Endocrine (2019) 64:622-631
https://doi.org/10.1007/s12020-019-01878-0

ORIGINAL ARTICLE
W) Check for updates

Targeted next-generation sequencing in papillary thyroid carcinoma
patients looking for germline variants predisposing to the disease

Chen-Tian Shen' - Guo-Qiang Zhang' - Zhong-Ling Qiu’ - Hong-Jun Song’ - Zhen-Kui Sun’ - Quan-Yong Luo ®'

Received: 4 December 2018 / Accepted: 18 February 2019 / Published online: 2 March 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Purposess The purpose of this study was using next-generation sequencing technique to explore the potential association
between germline variants of 14 targeted genes and papillary thyroid carcinoma (PTC) predisposition as well as disease
progression.

Methods In all, 516 subjects were enrolled in this study including 416 PTC patients and 100 healthy controls. PTC patients
were divided into distant metastasis group and non-distant metastasis group. Patients in distant metastasis group were further
divided into radioiodine-refractory PTC (RR-PTC) and non-RR-PTC depending on their response to radioiodine therapy.
Genomic DNA was extracted from peripheral blood sample and MiSeq Benchtop Sequencer was used for sequencing.
Results We found rs11246050 in NLRP6 (dominant model, OR/95% CI: 2.028/1.091-3.769, p = 0.025), rs2286742 and
r$3740530 in HABP2 (recessive model, OR/95% CI: 9.644/1.307-71.16, p =0.026 and 3.989/1.413-11.26, p = 0.009),
rs2736098 in TERT (recessive model, OR/95% CI: 2.322/1.028-5.242. p = 0.042) and rs62054619 in GASS-AS1 (recessive
model, OR/95% CI: 2.219/1.067-4.617, p = 0.033) were associated with the risk of PTC. rs1137282 in KRAS (dominant
model, OR/95% CI: 0.5430/0.3192-0.9236, p = 0.024), rs1347591 and rs4461062 in NUP93 (dominant model, OR/95%
CL: 0.6121/0.4128-0.9076, p =0.015 and 0.6156/0.4157-0.9117, p =0.015) were associated with low risk of distant
metastatic disease in PTC patients. rs33954691 in TERT was associated with the risk of RR-PTC under dominant model
(OR/95% CI: 3.161/1.596-6.262).

Conclusions Germline variants of related genes could be associated with the susceptibility of PTC as well as disease
progression (distant metastasis and radioiodine-refractory status). However, these results must be further verified and the
potential biological functions of these germline variants in the pathogenesis of PTC remain to be determined in future studies.
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Introduction

Papillary thyroid carcinoma (PTC) is considered as the
major contribution to the worldwide increasing of overall
thyroid cancer incidence. With relatively good prognosis, it
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is commonly treated as an indolent tumor. However, about
10% of PTC patients can develop distant metastatic disease
(mostly in lungs and bones), which will largely lower
patients’ quality of life and increase disease specific mor-
tality. Although conventional treatment strategy that ade-
quate thyroidectomy followed by systemic radioiodine
therapy and thyroid-stimulating hormone (TSH) inhibition
shows a good disease control effect, about 20-40% of
patients with distant metastatic disease will finally be diag-
nosed with radioiodine-refractory PTC (RR-PTC) [1-3].
The etiology of PTC is not clearly characterized. Both
environmental and genetic factors can contribute to its
tumorigenesis and progression. Radiation exposure to the
thyroid gland is the most commonly recognized risk fact
related to PTC. Meanwhile, this kind of tumor shows a high
degree of heritability. Several genome-wide association
studies (GWAS) have been performed to identify genetic
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predisposition to PTC [4-7]. Genes like FOXEI, NKX2-1,
DIRC3, and NRGI are frequently reported and they are
confirmed to be related to thyroid cancer risk among Asian
and European populations [8—12]. Recently, a heterozygous
germline missense mutation, HABP2 G534E (rs7080536),
was found as a causative mutation in familial nonmedullary
thyroid carcinoma (FNMTC). In vitro studies demonstrated
that HABP2 had a tumor-suppressive effect, while the
G534E variant resulted in loss of function [13]. Afterwards,
this variant had drawn much attention among researchers in
this field. Following works have been done to try to verify
this new finding. But except one study [14], others were not
able to confirm the association between HABP2 G534E
variant and familial/sporadic nonmedullary thyroid carci-
noma predisposition [15-22].

Aberrant activation of MAPK signaling pathway by
genetic alterations (mutations in BRAF, RAS, TERT pro-
moter, etc.) plays a central role in the carcinogenesis and
progression of differentiated thyroid cancer. Among them,
BRAFY®E is well known as the risk mutation for PTC,
which occurs in 29-83% of patients [23]. This somatic
mutation in BRAF is also found very important in the
prognosis prediction and risk classification of PTC patients
[24]. By now, only a few studies have focused on the
contribution of the germline variants of genes in MAPK
pathway to PTC predisposition and prognosis. Xing repor-
ted that BRAFY®"F was not a germline mutation or sus-
ceptibility genetic event for FNMTC [25]. Zhang et al.
investigated the potential association between the germline
BRAF variants (four single-nucleotide polymorphisms) and
PTC based on a case-control study and they found BRAF
SNP variants rs17161747, rs1042179, and rs3748093 could
predispose to PTC in those with a family history of cancer,
smokers, and both those of age <45 years and nondrinkers,
respectively [23].

In this study, we use next-generation sequencing (NGS)
technique to explore the potential association between
germline variants of 14 targeted genes (BRAF, KRAS,
NRAS, HRAS, TERT, HABP2, EIFIAX, PPMI1D, CHEK?,
S100A7, NLRP6, NUP93, GAS8-AS1, and LPAR4) and PTC
predisposition as well as disease progression.

Materials and methods
Subjects

PTC patients and healthy controls were enrolled in a single
institution from January 2014 to December 2015. All
patients were sporadic PTCs. This study was approved by
the ethics committee of our institution and written informed
consent was achieved from each patient (for patient whose

age was younger than 18 years, written informed consent
was obtained from his/her statutory guardian additionally).

Healthy control group

Inclusion criteria for volunteer healthy controls: (1) normal
thyroid ultrasound examination (no nodule detected by
high-frequency ultrasound examination); and (2) normal
thyroid function in blood test (including free triiodothyr-
onine (FT3), free thyroxine (FT4), thyroid-stimulating
hormone, thyroglobulin (Tg), anti-Tg antibody (TgAb),
anti-thyroid peroxidase antibody).

Exclusion criteria: (1) history of thyroid disease; (2)
history of tumor (benign and malignant); and (3) presence
of familiarity for thyroid carcinoma.

PTC patient group

All patients had pathologically proven conventional PTC
after near/total thyroidectomy and were referred to our
Department for Radioiodine Therapy. Before *'T treatment,
patients were asked to withdraw thyroid hormone medica-
tion for 3—4 weeks and begin a low iodine diet for 2 weeks.
Routine patient work-up performed 1 day before radio-
iodine administration included measurements of FT3, FT4,
TSH, Tg, and TgAb, neck ultrasonography and other
examinations like chest CT scan if necessary. An empirical
treatment dose of '*'T was administered (30-100 mCi for
residual thyroid ablation, 100-150 mCi for lymph node
metastases and 150-200 mCi for distant metastases) under
serum TSH level > 30 mIU/L. After ' treatment, patients
were divided into two different groups according to their
therapeutic '¥'1 scintigraphy (whole body planar scan and/or
SPECT/CT imaging) and stimulating Tg level (TSH
> 30 mIU/L) which was tested before radioiodine therapy.

Distant metastasis group
Inclusion criteria: (1) "'I scintigraphy showed distant
metastases; (2) or metastatic lesions found in other imaging
modalities like CT, MRI, or '*F-FDG PET/CT scan even
without iodine uptake in '*'I scintigraphy; and (3) serum
sTg>10ng/mL; (4) or distant metastasis confirmed by
pathology.

Exclusion criteria: (1) other malignancy history and (2)
no evidence of distant metastatic disease.

Patients in distant metastasis group were further divided
into RR-PTC and non-RR-PTC. Criteria for RR-PTC were
as following: (1) metastatic lesions do not show radioiodine
uptake even after successful remnant thyroid ablation; (2)
metastatic lesions lose the ability to take up radioiodine; (3)
radioiodine uptake retained in some lesions but not in
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others; and (4) disease progresses despite substantial uptake
of radioiodine.

Non-distant metastasis group

Patients those not qualified for distant metastasis group
were included in the non-distant metastasis group.

DNA extraction and sequencing

Two milliliters of peripheral blood sample from each eli-
gible subject was collected and used for genomic DNA
isolation. For PTC patients, all samples were collected
before radioiodine therapy under TSH stimulating. DNA
extraction was performed by following the manufacturer’s
standard procedure using DNeasy Blood & Tissue Kit
(QIAGEN, Hilden, Germany). After purification and quality
control test, multiplex PCR enrichment was performed on
an ABI 2720 Thermal Cycler (Life Technologies Corpora-
tion, USA) with following cycling program: 95 °C for
2min; 11 cycles of 94 °C for 20s, 63-0.5 °C per cycle
for 40 s, 72 °C for 1 min; 24 cycles of 94 °C for 20 s, 65 °C
for 30s, 72°C for 1min; 72°C for 2min. Primers
were designed using FastTarget Primer software (V5.0.1,
Genesky, Shanghai) covering all the coding sequences and
most of the untranslated regions. The PCR products of each
sample were labeled with 8 bp index and all the libraries of
each sample were pooled. After cluster generation and
hybridization of sequencing primer, sequencing was carried
out by using MiSeq Benchtop Sequencer (Illumina) in one
single lane following the manufacturer’s protocol.

NGS data analysis

Sequencing reads were aligned to hgl9 using the
Burrows—Wheeler Aligner (BWA) [26]. SNV calling was
performed using both GATK [27] and VarScan programs
[28]. The Annovar program was used for SNV annotation
[29]. The functional effect of non-synonymous SNVs was
evaluated by the PolyPhen-2, SIFT, and MutationTaster
[30-32]. Non-synonymous SNVs with SIFT score of <0.05,
Polyphen-2 score of >0.85 or MutationTaster score of >0.85
were considered as significant of not being benign.

Statistics analysis

Subjects’ clinicopathologic data were analyzed by using the
Statistical Package for the Social Sciences, version 20.0
(SPSS, Chicago, IL, USA). Student’s #-test (assuming equal
variances) or Welch-test (assuming unequal variances) and
Chi-square statistic test were used for comparison. For the
genetic association study, age and gender adjusted analysis
was performed both in dominant (the low-frequency allele
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is regarded as dominant allele) and recessive (the low-
frequency allele is regarded as recessive allele) inheritance
models by PLINK [33]. For details of the dominant
and recessive models, please visit the official website of
PLINK (http://zzz.bwh.harvard.edu/plink/anal.shtml#model). A
P-value of <0.05 was considered statistically significant.

Results
Subjects

In all, 516 subjects were enrolled in this study including 416
PTC patients and 100 healthy controls. Basic characteristics of
all the subjects can be found in Table 1. No significant dif-
ferences of age and gender were found between PTC patient
group and healthy control group. Of the 416 PTC patients, 185
had distant metastatic disease and 231 had non-distant meta-
static disease. Of the 185 patients with distant metastasis, 53
patients finally diagnosed with RR-PTC (Fig. 1).

Low-frequency variants (frequency < 0.01)

For low-frequency single nucleotide variants analysis, only
those with high single nucleotide polymorphism (SNP)
calling quality were used. In all, a total of 32-point muta-
tions in 9 genes were found in 62 subjects (51 PTC patients
and 11 healthy controls) (Table 2). Mutations in NLRP6,
PPMID, and KRAS were only detected in PTC patients
group. In all, 23 mutations were only found in PTC patients
group. Of them, rs138864377 in HABP2 and rs144756946
in TERT were the most frequent ones (N =6). Sanger
sequencing was performed in these 12 subjects and the
result ascertained the existence of these two mutations
(rs138864377 in HABP2 and rs144756946 in TERT).

Common-frequency variants (frequency = 0.01)

In all, we found 49 common-frequency single nucleotide
polymorphisms in 12 genes. 1s62487918, rs41282721,
1$2736098, and rs74265472 polymorphisms were deleted
for further analysis because these SNPs deviated sig-
nificantly from Hardy—Weinberg equilibrium in healthy
control group. The summary of common-frequency variants
findings is demonstrated in Table 3.

PTC patients vs. healthy control

Logistic analysis showed that rs11246050 in NLRP6
(dominant model, OR/95% CI: 2.028/1.091-3.769, p =
0.025), rs2286742 and rs3740530 in HABP2 (recessive
model, OR/95% CI: 9.644/1.307-71.16, p=0.026 and
3.989/1.413-11.26, p=0.009), rs2736098 in TERT
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Table 1 Basic clinicopathologic
characteristics

Fig. 1 Outline of patient
grouping and study design.
Next-generation sequencing
technique was used to explore
the potential association
between germline variants of 14
targeted genes and PTC
predisposition as well as disease
progression. In all, 516 subjects
were enrolled in this study
including 416 PTC patients and
100 healthy controls. PTC
papillary thyroid carcinoma, DM
distant metastasis, RR-PTC
radioiodine-refractory papillary
thyroid carcinoma, SNP single
nucleotide polymorphism

625
Control PTC N=416 P-value non-DM DM N=185 P-value
N=100 N=231

Agelyears 19-60 11-82 17-72 11-82 0.849
Mean/SD 42.5/10.5 42.7/13.2 42.8/11.9 42.6/14.7

Gender (N/%)

Male 40/40 154/37.0 78/33.8 76/41.1 0.125
Female 60/60 262/63.0 153/66.2 109/58.9

T stage (N/%) 0.001
Tl - 234/56.3 159/68.8 75/40.5

T2 - 85/20.4 29/12.6 56/30.3

T3 - 41/9.9 25/10.8 16/8.6

T4 - 56/13.5 18/7.8 38/20.5

Maximum diameter - 2.1/1.1 1.7/0.9 2.5/1.2 0.001
(cm, mean/SD)
N stage (N/%) 0.067
NO - 27/6.5 20/8.7 7/3.8

N1 - 386/92.8 209/90.5 177/95.7

Nx - 3/0.7 2/0.9 1/0.5

Stage (N/%) 0.001
I - 216/51.9 216/93.5 0/0.0

I - 151/36.3 10/4.3 141/76.2

I - 5/1.2 5122 0/0.0

v - 44/10.6 0/0.0 44/23.8

Tumor foci (N/%) 0.939
Unifocal - 192/46.2 107/46.3 85/45.9

Multifocal - 224/53.8 124/53.7 100/54.1
sTg(ng/mL) 0.001
Median - 28.0 5.7 177.4

Range 0.04-21799 0.04-531.5 14-21799
TgAb(IU/mL) 0.470
Median - 16.7 17.9 15.6

Range 104000 104000 104000

PTC papillary thyroid carcinoma, non-DM non-distant metastasis, DM distant metastasis, s7g stimulating

thyroglobulin, 7gAb anti-Tg antibody

total subjects

N=516
HABP2 . .
healthy control PTC CHEK2 Mutation analysis;
s100A7 | SNPs and disease risk
NZ100 NESL0 PPM1D association analysis
l—‘—l oo SNPs and di
NUP93 s and disease
non DM oM EIFIAX > status (non DM vs. DM)
N=231 N=185 BRAF association analysis
— KRAS .
NRAS SNPs and disease
non RR-PTC RR=PTC HRAS status (non RR-PTC vs.
N=132 N=53 GAS8-AS1 PTC) association
LPAR4 analysis
TERT
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Table 2 Mutation summary (low-frequency variant)

SNV no. Gene SNP ID Ref allele Alt allele Predicted protein variants Gene region Function PTC Control
1 HABP2 rs138864377 G A Exon9:c.947G>A:p.G316E Exonic NS 6 0
2 TERT rs144756946 G A Exon2:c.1138C>T:p.P380S Exonic NS 6 0
3 CHEK2 rs587781379 C T Exon6:¢.755G>A:p.S252N Exonic NS 3 0
4 CHEK2 - C T Exon4:c.452G>A:p.G151D Exonic NS 3 0
5 PPMID rs140786757 C T Exon6:¢.1550C>T:p.T5171 Exonic NS 2 0
6 NLRP6 1s751415614 G A Exon2:c.146G>A:p.R49H Exonic NS 2 0
7 NLRP6 rs772775833 C T Exon6:¢.2366C>T:p.T789M Exonic NS 2 0
8 BRAF 1397507459 CGGCGC - Exonl:c.95_100del:p.32_34del Exonic NFD 2 0
9 HABP2 - T C Exonl:c.47T>C:p.L16P Exonic NS 1 0
10 HABP2 rs542838125 G T Exon3:c.223G>T:p.D75Y Exonic NS 1 0
11 HABP2 rs141433300 C T Exonl12:c.1384C>T:p.R462C Exonic NS 1 0
12 NUP93 1750817566 G A Exon18:c.1948G>A:p.V6501 Exonic NS 1 0
13 PPM1D rs200809297 G A Exon6:¢.1742G>A:p.R581Q Exonic NS 1 0
14 KRAS - T C Exon2:c.77A>G:p.N26S Exonic NS 1 0
15 LPAR4 767232879 A G Exon5:c.445A>G:p.1149V Exonic NS 1 0
16 LPAR4 - A G Exon5:c.643A>G:p.J1215V Exonic NS 1 0
17 NLRP6 - C T Exon4:c.451C>T:p.L151F Exonic NS 1 0
18 NLRP6 rs201891372 C T Exon7:¢.2534C>T:p.T8451 Exonic NS 1 0
19 CHEK2 202051128 T C Exon10:c.1032A>G:p.1344M Exonic NS 1 0
20 CHEK2 rs121908701 C T Exon4:c.542G>A:p.R181H Exonic NS 1 0
21 CHEK2 - C - Exon4:c.533delG:p.G178fs Exonic FD 1 0
22 CHEK2 - T C Exon5:c.445-2A>G Splicing - 1 0
23 CHEK2 - C A Exon2:c.3G>T:p.MI11 Exonic NS 1 0
24 CHEK2 rs77130927 G A Exon4:c.538C>T:p.R180C Exonic NS 5 1
25 NUP93 1s561638940 G A Exonl8:¢.1985G>A:p.R662K Exonic NS 2 1
26 CHEK2 531398630 G A Exonll:c.1111C>T:p.H371Y Exonic NS 7 3
27 HABP2 rs778038877 G C Exonl12:c.15184+1G>C Splicing - 0 1
28 NUP93 - G C Exonl4:c.1639G>C:p.A547P Exonic NS 0 1
29 LPAR4 - A T Exon5:c.490A>T:p.1164F Exonic NS 0 1
30 TERT rs201927653 G A Exon4:c.1931C>T:p.T644M Exonic NS 0 1
31 BRAF 397515331 - CGGCGC Exonl:c.100_101insGCGCCG:p. Exonic NFD 0 1
A34delinsGAA
32 NUP93 rs771065608 C T Exonl14:c.1570C>T:p.R524W Exonic NS 0 2

SNV single nucleotide variant,SNP single nucleotide polymorphism, PTC papillary thyroid carcinoma, NS nonsynonymous; NFD nonframeshift

deletion, FD frameshift deletion

(recessive model, OR/95% CI: 2.322/1.028-5.242. p =
0.042) and rs62054619 in GASS-AS1 (recessive model, OR/
95% CI. 2.219/1.067-4.617, p =0.033) were associated
with the risk of PTC. Interestingly, HABP2 G534E variant
(rs7080536) was not found in any of the subjects.

Distant metastasis vs. non-distant metastasis

rs1137282 in KRAS (dominant model, OR/95% CI: 0.5430/
0.3192-0.9236, p =0.024), rs1347591 and rs4461062 in
NUP93 (dominant model, OR/95% CI. 0.6121/
0.4128-0.9076, p =0.015 and 0.6156/0.4157-0.9117, p =
0.015) were found associated with low risk of distant
metastatic disease in PTC patients.

RR-PTC vs. non-RR-PTC
1s33954691 in TERT was found associated with the risk of

RR-PTC under dominant model (OR/95%CI: 3.161/1.596—
6.262).

@ Springer

Discussion

In this study, we investigated the association between
germline variants of 14 targeted genes and sporadic PTC
predisposition as well as disease progression. For low-
frequency variants, rs138864377 in HABP2 and
1s144756946 in TERT were the most frequent ones found in
PTC patient group. For common-frequency variants,
rs11246050 in NLRP6, 1s2286742 and rs3740530 in
HABP2, rs2736098 in TERT, and rs62054619 in GASS-AS1
were found might related to PTC predisposition. Further,
we found rs1137282 in KRAS, rs1347591 and rs4461062 in
NUP93 might be associated with low risk of distant meta-
static disease in PTC patients. We also found rs33954691 in
TERT could be associated with the risk of RR-PTC.
HABP?2 as a tumor-suppressor gene was first reported in
2015. The authors found that G534E variant conferred
susceptibility to NMFTC and this variant could be found in
4.7% of 423 patients with thyroid cancer in TCGA database
[13]. Following study from Zhang and Xing reported that
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Table 3 Common-variant summary
SNP Model Genotype Case Control OR (95% CI) P-value
PTC patients vs. rs11246050 (NLRP6) Dominant G/G 273 57 2.028(1.091-3.769) 0.025
healthy control G/A-A/A 136 14
Recessive G/G-G/A 399 71 2.875e + 08(0—inf) 0.998
A/A 10 0
rs2286742 (HABP2) Dominant A/A 308 80 1.435(0.8306-2.481) 0.195
A/G-G/G 105 19
Recessive A/A-A/G 376 98 9.644(1.307-71.16) 0.026
G/IG 37 1
rs2736098 (TERT) Dominant C/C 150 37 1.046(0.6646-1.647) 0.845
C/T-T/T 263 62
Recessive C/C-C/T 351 92 2.322(1.028-5.242) 0.042
T/T 62 7
rs3740530 (HABP2) Dominant T/T 174 53 1.555(1.003-2.411) 0.050
T/C-C/C 240 47
Recessive T/T-T/C 355 96 3.989(1.413-11.26) 0.009
C/C 59 4
rs62054619 (GAS8-AS1) Dominant A/A 139 36 1.173(0.7338-1.873) 0.506
A/G-G/G 249 55
Recessive A/A-AIG 312 82 2.219(1.067-4.617) 0.033
G/G 76 9
Distant metastasis vs. rs1137282 (KRAS) Dominant A/A 160 181 0.5430(0.3192-0.9236) 0.024
non-distant metastasis AIG-G/G 24 50
Recessive A/A-A/G 182 231 2.05e + 09(0—inf) 0.999
G/IG 2 0
rs1347591 (NUP93) Dominant G/IG 113 113 0.6121(0.4128-0.9076) 0.015
G/A-A/A 71 116
Recessive G/G-G/A 170 210 0.9102(0.4433-1.869) 0.798
A/A 14 19
rs4461062 (NUP93) Dominant T/T 112 113 0.6156(0.4157-0.9117) 0.015
T/C-C/C 72 118
Recessive T/T-T/C 169 211 0.9364(0.4653-1.884) 0.854
C/C 15 20
RR-PTC vs. rs33954691 (TERT) Dominant G/G 27 99 3.161(1.596-6.262) 0.001
non-RR-PTC G/A-A/A 25 29
Recessive G/G-G/A 50 125 1.667(0.2703-10.27) 0.582
A/A 2 3

SNP single nucleotide polymorphism, OR odd risk, CI confidence interval, PTC papillary thyroid carcinoma, RR-PTC radioiodine-refractory

papillary thyroid carcinoma
The bold values mean p < 0.05

the prevalence of HABP2 GS534E was 14.0% of PTC
patients from 29 kindreds and they concluded that HABP2
G534E could be a susceptibility gene in a subgroup of
FNMTC [14]. But unfortunately, after that, all the other
following studies from different regions, which tried to
verify the association between HABP2 G534E and thyroid
cancer could not give positive results. Although in the
current study we did not find this variant (HABP2 G534E)

in any of our subjects which was consistent with another
Chinese population-based report [34], we did find three
other variants (rs138864377, rs2286742, and rs3740530) in
HABP?2 might relate to the risk of PTC. Although conflict
remains in this field, studies are needed to further unveil the
true value of HABP2 in thyroid cancer.

NLRP6, nod-like receptor pyrin domain-containing pro-
tein 6, is known to be related to inflammation and host
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defense against microorganisms [35]. The concept that
chronic inflammation could act as a pre-cancer condition
was proposed for a long time and it has been verified by lots
of clinical and epidemiological evidence. Specifically, the
impact of inflammation in the development of papillary
thyroid cancer is well-accepted. Here, we found NLRP6
rs11246050 could be related to the predisposition of PTC.
The biological function of NLRP6 in human is not clearly
elucidated. NLRP6 can participate in inflammasome for-
mation and can involve in nuclear factor-kB (NF-xB) and
mitogen-activated protein kinase (MAPK) signaling reg-
ulation in myeloid cells [35]. As NLRP6 is closely related to
inflammation and the concept that chronic inflammation can
be a pre-cancer condition, the question goes to that is
NLRP6 related to carcinogenesis? Study has reported that
the absence of NLRP6 could accelerate colitis-associated
tumor growth in mice [36], which provide the evidence that
this protein may have anti-tumor effect. Recently, Wang
et al. found that NLRP6 was down-regulated in about 75%
of primary gastric cancer cases and low expression of
NLRP6 was significantly associated with lymph node
metastasis and poor overall survival [37]. Our current
finding may indicate that this gene could be associated with
thyroid cancer. And we hypothesize that this gene may act
as a tumor suppressor gene in thyroid cancer although
further studies are needed to verify this finding and unveil
its potential role in thyroid tumorigenesis.

Somatic variants in BRAF, RAS, and TERT promoter are
frequently found related to thyroid cancer risk and asso-
ciated with patients’ prognosis. However, germline variants
of these genes in thyroid cancer patients are not clearly
studied. Previous study has reported that TERT rs2736100
was significantly associated with elevated PTC risk in
Chinese population [38]. Here we found another variant of
TERT, rs2736098, might be associated with PTC risk. This
variant was reported to be related to lots of cancers, but
conflict remains. A recent meta-analysis showed that TERT
rs2736098 polymorphism was associated with the risk of
cancer in overall analysis [39]. Further studies are warranted
to explicit the association between rs2736098 and thyroid
cancer risk. Interestingly, we also found that TERT
1833954691 was associated with the risk of RR-PTC. Atz-
mon et al. reported that rs33954691 was associated with
longevity. Except this information, little is known about this
variant of TERT [40]. Radioiodine-refractory status of differ-
entiated thyroid carcinoma is the largest obstacle in the treat-
ment of this disease. Timely diagnosis of radioiodine-
refractory status can be valuable to the patients by avoiding
unnecessarily radioiodine therapy thus reducing the side
effects of radiation. Although based on relatively small num-
ber of subjects and larger case-control studies are needed to
further verify the result, our finding could provide essential

@ Springer

information contributing to better management of these
patients. Functional studies focused on the relationship
between TERT rs33954691 variant and the expression level of
sodium—iodine symporter should be performed in the future.

Somatic mutations in GAS8-ASI might serve as a novel
driver alternation in PTC. Further functional study found
this long non-coding RNA (IncRNA) GAS8-ASI act as a
novel tumor suppressor in PTC through ATGS5-mediated
autophagy [41, 42]. Our results suggested that germline
variant in GAS8-AS1 might also associate with the risk of
PTC. Considering the results from our study and previous
publications, this gene could act as a tumor suppressor gene
in the development of thyroid neoplasm. However, detailed
functional studies are still warranted to verify this hypoth-
esis. The KRAS rs12427141 might contribute to the sus-
ceptibility to PTC reported in one previous study [43].
However, this SNP was not detected in our cohort popu-
lation and instead, we found that rs1137282 in KRAS might
associate with low risk of distant metastatic disease in PTC
patients. It was reported that somatic mutation in NUP93
could be one of driver mutations in metastatic breast cancer
[44]. Our current study firstly reported that germline var-
iants in this gene might associate with the status of meta-
static disease in PTC patients. It can be hypothesized that
these variants in KRAS and NUP93 could result in loss of
function of these genes and then reduce the invasion and/or
migration capabilities of the tumor cells.

Limitations must be mentioned. Firstly, selective bias
can be existing in this study, because all the PTC patients
included were referred to receive radioiodine therapy.
Moreover, not all genes that implicated in PTC were
included (e.g. SRGAP1) for analysis. Secondly, the number
of healthy control subjects was relatively too small to
analyze rare, as well as common variants of all the targeted
genes. Additionally, for the disease status genetic associa-
tion analysis, the number of patients in distant metastasis
and RR-PTC groups were too small to derive a confirm
result. Thirdly, diagnosis of distant metastasis and RR-PTC
were mostly based on patients’ medical history, medical
imaging, serum Tg, and follow-ups. Histological evidence
was not achieved in all patients. Fourthly, none of func-
tional analysis was performed in the current study to further
elucidate the bio-function of related genes in the develop-
ment and progression of PTC. Our future work will focus
on this topic. Finally, based on above, well-designed case-
control studies with larger sample size from different
region and races are warranted to further verify our
findings.

In conclusion, germline variants of related genes could
be associated with the susceptibility of papillary thyroid
cancer and disease progression (distant metastasis and
radioiodine-refractory status). Our findings could contribute
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to better understanding of thyroid cancer tumorigenesis and
development and therefor provide new strategies to better
management of the patients. However, these results must be
further verified and the potential biological functions of
these germline variants in the pathogenesis of PTC remain
to be determined in future studies.

Acknowledgements The authors thank Genesky Bio-Tech Co., Ltd.
for their help with gene sequencing and analysis.

Funding This work was supported by Shanghai key discipline of
medical imaging (no. 2017ZZ02005) and the National Natural Science
Foundation of China (no. 81771865).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval This study was approved by the ethics committee of
Shanghai Jiao Tong University Affiliated Sixth People’s Hospital.

Informed consent Written informed consent was achieved from each
subject (for subject whose age was younger than 18 years, written
informed consent was obtained from his/her statutory guardian
additionally).

Publisher’'s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Z.L. Qiu, HJ. Song, Y.H. Xu, Q.Y. Luo, Efficacy and survival
analysis of 1311 therapy for bone metastases from differentiated
thyroid cancer. J. Clin. Endocrinol. Metab. 96(10), 3078-3086
(2011). https://doi.org/10.1210/jc.2011-0093

2. C.T. Shen, Z.L. Qiu, Q.Y. Luo, Sorafenib in the treatment of
radioiodine-refractory differentiated thyroid cancer: a meta-
analysis. Endocr. Relat. Cancer 21(2), 253-261 (2014). https://
doi.org/10.1530/ERC-13-0438

3. H.J. Song, Z.L. Qiu, C.T. Shen, W.J. Wei, Q.Y. Luo, Pulmonary
metastases in differentiated thyroid cancer: efficacy of radioiodine
therapy and prognostic factors. Eur. J. Endocrinol. 173(3),
399408 (2015). https://doi.org/10.1530/EJE-15-0296

4. J. Gudmundsson, P. Sulem, D.F. Gudbjartsson, J.G. Jonasson, A.
Sigurdsson, J.T. Bergthorsson, H. He, T. Blondal, F. Geller, M.
Jakobsdottir, D.N. Magnusdottir, S. Matthiasdottir, S.N. Stacey, O.
B. Skarphedinsson, H. Helgadottir, W. Li, R. Nagy, E. Aguillo, E.
Faure, E. Prats, B. Saez, M. Martinez, G.I. Eyjolfsson, U.S.
Bjornsdottir, H. Holm, K. Kristjansson, M.L. Frigge, H. Krist-
vinsson, J.R. Gulcher, T. Jonsson, T. Rafnar, H. Hjartarsson, J.I.
Mayordomo, A. de la Chapelle, J. Hrafnkelsson, U. Thor-
steinsdottir, A. Kong, K. Stefansson, Common variants on 9q22.33
and 14q13.3 predispose to thyroid cancer in European populations.
Nat. Genet. 41(4), 460-464 (2009). https://doi.org/10.1038/ng.339

5. M. Takahashi, V.A. Saenko, T.I. Rogounovitch, T. Kawaguchi, V.
M. Drozd, H. Takigawa-Imamura, N.M. Akulevich, C. Ratana-
jaraya, N. Mitsutake, N. Takamura, L.I. Danilova, M.L. Lushchik,
Y.E. Demidchik, S. Heath, R. Yamada, M. Lathrop, F. Matsuda,
S. Yamashita, The FOXEI locus is a major genetic determinant

10.

11.

13.

14.

15.

for radiation-related thyroid carcinoma in Chernobyl. Hum. Mol.
Genet. 19(12), 2516-2523 (2010). https://doi.org/10.1093/hmg/
ddq123

. J. Gudmundsson, P. Sulem, D.F. Gudbjartsson, J.G. Jonasson, G.

Masson, H. He, A. Jonasdottir, A. Sigurdsson, S.N. Stacey, H.
Johannsdottir, H.T. Helgadottir, W. Li, R. Nagy, M.D. Ringel,
R.T. Kloos, M.C. de Visser, T.S. Plantinga, M. den Heijer, E.
Aguillo, A. Panadero, E. Prats, A. Garcia-Castano, A. De Juan, F.
Rivera, G.B. Walters, H. Bjarnason, L. Tryggvadottir, G.L
Eyjolfsson, U.S. Bjornsdottir, H. Holm, I. Olafsson, K. Krist-
jansson, H. Kristvinsson, O.T. Magnusson, G. Thorleifsson, J.R.
Gulcher, A. Kong, L.A. Kiemeney, T. Jonsson, H. Hjartarson, J.I.
Mayordomo, R.T. Netea-Maier, A. de la Chapelle, J. Hrafnkels-
son, U. Thorsteinsdottir, T. Rafnar, K. Stefansson, Discovery of
common variants associated with low TSH levels and thyroid
cancer risk. Nat. Genet. 44(3), 319-322 (2012). https://doi.org/10.
1038/ng.1046

. H.Y. Son, Y. Hwangbo, S.K. Yoo, S.W. Im, S.D. Yang, S.J.

Kwak, M.S. Park, S.H. Kwak, S.W. Cho, J.S. Ryu, J. Kim, Y.S.
Jung, T.H. Kim, S.J. Kim, K.E. Lee, D.J. Park, N.H. Cho, J. Sung,
J.S. Seo, E.K. Lee, Y.J. Park, J.I. Kim, Genome-wide association
and expression quantitative trait loci studies identify multiple
susceptibility loci for thyroid cancer. Nat. Commun. 8, 15966
(2017). https://doi.org/10.1038/ncomms 15966

. Y.L. Wang, S.H. Feng, S.C. Guo, W.J. Wei, D.S. Li, Y. Wang, X.

Wang, Z.Y. Wang, Y.Y. Ma, L. Jin, Q.H. Ji, J.C. Wang, Con-
firmation of papillary thyroid cancer susceptibility loci identified
by genome-wide association studies of chromosomes 14q13, 9922,
2q35 and 8pl2 in a Chinese population. J. Med. Genet. 50(10),
689-695 (2013). https://doi.org/10.1136/jmedgenet-2013-101687

. M. Matsuse, M. Takahashi, N. Mitsutake, E. Nishihara, M. Hir-

okawa, T. Kawaguchi, T. Rogounovitch, V. Saenko, A. Bychkov,
K. Suzuki, K. Matsuo, K. Tajima, A. Miyauchi, R. Yamada, F.
Matsuda, S. Yamashita, The FOXE1 and NKX2-1 loci are asso-
ciated with susceptibility to papillary thyroid carcinoma in the
Japanese population. J. Med. Genet. 48(9), 645-648 (2011).
https://doi.org/10.1136/jmedgenet-2011-100063

S. Liyanarachchi, A. Wojcicka, W. Li, M. Czetwertynska, E.
Stachlewska, R. Nagy, K. Hoag, B. Wen, R. Ploski, M.D. Ringel,
1. Kozlowicz-Gudzinska, W. Gierlikowski, K. Jazdzewski, H. He,
A. de la Chapelle, Cumulative risk impact of five genetic variants
associated with papillary thyroid carcinoma. Thyroid 23(12),
1532-1540 (2013). https://doi.org/10.1089/thy.2013.0102

A.M. Jones, K.M. Howarth, L. Martin, M. Gorman, R. Mihai, L.
Moss, A. Auton, C. Lemon, H. Mehanna, H. Mohan, S.E. Clarke,
J. Wadsley, E. Macias, A. Coatesworth, M. Beasley, T. Roques,
C. Martin, P. Ryan, G. Gerrard, D. Power, C. Bremmer, T.
Consortium, I. Tomlinson, L.G. Carvajal-Carmona, Thyroid can-
cer susceptibility polymorphisms: confirmation of loci on chro-
mosomes 9q22 and 14q13, validation of a recessive 8q24 locus
and failure to replicate a locus on 5q24. J. Med. Genet. 49(3),
158-163 (2012). https://doi.org/10.1136/jmedgenet-2011-100586

. H. He, W. Li, S. Liyanarachchi, Y. Wang, L. Yu, L.K.Genutis, S.

Mabharry, J.E. Phay, R. Shen, P. Brock, A. de la Chapelle, The role
of NRGI in the predisposition to papillary thyroid carcinoma. J.
Clin. Endocrinol. Metab. (2017). https://doi.org/10.1210/jc.2017-
01798

S.K. Gara, L. Jia, M.J. Merino, S.K. Agarwal, L. Zhang, M. Cam,
D. Patel, E. Kebebew, Germline HABP2 mutation causing
familial nonmedullary thyroid cancer. N. Engl. J. Med. 373(5),
448-455 (2015). https://doi.org/10.1056/NEJMoal502449

T. Zhang, M. Xing, HABP2 G534E mutation in familial non-
medullary thyroid cancer. J. Natl. Cancer Inst. 108(6), djv415
(2016). https://doi.org/10.1093/jnci/djv415

A. Kowalik, D. Gasior-Perczak, M. Gromek, M. Siolek, A.
Walczyk, 1. Palyga, M. Chlopek, J. Kopczynski, R. Mezyk, A.

@ Springer


https://doi.org/10.1210/jc.2011-0093
https://doi.org/10.1530/ERC-13-0438
https://doi.org/10.1530/ERC-13-0438
https://doi.org/10.1530/EJE-15-0296
https://doi.org/10.1038/ng.339
https://doi.org/10.1093/hmg/ddq123
https://doi.org/10.1093/hmg/ddq123
https://doi.org/10.1038/ng.1046
https://doi.org/10.1038/ng.1046
https://doi.org/10.1038/ncomms15966
https://doi.org/10.1136/jmedgenet-2013-101687
https://doi.org/10.1136/jmedgenet-2011-100063
https://doi.org/10.1089/thy.2013.0102
https://doi.org/10.1136/jmedgenet-2011-100586
https://doi.org/10.1210/jc.2017-01798
https://doi.org/10.1210/jc.2017-01798
https://doi.org/10.1056/NEJMoa1502449
https://doi.org/10.1093/jnci/djv415

630

Endocrine (2019) 64:622-631

Kowalska, S. Gozdz, The p.G534E variant of HABP2 is not
associated with sporadic papillary thyroid carcinoma in a Polish
population. Oncotarget 8(35), 58304-58308 (2017). https://doi.
org/10.18632/oncotarget. 16870

16. L.E.B. de Mello, A.N. Araujo, C.X. Alves, F.J.P. de Paiva, J.
Brandao-Neto, J.M. Cerutti, The G534E variant in HABP2 is not
associated with increased risk of familial nonmedullary thyroid
cancer in Brazilian Kindreds. Clin. Endocrinol. 87(1), 113-114
(2017). https://doi.org/10.1111/cen.13352

17. C. Colombo, M. Muzza, M.C. Proverbio, G. Ercoli, M. Perrino,
V. Cirello, L. Vicentini, S. Ferrero, L. Fugazzola, Segregation and
expression analyses of hyaluronan-binding protein 2 (HABP2):
insights from a large series of familial non-medullary thyroid
cancers and literature review. Clin. Endocrinol. 86(6), 837-844
(2017). https://doi.org/10.1111/cen.13316

18. S. Cantara, C. Marzocchi, M.G. Castagna, F. Pacini, HABP2
G534E variation in familial non-medullary thyroid cancer: an
Italian series. J. Endocrinol. Invest. 40(5), 557-560 (2017). https://
doi.org/10.1007/s40618-016-0583-9

19. A.L. Weeks, S.G. Wilson, L. Ward, J. Goldblatt, J. Hui, J.P.
Walsh, HABP2 germline variants are uncommon in familial
nonmedullary thyroid cancer. BMC Med. Genet. 17(1), 60 (2016).
https://doi.org/10.1186/s12881-016-0323-1

20. M. Ruiz-Ferrer, RM. Fernandez, E. Navarro, G. Antinolo, S.
Borrego, G534E variant in HABP2 and nonmedullary hyroid
Cancer. Thyroid 26(7), 987-988 (2016). https://doi.org/10.1089/
thy.2016.0193

21. AS. Alzahrani, A.K. Murugan, E. Qasem, H. Al-Hindi, HABP2
gene mutations do not cause familial or sporadic non-medullary
thyroid cancer in a highly inbred middle eastern population. Thyroid
26(5), 667-671 (2016). https://doi.org/10.1089/thy.2015.0537

22. R. Sahasrabudhe, J. Stultz, J. Williamson, P. Lott, A. Estrada, M.
Bohorquez, C. Palles, G. Polanco-Echeverry, E. Jaeger, L. Martin,
M. Magdalena Echeverry, 1. Tomlinson, L.G. Carvajal-Carmona,
Tcukin: The HABP2 G534E variant is an unlikely cause of
familial non-medullary thyroid cancer. J. Clin. Endocrinol. Metab.
10(3), 1098-1103 (2016). https://doi.org/10.1210/jc.2015-3928

23. Q. Zhang, F. Song, H. Zheng, X. Zhu, F. Song, X. Yao, L.
Zhang, K. Chen, Association between single-nucleotide poly-
morphisms of BRAF and papillary thyroid carcinoma in a
Chinese population. Thyroid 23(1), 38—-44 (2013). https://doi.
org/10.1089/thy.2012.0228

24. X. Shen, G. Zhu, R. Liu, D. Viola, R. Elisei, E. Puxeddu, L.
Fugazzola, C. Colombo, B. Jarzab, A. Czarniecka, A.K. Lam, C.
Mian, F. Vianello, L. Yip, G. Riesco-Eizaguirre, P. Santisteban,
CJ. O’Neill, M.S. Sywak, R. Clifton-Bligh, B. Bendlova, V.
Sykorova, M. Xing, Patient age-associated mortality risk is dif-
ferentiated by BRAF V600E status in papillary thyroid cancer. J.
Clin. Oncol. JCO2017745497 (2017). https://doi.org/10.1200/
JCO.2017.74.5497

25. M. Xing, The T1799A BRAF mutation is not a germline mutation in
familial nonmedullary thyroid cancer. Clin. Endocrinol. 63(3),
263-266 (2005). https://doi.org/10.1111/j.1365-2265.2005.02332.x

26. H. Li, R. Durbin, Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics 26(5), 589-595
(2010). https://doi.org/10.1093/bioinformatics/btp698

27. A. McKenna, M. Hanna, E. Banks, A. Sivachenko, K. Cibulskis,
A. Kernytsky, K. Garimella, D. Altshuler, S. Gabriel, M. Daly, M.
A. DePristo, The Genome Analysis Toolkit: a MapReduce fra-
mework for analyzing next-generation DNA sequencing data.
Genome Res. 20(9), 1297-1303 (2010). https://doi.org/10.1101/
gr.107524.110

28. D.C. Koboldt, Q. Zhang, D.E. Larson, D. Shen, M.D. McLellan,
L. Lin, C.A. Miller, E.R. Mardis, L. Ding, R.K. Wilson, VarScan
2: somatic mutation and copy number alteration discovery in

@ Springer

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

cancer by exome sequencing. Genome Res. 22(3), 568-576
(2012). https://doi.org/10.1101/gr.129684.111

K. Wang, M. Li, H. Hakonarson, ANNOVAR: functional anno-
tation of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 38(16), e164 (2010). https://doi.org/10.1093/
nar/gkq603

L.A. Adzhubei, S. Schmidt, L. Peshkin, V.E. Ramensky, A.
Gerasimova, P. Bork, A.S. Kondrashov, S.R. Sunyaev, A
method and server for predicting damaging missense mutations.
Nat. Methods 7(4), 248-249 (2010). https://doi.org/10.1038/
nmeth0410-248

P.C. Ng, S. Henikoff, SIFT: Predicting amino acid changes that affect
protein function. Nucleic Acids Res. 31(13), 3812-3814 (2003)
J.M. Schwarz, C. Rodelsperger, M. Schuelke, D. Seelow, Muta-
tionTaster evaluates disease-causing potential of sequence altera-
tions. Nat. Methods 7(8), 575-576 (2010). https://doi.org/10.
1038/nmeth0810-575

S. Purcell, B. Neale, K. Todd-Brown, L. Thomas, M.A. Ferreira,
D. Bender, J. Maller, P. Sklar, P.I. de Bakker, M.J. Daly, P.C.
Sham, PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 81(3),
559-575 (2007). https://doi.org/10.1086/519795

E.Y. Zhou, Z. Lin, Y. Yang, HABP2 mutation and nonmedullary
thyroid cancer. N. Engl. J. Med. 373(21), 2084-2085 (2015).
https://doi.org/10.1056/NEJMc1511631#SA2

M. Levy, H. Shapiro, C.A. Thaiss, E. Elinav, NLRP6: a multi-
faceted innate immune sensor. Trends Immunol. 38(4), 248-260
(2017). https://doi.org/10.1016/}.it.2017.01.001

S. Normand, A. Delanoye-Crespin, A. Bressenot, L. Huot, T.
Grandjean, L. Peyrin-Biroulet, Y. Lemoine, D. Hot, M. Cha-
maillard, Nod-like receptor pyrin domain-containing protein 6
(NLRP6) controls epithelial self-renewal and colorectal carcino-
genesis upon injury. Proc. Natl Acad. Sci. USA 108(23),
9601-9606 (2011). https://doi.org/10.1073/pnas.1100981108

H. Wang, G. Xu, Z. Huang, W. Li, H. Cai, Y. Zhang, D. Xiong,
G. Liu, S. Wang, Z. Xue, Q. Luo, LRP6 targeting suppresses
gastric tumorigenesis via P14(ARF)-Mdm2-P53-dependent cel-
lular senescence. Oncotarget 8(67), 111597-111607 (2017).
https://doi.org/10.18632/oncotarget.22876

M. Ge, M. Shi, C. An, W. Yang, X. Nie, J. Zhang, Z. Lv, J. Li, L.
Zhou, Z. Du, M. Yang, Functional evaluation of TERT-
CLPTMIL genetic variants associated with susceptibility of
papillary thyroid carcinoma. Sci. Rep. 6, 26037 (2016). https://
doi.org/10.1038/srep26037

T. Pang, M. Zhou, R. Liu, J. Luo, R. Xia, TERT rs2736098 (Ex2-
659G>A) polymorphism and cancer susceptibility: evidence from
a comprehensive meta-analysis. Oncotarget 8(56), 96433-96441
(2017). https://doi.org/10.18632/oncotarget.21703

G. Atzmon, M. Cho, R.M. Cawthon, T. Budagov, M. Katz, X.
Yang, G. Siegel, A. Bergman, D.M. Huffman, C.B. Schechter,
W.E. Wright, J.W. Shay, N. Barzilai, D.R. Govindaraju, Y. Suh,
Evolution in health and medicine Sackler colloquium: Genetic
variation in human telomerase is associated with telomere length
in Ashkenazi centenarians. Proc. Natl Acad. Sci. USA 107
(Suppl. 1), 1710-1717 (2010). https://doi.org/10.1073/pnas.
0906191106

W. Pan, L. Zhou, M. Ge, B. Zhang, X. Yang, X. Xiong, G. Fu, J.
Zhang, X. Nie, H. Li, X. Tang, J. Wei, M. Shao, J. Zheng, Q.
Yuan, W. Tan, C. Wu, M. Yang, D. Lin, Whole exome sequen-
cing identifies IncRNA GAS8-AS1 and LPAR4 as novel papillary
thyroid carcinoma driver alternations. Hum. Mol. Genet. 25(9),
1875-1884 (2016). https://doi.org/10.1093/hmg/ddw056

Y. Qin, W. Sun, H. Zhang, P. Zhang, Z. Wang, W. Dong, L. He,
T. Zhang, L. Shao, W. Zhang, C. Wu, LncRNA GASS8-AS1
inhibits cell proliferation through ATGS5-mediated autophagy in


https://doi.org/10.18632/oncotarget.16870
https://doi.org/10.18632/oncotarget.16870
https://doi.org/10.1111/cen.13352
https://doi.org/10.1111/cen.13316
https://doi.org/10.1007/s40618-016-0583-9
https://doi.org/10.1007/s40618-016-0583-9
https://doi.org/10.1186/s12881-016-0323-1
https://doi.org/10.1089/thy.2016.0193
https://doi.org/10.1089/thy.2016.0193
https://doi.org/10.1089/thy.2015.0537
https://doi.org/10.1210/jc.2015-3928
https://doi.org/10.1089/thy.2012.0228
https://doi.org/10.1089/thy.2012.0228
https://doi.org/10.1200/JCO.2017.74.5497
https://doi.org/10.1200/JCO.2017.74.5497
https://doi.org/10.1111/j.1365-2265.2005.02332.x
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.129684.111
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0810-575
https://doi.org/10.1038/nmeth0810-575
https://doi.org/10.1086/519795
https://doi.org/10.1056/NEJMc1511631#SA2
https://doi.org/10.1016/j.it.2017.01.001
https://doi.org/10.1073/pnas.1100981108
https://doi.org/10.18632/oncotarget.22876
https://doi.org/10.1038/srep26037
https://doi.org/10.1038/srep26037
https://doi.org/10.18632/oncotarget.21703
https://doi.org/10.1073/pnas.0906191106
https://doi.org/10.1073/pnas.0906191106
https://doi.org/10.1093/hmg/ddw056

Endocrine (2019) 64:622-631

631

43.

papillary thyroid cancer. Endocrine 59(3), 555-564 (2018).
https://doi.org/10.1007/s12020-017-1520-1

L. Ning, W. Rao, Y. Yu, X. Liu, Y. Pan, Y. Ma, R. Liu, S. Zhang, H.
Sun, Q. Yu, Association between the KRAS gene polymorphisms
and papillary thyroid carcinoma in a Chinese Han population. J.
Cancer 7(15), 2420-2426 (2016). https://doi.org/10.7150/jca.16507

44. J.H. Lee, X.M. Zhao, I. Yoon, J.Y. Lee, N.-H. Kwon, Y.Y. Wang,
K.M. Lee, M.J. Lee, J. Kim, H.G. Moon, Y. In, J.K. Hao, K.M.
Park, D.Y. Noh, W. Han, S. Kim, Integrative analysis of muta-
tional and transcriptional profiles reveals driver mutations of
metastatic breast cancers. Cell Discov. 2, 16025 (2016). https://
doi.org/10.1038/celldisc.2016.25

@ Springer


https://doi.org/10.1007/s12020-017-1520-1
https://doi.org/10.7150/jca.16507
https://doi.org/10.1038/celldisc.2016.25
https://doi.org/10.1038/celldisc.2016.25

	Targeted next-generation sequencing in papillary thyroid carcinoma patients looking for germline variants predisposing to the disease
	Abstract
	Introduction
	Materials and methods
	Subjects
	Healthy control group
	PTC patient group
	Distant metastasis group
	Non-distant metastasis group
	DNA extraction and sequencing
	NGS data analysis
	Statistics analysis

	Results
	Subjects
	Low-frequency variants (frequency&#x02009;&#x0003C;&#x02009;0.01)
	Common-frequency variants (frequency&#x02009;&#x02265;&#x02009;0.01)
	PTC patients vs. healthy control
	Distant metastasis vs. non-distant metastasis
	RR-PTC vs. non-RR-PTC

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




