally and spread to contiguous structures in the
neck, and recovery can only be achieved by complete surgical
resection. In contrast, the overall rate of recovery from PA is
excellent, and recurrence is rare. Because it has no typical
pathological characteristics in terms of morphology, some
cases of AA have been mistakenly diagnosed as PA, and such
patients may require close monitoring. These patients may
harbor malignancies that are not identified until there is dis-
tant tumor metastasis or recurrence; thus, a suitable strategy
for diagnosing AA is needed.
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The importance of genetic testing for diagnosis has
increased alongside recent advancements in clinical molecu-
lar research; accordingly, a considerable amount of informa-
tion regarding the molecular changes underlying tumors is
now available. Advancements in molecular biology—espe-
cially the development of targeted gene sequencing, an
inexpensive technique with relatively high sequence covera-
ge—have allowed the analysis of whole genomes, exomes,
and targeted sequences. Genome sequencing has been widely
used over the past decade and has provided abundant
insights into the pathogenesis of PA and PC. Molecular
alterations associated with parathyroid tumors include
genomic aberrations in cell division cycle 7 (CDC7) [3–5],
cyclin D1 (CCND1) [6–10], cyclin-dependent kinase inhibi-
tor (CDKI) [11], and multiple endocrine neoplasia type 1
(MEN1) [12–17]. Nevertheless, the molecular changes in
AA are not well understood. It is not known whether the
disease arises de novo or from PA; therefore, identifying the
molecular events occurring at the initial stages of parathyroid
cancer is necessary for obtaining a better understanding of
the molecular mechanisms underlying parathyroid carcino-
genesis. Moreover, understanding the molecular aberrations
in AA is crucial for the careful follow-up of patients.

Therefore, in this study, we analyzed the genetic profiles
of AA and attempted to identify changes in the expression
of AA-related genes at the genome level. We analyzed
formalin-fixed paraffin-embedded (FFPE) specimens using
next-generation sequencing- (NGS-) based target sequencing
with an ion proton-based cancer panel platform.

2. Materials and Methods

2.1. Patients and Samples. This study was approved by the
Ethics Committee of the Peking Union Medical College
Hospital, Beijing. Consent was obtained from each patient
after fully explaining the purpose and nature of all proce-
dures used. A total of 134 tumor samples from patients with
PA (n = 50), AA (n = 50), and PC (n = 34)—which were
retrospectively collected from the archives of the Peking
Union Medical College Hospital from July 1997 to December
2017—were analyzed. None of the patients had received
chemotherapy or radiotherapy prior to surgery. Two pathol-
ogists reviewed each hematoxylin and eosin (H&E) slide to
determine the diagnoses. Patients with evidence of capsular
penetration or vascular invasion, local invasion, and distant
metastasis were included in the PC group; patients with
tumors with atypical features that did not meet the criteria
for carcinoma were included in the AA group; and those with
benign tumors were included in the PA group. The median
follow-up period was 96 months. Serial sections were cut
from paraffin blocks, stained with H&E for routine histolog-
ical examination, and classified according to the criteria
published in the 4th edition of the WHO classification sys-
tem. The clinicopathological data (sex, age, tumor location,
tumor size, plasma calcium levels, and serum PTH levels)
of the patients were retrieved from their records after obtain-
ing the relevant ethical approvals, and the samples were
subjected to molecular analyses.

2.2. DNA Extraction and Targeted Sequencing. DNA was iso-
lated from paraffin-embedded samples using the T Guide
FFPE DNA One-Step Kit (Tiangen Biotech, Beijing, China)
according to the manufacturer’s instructions. The quantity
and quality of the extracted DNA were assessed using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA). Clinically relevant gene alterations in
the parathyroid tumor samples were detected by performing
NGS using an Illumina HiSeq 2 × 150 bp platform (Illumina,
San Diego, CA). Reads marked as polymerase chain reaction
(PCR) or optical duplicates were removed from FastX (http://
hannonlab.cshl.edu/fastx_toolkit/index.html). PC variants
were called from the targeted exons, and off-target reads of
up to 25 nucleotides in the introns were used to capture
the potential splice site alterations. ANNOVAR (http://
annovar.openbioinformatics.org) was used to annotate the
functional consequences of variants and to quickly find the
most biologically significant variant among the public data-
bases (dbSNP, 1000 Genomes Project, ESP6500, ExAC03,
and GENESKYDB_Freq).

2.3. Targeted DNA Panel Design and Sequencing Analysis. All
FFPE samples were subjected to targeted NGS using a cus-
tom designed multigene panel, which included 15 genes
selected from recently published genome sequencing data
covering the exons of CDC73, CCND1, MEN1, CDKN1B,
enhancer of zeste homolog 2 (EZH2), CTNNB1, RASSF1,
SFRP1, SFRP2, SFRP4, CDKN1B, CDKN2A, CDKN2B,
WT-1, and hypermethylated in cancer 1 (HIC1) [4, 7, 14,
18–23]. The genomic alterations in the exon regions mainly
comprised single-nucleotide variations (SNVs) and inser-
tions and deletions (INDELs). Base-calling, alignment to
the UCSC hg19 human reference genome, and variant
calling were performed using Torrent Suite software v.5.0
(Thermo Fisher Scientific), and called variants were anno-
tated using GATK (https://software.broadinstitute.org/gatk/
best-practices/). Variant filtering was performed by correct-
ing the error alignment caused by INDELs and basic group
quality correction. This step is the key to more accurate
identification of SNVs and INDELs, as it greatly reduces
the rates of false-positive and false-negative results produced
during sequencing and comparison.

Sanger sequencing was used to confirm all gene alterations
in this study. Each exon was sequenced bidirectionally using
specific PCR primers and an ABI Prism Big Dye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA). Sequencing primer extension reactions were analyzed
using an ABI 3730XL Genetic Analyzer (Applied Biosys-
tems) according to the manufacturer’s instructions.

3. Results

3.1. Clinicopathological Characteristics of the Series. Clinico-
pathological data from 134 patients are presented in
Table 1. One patient with AA and multiple endocrine
neoplasia type 1 (MEN1) and a patient with PC and
hyperparathyroidism-jaw tumor syndrome (HPT-JT) were
identified. Each patient underwent neck surgery. The symp-
toms and signs included neck mass, fatigue, bone pain, and
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depression. The main clinical manifestations were renal
(nephrocalcinosis, nephrolithiasis, and kidney failure),
bone-related (osteitis fibrosa cystica, osteoporosis, and path-
ological fractures), or both. A total of 50 patients with AA
were analyzed, and their histopathological characteristics
are presented in Figure 1. The median age, median serum
PTH level, and median highest serum calcium level of
patients with AA were 49.6 years (range, 14–78 years),
657.34 (81.2–2500 pg/mL), and 2.73mg/dL (1.06–
3.83mg/dL), respectively. Most of the parathyroid tumors
were solid, but a few were cystic (8.16%). At the last follow-
up, 132 of the patients with parathyroid tumors still had
the disease, and two patients had died of PC.

3.2. Quality Assessment of the Targeted Sequences. We
achieved an average target sequencing depth of 500x in all
samples. After multiple-step filtering, 50 genomic alterations
were identified in all samples, including 22 missense alter-
ations, 16 nonsense alterations, five splicing alterations, two
in-frame INDELs, and seven frameshift alterations (Figure 2).

DNA sequences for the 15 selected genes were successfully
amplified from all samples using multiplex PCR, and ade-
quate libraries were obtained for deep sequencing. All samples
had a Q30 value higher than 80%, with a 90% average ratio of
reads mapped to target regions, and the average percentage of
sequencing uniformity (the proportion of sequences that was
0.2-folds higher than the mean coverage) reached 90%. On
average, 15 million mapped reads were generated for each
subject, and 48.5% of the reads were on target for all patients
with parathyroid cancer (Supplemental Table 1).

3.3. Recurrent Genomic Alterations among Patients with AA.
We investigated the relationship between different para-

thyroid tumor types and tumor-related somatic gene alter-
ations; details of the gene alterations in the samples are
listed in Table 2. The number of genetic variants detected
in each sample varied among the different sample types. In
the whole cohort, 47 samples (35%) exhibited genomic alter-
ations, 34 (72%) were affected by one alteration, and 13
(28%) were affected by more than one alteration. Molecular
alterations were also confirmed by Sanger sequencing
(Supplemental Figure 1).

Alterations in AA genes were identified in 32% of the
samples (16/50) at different frequencies. Alterations in
CDC73 were the most frequent (24% of the samples; 12/50),
followed by alterations in EZH2 (n = 4, 8%), HIC1 (n = 1,
2%), and CDKN2A (n = 1, 2%) (Table 2). EZH2 alterations
(c.1451C>A: p.Pro484Gln) were observed in one sample har-
boring the CDC73 alteration (c.191T>C: p.Leu64Pro), with
HIC1 (c.1571A>G: p.Lys524Arg) and EZH2 alterations
(c.1936T>A: p.Tyr646Asn) identified in the same sample.
The patient with MEN1 syndrome (ID 039, Table 2)
harbored two alterations in CDC73. Three types of EZH2
alterations (c.647G>A: p.Arg216Gln, c.1451C>A:
p.Pro484Gln, and c.1936T>A: p.Tyr646Asn) were detected
in four AA samples, and Tyr646Asn was recurrently identi-
fied in two patients with AA. A single type of CDKN2A alter-
ation (c.343G>T: p.Val115Leu) was detected in an AA
sample, and a single type of HIC1 alteration (c.1571A>G:
p.Lys524Arg) was confirmed in an AA tumor.

3.4. Genomic Alterations in PC and PA. Of the 34 patients
with PC, 16 had sporadic primary PC that was adequately
treated with initial surgical resection (all had definitive
capsular penetration or vascular permeation), two had a
recurrent local disease, and 16 had metastatic PC (four

Table 1: Clinical features of the 134 patients with parathyroid tumors included in this study.

Tumor type Adenoma Atypical Carcinoma

Case 50 50 34

Gender

Male 15 19 24

Female 35 30 10

Age (median) 52.4 (29–79) 49.6 (14–78) 47.6 (24–76)

Tumor location

Left 28 26 16

Right 22 23 18

Tumor size (median) 1.85 2.83 2.58

Plasma calcium level (median) (2.13–2.70mmol/L) 2.64 2.73 2.99

PTH level (median) (12.0–65.0 pg/mL) 580.33 657.34 940.64

Distant metastasis

Present — — 16

Disease recurrence

Yes — — 2

No 50 50 32

Survival

Alive 50 50 32

Dead 2
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patients with lung metastases, one patient with liver metasta-
sis, and 11 patients with definitive invasion into adjacent tis-
sues, such as soft tissue and the thyroid gland). Furthermore,
19 CDC73 alterations were observed in 18 (53%) PC samples
(Supplemental Table 3)—including four samples exhibiting
tumor invasion into the adjacent tissue and three
lesions—followed by alterations in EZH2 (n = 2, 6%) and
HIC1 (n = 2, 6%). The proportions of CDC73 alterations in
the invasive lesions and in recurrent local disease samples
were not significantly different. The patient with HPT-JT
syndrome (ID 028, Supplemental Table 3) harbored one
alteration in CDC73. Eleven different alterations were
detected in the PA samples (11/50, 22%); alterations in
MEN1 and CDC73 were predominant (4 lesions, 8%),
followed by RASSF1 (n = 1, 2%), CDKN2A (n = 1, 2%),
CDKN1B (n = 1, 2%), and HIC1 (n = 1, 2%) (Supplemental
Table 4). In one lesion, a MEN1 alteration was observed
together with a CDKN2A alteration.

4. Discussion

Our understanding of the molecular pathogenesis of parathy-
roid tumors, especially PC, has increased significantly over
the last two decades. However, there has been no major prog-
ress in understanding the molecular characteristics and land-
scape of AA, and their clinical implications have not been
fully elucidated. Herein, we attempted to identify potential
genomic alterations in a series of AA cases in a Chinese pop-
ulation. NGS employed in this study achieved substantially
improved sensitivity and accuracy, with an average sequenc-
ing depth that exceeded 500x. Our analysis of 134 parathy-
roid tumor samples in the ion proton-based cancer panel
revealed routine alterations in parathyroid tumor-related
genes. NGS alteration analysis revealed 16 (32%) samples
with genomic alterations among 50 sporadic surgically

resected AA tumors. We also detected PA and PC lesions that
were devoid of experimental deviations and found that the
gene profile of AA more closely resembles the gene profile
of PC than of PA.

Somatic, intragenic, and inactivating alterations of
CDC73 are the most common variant in parathyroid tumors
[24]. The inactivation of CDC73, and its gene product paraf-
ibromin, is a major driver of parathyroid cancer. Herein,
numerous CDC73 alterations were detected in (34/134;
25%) parathyroid tumors; of these, 51% were nonsense
mutations, 29% INDELs, and 20% missense mutations, and
these results were consistent with those reported previously
[25]. Notably, our results revealed that AA is associated with
a lower CDC73 alteration rate (n = 12, 24%) than PC (n = 18,
53%), but this rate was higher than that of PA (n = 4, 8%),
suggesting that specific somatic CDC73mutations are impor-
tant in AA, which may account for its relatively aggressive
biological behavior. Somatic CDC73 mutation screening in
AA was only performed in a few studies [26–28]. However,
an interesting study involving parathyroid-specific Cdc73-
knockout mice—in which one or both Cdc73 alleles were
deleted, resulting in the development of parathyroid
tumors—revealed nuclear pleomorphism, fibrous septa, and
overexpression of galectin-3 in 75% of patients, consistent
with the histological diagnosis of AA. Moreover, the mice
exhibited a significantly increased parathyroid tumor prolif-
eration rate [29]. It should be noted that in this study, one
patient with PC exhibited a HPT-JT syndrome. Previous
studies have revealed that CDC73 mutations are present in
approximately 90% of patients with HPT-JT and in a third
of patients with apparently sporadic PC, suggesting a high
risk of developing HPT-JT-related tumors. In this study, only
one patient with PC harbored a CDC73 mutation (c.70G>T:
p.Glu24∗) owing to the rarity of the disease.

Herein, one patient with AA presented with familial
MEN1 syndrome characterized by AA and pituitary

Solid growth patterns Banding fibrosis Prominent nucleoli

Banding fibrosis Mitotic activity Nuclear atypia

Figure 1: Histopathological characteristics of atypical parathyroid adenomas.
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Figure 2: (a) and (b). Genetic landscapes of 50 atypical parathyroid adenomas and all 134 parathyroid tumor samples.

5International Journal of Genomics



T
a
bl
e
2:
C
lin

ic
al
fe
at
ur
es

of
pa
ti
en
ts
w
it
h
A
A
fr
om

th
e
st
ud

y
co
ho

rt
w
it
h
ca
lle
d
ge
no

m
ic
va
ri
an
ts
,r
ef
er
en
ce

se
qu

en
ce
s,
an
d
SN

P
-I
D
.

ID
T
um

or
si
ze

Se
ru
m

C
a
(m

m
ol
/L
)

(2
.1
3–
2.
70

m
m
ol
/L
)

P
T
H

(p
g/
m
L)

(1
2.
0–
65
.0
pg
/m

L)
G
en
e

cD
N
A
ch
an
ge

P
ro
te
in

ch
an
ge

R
ef
er
en
ce

se
qu

en
ce

SN
P
-I
D

03
7

2.
2

3.
29

82
8

C
D
C
73

c.
75
4d
el
A

p.
Il
e2
52
P
he
fs
∗5

N
M
_0
24
52
9

c.
85
G
>T

p.
G
lu
29
∗

N
M
_0
24
52
9

03
9

2.
4

3.
83

42
5

C
D
C
73

c.
57
1d
el
G

p.
A
la
19
1L

eu
fs
∗1

1
N
M
_0
24
52
9

c.
9_
18
de
lC
G
T
G
C
T
T
A
G
C

p.
A
sp
3G

lu
fs
∗1

5
N
M
_0
24
52
9

04
3

3
3.
18

22
6

C
D
C
73

c.
36
2C

>T
p.
Se
r1
21
P
he

N
M
_0
24
52
9

rs
12
14
34
26
3

C
D
C
73

c.
12
8G

>A
p.
T
rp
43
∗

N
M
_0
24
52
9

04
8

3.
5

2.
85

25
00

C
D
C
73

c.
85
de
lG

p.
G
lu
29
Se
rf
s∗
8

N
M
_0
24
52
9

rs
58
77
76
56
0

C
D
C
73

c.
17
5d
up

T
p.
Se
r5
9P

he
fs
∗7

N
M
_0
24
52
9

05
1

4
3.
44

17
69

C
D
C
73

c.
23
2G

>A
p.
A
la
78
T
hr

N
M
_0
24
52
9

05
2

5
1.
06

18
6

C
D
C
73

c.
10
de
lG

p.
V
al
4C

ys
fs
∗1

7
N
M
_0
24
52
9

c.
66
4C

>T
p.
A
rg
22
2∗

N
M
_0
24
52
9

05
3

1.
2

1.
36

44
4

C
D
C
73

c.
84
_9
0d
el
G
G
A
G
T
T
C

p.
G
lu
29
P
ro
fs
∗6

N
M
_0
24
52
9

05
6

2
2.
75

21
9

E
Z
H
2

c.
64
7G

>A
p.
A
rg
21
6G

ln
N
M
_0
04
45
6

rs
74
70
28
96
9

05
7

1.
5

3.
1

31
8

E
Z
H
2

c.
19
36
T
>A

p.
T
yr
64
6A

sn
N
M
_0
04
45
6

rs
26
76
01
39
5

06
2

1
1.
37

81
.2

E
Z
H
2

c.
19
36
T
>A

p.
T
yr
64
6A

sn
N
M
_0
04
45
6

rs
26
76
01
39
5

H
IC
1

c.
15
71
A
>G

p.
Ly
s5
24
A
rg

N
M
_0
06
49
7

06
3

2
2.
98

19
2

C
D
C
73

c.
19
1T

>C
p.
Le
u6
4P

ro
N
M
_0
24
52
9

rs
12
14
34
26
4

E
Z
H
2

c.
14
51
C
>A

p.
P
ro
48
4G

ln
N
M
_0
04
45
6

06
8

2
2.
98

61
2

C
D
C
73

c.
54
9d
el
T

p.
A
la
18
4G

ln
fs
∗1

8
N
M
_0
24
52
9

C
D
C
73

c.
25
C
>T

p.
A
rg
9∗

N
M
_0
24
52
9

rs
12
14
34
26
2

07
1

2.
4

3.
29

16
2

C
D
C
73

c.
12
8G

>A
p.
T
rp
43
∗

N
M
_0
24
52
9

rs
12
14
34
26
3

07
2

1.
5

1.
55

16
7

C
D
K
N
2A

c.
34
3G

>T
p.
V
al
11
5L

eu
N
M
_0
00
07
7

rs
77
99
13
36
5

07
4

6
4.
46

12
31

C
D
C
73

c.
19
5_
20
3d
el
A
T
A
A
C
G

T
G
C

p.
A
sn
65
_

H
is
68
de
lin

sA
sn

N
M
_0
24
52
9

08
2

3.
5

3.
29

12
24

C
D
C
73

c.
13
94
C
>A

p.
Se
r4
65
∗

N
M
_0
24
52
9

ID
03
9:
M
E
N
1
sy
nd

ro
m
e
ca
se
.

6 International Journal of Genomics



adenoma; the patient harbored two somatic CDC73 alter-
ations (c.9_18delCGTGCTTAGC: p.Asp3Glufs∗15,
c.571delG: p.Ala191Leufs∗11) but lacked MEN1 mutation.
A recent paper reported a similar MEN1 phenocopy due to
a CDC73 mutation [30], and to date, only three cases of AA
have been associated with MEN1 syndrome; two carried
pathogenic variants of MEN1 [31–33]. MEN1 primary
hyperparathyroidism is now well established owing to its
role in benign parathyroid lesions or PA. Two whole-
exome capture and high-throughput sequencing studies of
PA revealed MEN1 alterations as a major driver, with an
alteration frequency of 35% [13, 14], and mutations of the
gene have also been identified in AA and PC [34, 35]. In this
study, the MEN1 mutation occurred at a rate of 8% in PA,
whereas no such alterations were detected in PC or AA.
Although the proportion was low, it was still a high muta-
tion rate in PA. This suggests that MEN1 alterations occur
early during parathyroid tumor formation, which is a wider
presentation of parathyroid disease.

We found that more than 10% of patients with AA had at
least one alteration in addition to the CDC73 mutation.
Among these patients, the most frequently altered gene was
EZH2, which encodes the histone methylase H3K27—an epi-
genetic silencer that regulates gene expression in numerous
cancers [36]. By modulating gene expression, EZH2 pro-
motes the survival, proliferation, and invasion of cancer cells,
in addition to enhancing the development of drug resistance
among these cells [37–39]. EZH2 is aberrantly overexpressed
in various malignant tumors, such as prostate, breast, and
ovarian cancers [40]. Activating mutations of EZH2 onco-
genes have been identified in benign PA using whole-exome
sequencing [14]. The same mutations have been found in
malignant tumors of the blood and ovary [41]. Here, the rate
ofEZH2 aberrationswas 8% inAAand6%inPC; noalterations
were detected in the PA samples, and one recurrent missense
mutation (c.1936T>A: p.Tyr646Asn) was detected in two
patients with AA. The Tyr646Asn mutation in EZH2 is
frequently identified in both follicular lymphoma and
pediatric-typenodal follicular lymphoma in adult patients [42].

The inactivation of CDKIs—including members of the
CDKN1 and CDKN2 families—is thought to play a role in
tumor suppression. CDKN1B, which encodes p27, is the most
extensively studiedmember of theCDKN1 familywith respect
to parathyroid tumors [43]. Somatic CDKN1B alterations,
observed in a few cases of sporadic PA, result in protein insta-
bility by essentially eliminating expression [12]. CDKN2A,
which encodes P16INK4A (p16), is located within the fre-
quently deleted chromosomal region 9 of p21 [44]. Silencing
of the CDKN2A tumor suppressor gene is causally associated
with several cancer types. Several genetic and epigenetic aber-
rations of CDKN2A lead to enhanced tumorigenesis and
metastasis with recurrence of cancer and poor prognosis.

We further investigated genes that are rarely studied in
parathyroid tumors, such asHIC1, which is a tumor suppres-
sor gene (17p13.3) that is frequently deleted or epigenetically
silenced by DNAmethylation. Herein, the rate ofHIC-1 alter-
ation was 2% in both AA and PA. HIC1 was generally under-
expressed, regardless of the hyperparathyroidism, including
multiple parathyroid tumors in the same patient. Overexpres-

sion of HIC1 leads to a decrease in the clonogenic survival of
parathyroid tumor cells, strongly supporting a regulatory
role for HIC1 in the growth of parathyroid glands [23].

5. Conclusions

AA comprises a group of uncertain potentially malignant
tumors, with unclear molecular mechanisms underlying their
biological behavior. To the best of our knowledge, this study
is the first attempt at exploring the genetic changes in AA
using targeted NGS, followed by a comparison with those
in PC and PA to provide further insights into the molecular
biology of AA. Sixteen AA tumors harbored at least one of
the genomic alterations including CDC73, EZH2, HIC1, and
CDKN2A. CDC73 alterations occurred frequently in AA
samples, indicating the aggressiveness of AA. Furthermore,
frequent changes in the oncogene EZH2 in the AA samples
were similar to those in the PC, but not PA samples. More-
over,MEN1, CDKN1B, and RASSF1 alterations were present
in the PA samples but absent in the PC and AA samples. One
patient with AA and MEN1 and a patient with PC and HPT-
JT were identified. Our findings suggest that AA has relatively
specific molecular features that are similar to those of PC. This
explains the relatively aggressive behavior of AA and indi-
cates that it may arise de novo during tumor progression.
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