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Abstract
Papillary thyroid carcinoma (PTC) is themost common type of thyroid cancer. However, we know little of mutational spectrum
in the Chinese population. Thus, here we report the identification of somatic mutations for Chinese PTC using 402 tumor-
normal pairs (Discovery: 91 pairs via exome sequencing; validation: 311pairs via Sanger sequencing).Weobserved three distinct
mutational signatures, evidently different from the two mutational signatures among Caucasian PTCs. Ten significantly
mutated genes were identified, most previously uncharacterized. Notably, we found that long non-coding RNA (lncRNA) GAS8-
AS1 is the secondary most frequently altered gene and acts as a novel tumor suppressor in PTC. As a mutation hotspot, the
c.713A>G/714T>C dinucleotide substitution was found among 89.1% patients with GAS8-AS1 mutations and associated with
advanced PTCdisease (P = 0.009). Interestingly, thewild-type lncRNAGAS8-AS1 (A713T714) showed consistently higher capability
to inhibit cancer cell growth compared to themutated lncRNA (G713C714). Further studies also elucidated the oncogene nature of
the G protein-coupled receptor LPAR4 and its c.872T>G (p.Ile291Ser) mutation in PTC malignant transformation. The BRAF
c.1799T>A (p.Val600Glu) substitution was present in 59.0% Chinese PTCs, more frequently observed in patients with lymph
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nodemetastasis (P = 1.6 × 10−4). Together our study defines a exomemutational spectrum of PTC in the Chinese population and
highlights lncRNA GAS8-AS1 and LPAR4 as potential diagnostics and therapeutic targets.

Introduction
Thyroid carcinoma is the most common endocrine malignancy
with quickly increased incidence over last several decades. In
China, the incidence of this cancer is 6.6 per 100 000 individuals ac-
cording to the Chinese Cancer Registry (1). Papillary thyroid carcin-
oma (PTC), named for their papillary histological architecture,
accounts for 80% of all thyroid carcinomas. Risk factors for PTC
development include ionizing radiation, nodulardisease of the thy-
roid and family history (2). Genetic predisposition contributesmore
for PTC compared to any other cancer (3). By analyzing exome se-
quence in 402 PTC tumors, theCancerGenomeAtlas (TCGA) project
identified BRAF and the RAS family as dominant driver genetic al-
terations (4). However, knowledge of the spectrum of somatic mu-
tations in PTC in theChinesepopulation remainsobscure. Since the
difference in environmental factors that may cause thyroid carcin-
oma and the diversity of genetic background in different ethnic po-
pulations is expected to play critical roles on PTC etiology, we
hypothesized that PTCs in different populationsunder different en-
vironments might present different spectra of mutations.

To address this issue, we performed whole-exome sequencing
(WES) of 91 clinically and pathologically characterized PTC tissues
and 91 paired peripheral blood samples. Candidate mutations
were then validated in additional 311 tumor-normal pairs in the
Chinese population. We identified three distinct mutational signa-
tures evidently different from the two mutational signatures in
Caucasian PTC patients. Ten significantly mutated genes were dis-
covered, most previously uncharacterized (i.e. GAS8-AS1 and
LPAR4) as well as well-known (BRAF). Particularly, we found that a
longnon-codingRNA (lncRNA)GAS8-AS1 is the secondarymost fre-
quently altered gene and acts as a novel tumor suppressor in PTC.
Further studies also elucidated the biological relevance of the G
protein-coupled receptor LPAR4 to the PTC malignant phenotype.
Our data demonstrated that both coding and non-coding genes
may play an essential role in the etiology of thismalignant disease.

Results
Mutational signatures of PTC

To gain insight into PTC genetics in the Chinese population, we
performed WES of 91 pairs of PTC tissues and peripheral blood
samples (Supplementary Material, Table S1), covering a median
of 50.3 megabases (Mb) at a median of 126.63× (range: 100.56
−314.32×) coverage for PTC samples and 125.58× (range: 100.72–
293.81×) coverage for blood samples (Supplementary Material,
Table S2), followed by calling of somatic mutations using
the MuTect algorithm (5). We identified a total of 1672 somatic
mutations across the entire data set, including 1067 missense,
51 stopgain, 4 stoploss, 455 synonymous, and 45 splice site single
nucleotide variations (SNVs), as well as 41 frameshift insertions
or deletions (indels) and 9 inframe indels (Supplementary Mater-
ial, Fig. S1). We validated candidate mutations in genes compris-
ing both consensus cancer genes and new recurrently mutated
genes in PTC with Sanger sequencing in the original 91 pairs of
PTC samples and additional 311 PTC tissues and paired peripheral
blood samples (Supplementary Material, Table S1) and found that
a true positive rate of 97.2%was achieved. The overall somaticmu-
tation density was 0.38 mutations per Mb (Supplementary Mater-
ial, Table S4), which is lower compared to other cancers (4,6,7).

After analyzing intratumor clonal architecture using the SciClone
method (8),we observedmonoclonal, biclonal andmulticlonal sig-
natures in PTCs (Supplementary Material, Fig. S2).

Mutational spectrum showed that the C>T/G>A substitution
was the most common pattern of SNVs in the exomic region,
comprising 43.3% of all somatic mutations (Fig. 1A and B and
Supplementary Material, Table S3). Evaluation of the non-
negative matrix factorization decompositions (9) indicated a
best estimate of three biologically distinct mutational signatures
in Chinese PTCs (Fig. 1C), evidently different from the two muta-
tional signatures in Caucasian PTCs (10). Signature Awas charac-
terized by overrepresentation of the C>T/G>A substitution at the
NpCpG trinucleotides (N is any base and C is the mutated base)
(Fig. 1C), which is consistent with spontaneous deamination
and possibly not a carcinogen-induced process (11). However,
the underlying molecular mechanisms are still unclear. Signa-
ture B was composed predominantly of T>G/A>C mutation at
TpTpN or NpTpA trinucleotide (T is the mutated base). Signature
C was a mutational pattern with its origin currently unknown.

Significantly mutated genes in PTC

We performedmutation significance analyses on PTC in the Chin-
ese population. There were 23 genes with ≥3 somatic mutations
(Fig. 2). Ten significantlymutated genes were determined if muta-
tionswere found in thatgeneata falsediscovery rate (FDR) ofq < 0.1
after correction for multiple testing using the MutSigCV method
(P < 10−4) (SupplementaryMaterial, Table S4). As expected, BRAF, a
known oncogenic driver gene and therapeutic target in multiple
malignancies (12), was identified as the most frequently mutated
gene with mutations present in 58.2% PTC patients (53/91) at the
WES discovery stage (Fig. 2 and SupplementaryMaterial, Table S6).
Among those 53 cases, 52 only carried the c.1799T>A (p.Val600Glu,
V600E) mutation and one case carried both V600E and c.1806T>G
(p.Ser602Ser, S602S) mutations (Fig. 2, Supplementary Material,
Table S4 and Fig. S3). In the validation study, the BRAF V600E
mutation was found among 184 PTCs, with a mutation rate of
59.2% (184/311) (Table 1) and the S602Smutation was observed in
two cases who also carried the V600E mutation. Therefore, there
were59.0%Chinesepatients (237/402) carrying theV600Emutation.
As a commonmolecular change, the BRAFV600Emutation is esti-
mated to occur in over 25% of humanmalignancies, especially in
thyroid cancer (Supplementary Material, Fig. S4). In assessing the
relationship of the BRAFV600Emutation to the clinicopathological
characteristics of PTC patients, we found that more PTC patients
harboring the BRAF V600E mutation had lymph node metastasis
comparedwithpatientswithout themutation (Discovery, P = 0.005;
validation, P = 0.005; all, P = 1.6 × 10−4) (Table 1). Additionally, there
was a significantly higher rate of this mutation identified among
females (Discovery, P = 0.047; validation, P = 3.7 × 10−5; all, P = 4.8 ×
10−6). However, no significantly associations were observed
between themutation and the other clinicopathological character-
istics (Table 1).

lncRNAGAS8-AS1 and LPAR4 as novel driver alternations
in PTC

Notably, we found that a lncRNA gene GAS8-AS1 is the most fre-
quently altered gene except BRAF. In discovery stage, we observed
8 of 91 PTC cases (8.8%) harboring somatic mutations (Figs 2 and
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3A and Supplementary Material, Table S4). Interestingly, among
these affected patients, seven carried a c.713A>G/714T>C
dinucleotide substitution and only one case carried a c.713A>G
mononucleotide mutation (Fig. 3A). Among 311 validation

patients, there were 29 cases carrying either the c.713A>G/
714T>C dinucleotide substitution (n = 26) or the c.713A>G mono-
nucleotide mutation (n = 3). As shown in Table 2, we found that
the dinucleotide substitution was significantly associated with

Figure 1.Mutation spectra and threemutational signatures identified in Chinese PTCs across the 91 patients. (A) The somatic pointmutation spectrumobserved in each of

the 91 PTC cases. Overall, the C>T/G>A substitution was more commonly observed on average than other mutation types. (B) Trinucleotide contexts of mutations

occurring at cytosine nucleotides in PTC. Font sizes of the bases at the 5′ and 3′ positions are proportional to their frequencies. (C) Ninety-six substitution

classifications from WES data derived from the 91 pairs of Chinese PTC samples. Mutation types are displayed in different colors on the horizontal axis. The vertical

axis depicts the percentage of mutations attributed to a specific mutation type.
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advanced disease (stage IV, 16.7%; stage III, 8.7%; stage I + II, 5.3%;
P = 0.009). Moreover, we observed a significantly higher rate of
this mutation identified among aged cases compared to young
cases (13.2 versus 3.0%, P = 2.2 × 10−4).

LncRNA GAS8-AS1 is located in the second intron of GAS8 and
transcribes a 994nt ncRNA in the opposite orientation of GAS8
(Fig. 3A). Prediction with the RNAfold software demonstrated
that the c.713A>G/714T>C dinucleotide substitution induces sig-
nificant change of GAS8-AS1 RNA secondary structure (Fig. 3B).
We next sought to determine the involvement of GAS8-AS1 in
PTC etiology. Significant decrease in the expression of lncRNA
GAS8-AS1 was observed in PTC tissue specimens compared to

normal tissues of patients recruited from different medical cen-
ters (all P < 0.001) (Fig. 3C). Ectopically expressed either wild-type
lncRNA GAS8-AS1 (A713T714) or the mutated one (G713C714) could
significantly suppress cell viability in multiple thyroid cancer
cell lines (Fig. 3D and E). However, wild-type lncRNA GAS8-AS1
showed consistently higher capability to inhibit cell growth
compared to the mutated lncRNA (Fig. 3D and E). Depletion of
endogenous lncRNA GAS8-AS1 expression with different small
interfering RNAs (siRNAs) led to markedly increased PTC cell
proliferation (Fig. 3F and G).

Lysophosphatidic acid receptor 4 (LPAR4) was another significantly
mutated gene in Chinese PTC patients (P = 3.51 × 10−5, FDR

Figure 2. Exome-widemutational landscape of PTC identified bywhole-exome sequencing. (A) Number and type ofmutations. Non-silentmutations consist ofmissense,

stopgain, stoploss, and splice site mutations, as well as frameshift indels and inframe indels. (B) Key clinicopathological characteristics. Stagewas determined according

to the sixth edition of theUnion for International Cancer Control (UICC) staging system for thyroid cancer. (C) Middle,mutations in a selection of frequentlymutated genes

with ≥3 mutations, colored by the type of alteration. Samples are displayed as columns, arranged to emphasize mutual exclusivity among mutations. Left, the total

number of somatic alterations that targeted each gene. Right, the logarithmic (log) transformations of P-values calculated by MutSigCV (Supplementary Material,

Table S6).

Table 1. Associations of BRAF V600E mutation status with the clinicopathological characteristics of 402 Chinese PTCs

Variable Category Discovery stage (n = 91) Validation stage (n = 311) All (n = 402)
V600E positive (%) P-valuea V600E positive (%) P-valuea V600E positive (%) P-valuea

Age <45 26 (59.1) 0.874 92 (60.1) 0.733 118 (59.9) 0.706
≥45 27 (57.4) 92 (58.3) 119 (58.0)

Sex Male 12 (42.9) 0.047 43 (42.6) 3.7 × 10−5 55 (42.6) 4.8 × 10−6

Female 41 (65.1) 141 (67.1) 182 (66.7)
TNM stage I + II 30 (58.8) 0.911 105 (60.0) 0.714 135 (59.7) 0.653

III 15 (60.0) 48 (60.8) 63 (60.6)
IV 8 (53.3) 31 (54.4) 39 (54.2)

Lymph node metastasis Yes 28 (73.0) 0.005 96 (67.6) 0.005 124 (69.3) 1.6 × 10−4

No 25 (48.1) 88 (56.1) 113 (50.7)

PTC, papillary thyroid carcinoma.
aTwo-sided χ2 test.
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Figure 3. Identification of lncRNA GAS8-AS1 as a novel tumor suppressor gene in PTC. (A) Schematics of lncRNA GAS8-AS1, its host gene GAS8 and an A713T714>G713C714

dinucleotide substitution in lncRNA GAS8-AS1. (B) Prediction with the RNAfold software demonstrated that the A713T714>G713C714 dinucleotide substitution induces

significant change of GAS8-AS1 RNA secondary structure. (C) lncRNA GAS8-AS1 expression detected in 87 pairs of PTC tissue specimens and normal tissues from

different medical centers (56 pairs from Zhejiang Province Cancer Hospital and 31 pairs from Huaian No. 2 Hospital). (D) Ectopically expressed either wild-type

lncRNA GAS8-AS1 (WT, A713T714) or the mutated one (Mut, G713C714) could significantly suppress cell viability in PTC cell lines (BCPAP and TPC-1) and thyroid

medullary carcinoma TT cell line. (E) Ectopic expression levels of WT lncRNA GAS8-AS1 or the Mut GAS8-AS1 are comparable in BCPAP, TPC-1 and TT cell lines. (F)
Depletion of endogenous lncRNA GAS8-AS1 expression in BCPAP and TPC-1 cells significantly increased cell proliferation. (G) Expression levels of lncRNA GAS8-AS1

after RNAi in BCPAP and TPC-1 cells. All experiments were performed in triplicates in three independent transfection experiments and each value represents

mean ± SD. *P < 0.05; **P < 0.01.
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q = 7.09 × 10−2) (Fig. 2 and SupplementaryMaterial, Table S4), with
only one mutation pattern (c.872T>G, p.Ile291Ser, I291S) identi-
fied (Fig. 4A). As a G protein-coupled receptor (GPCR) family
member, LPAR4 is poorly studied in PTC. Notably, we observed
that LPAR2 (another LPAR family member) and multiple LPAR4
downstream PI3K-AKT pathway genes (i.e. PIK3CA, PIK3R2,
AKT2, PTEN and TP53) were mutated. Intriguingly, the mutations
in this set of genes were mutually exclusive and affected 12.1%
PTC patients (11/91) (Fig. 4B). By detecting LPAR4 mRNA expres-
sion in 87 paired PTC and normal tissues, we found higher
expression of LPAR4 in PTC tissues compared to normal tissues
(all P < 0.05) (Fig. 4C), suggesting an oncogenic nature of LPAR4
in PTC. In PTC or HEK293 cells, ectopic expression of either wild
type LPAR4 (codon291Ile) or mutated LPAR4 (codon291Ser)
significantly promoted cell proliferation (Fig. 4D and E). Remark-
ably, cells expressing mutated LPAR4 showed much higher cell
viability compared with those expressing wild type LPAR4
(Fig. 4D and E), indicating that the LPAR4 I1291S somaticmutation
is biologically relevant in PTC. On the contrary, depletion of
endogenous LPAR4 expression significantly suppresses PTC cell
proliferation (Fig. 4F and G).

Altered pathways in PTC

We then applied Genome MuSiC path-scan analyses to investi-
gate the core canonical pathways with enrichment of somatic
mutations in PTC. The thyroid cancer pathway was identified as
the most significantly mutated pathway according to KEGG (FDR
q = 2.8 × 10−9, P = 3.1 × 10−8) (Supplementary Material, Table S5). In
addition,we found that 69.2%of PTCpatients (63/91) harbored pro-
tein sequence-altering mutations in the BRAF-related signaling
pathway (BRAF, EGFR, SHC2, SHC3, NF1, NRAS, RAF1, CACNA1A,
CACNA1C, CACNA1E, CACNA1F, CACNA1H, CACNA1I, CACNG6,
RASGRP2 and RASGRF2) (Supplementary Material, Fig. S5). Some
of the mutations in the pathway were mutually exclusive, espe-
cially mutations in SHC2, SHC3, CACNA1C, CACNA1F and CAC-
NA1H. There are multiple well-known oncogenes, such as NRAS,
EGFR and SHC3 in this pathway (13–16). The TCGA PTC study iden-
tifiedmultiple codon12 or codon61mutations in three RAS family
genes (NRAS, HRAS and KRAS) in 12.9% patients. NRAS c.182A>G
(p.Gln61Arg, Q61R) and c.181C>A (p.Gln61Lys, Q61K) mutations
were also found in 3.2% Chinese PTCs (13/402), demonstrating its
essential role in PTC in different ethnic populations. However, we
did not observe any somatic alternation within HRAS and KRAS.

Oncogene EGFR overexpression in PTC specimens has been impli-
cated in disease progression (13–15). Moreover, oncoprotein
SHC3 could form a protein complex with RET oncoprotein and
potentiate PI3K signaling pathway in PTC (16).

Discussion
We describe here the first WES of PTC in the Chinese population
with a relative large sample size (n = 402), and our data reveal that
the spectra of exomemutations of Chinese PTCs are distinct from
Caucasian PTCs as well as anaplastic thyroid cancer (17). This
supports our hypotheses that PTCs in different populations
under different environments might present different muta-
tions. Notably, we firstly identified an lncRNA gene, GAS8-AS1,
is the most frequently altered gene except BRAF, a well-known
PTC diver gene, indicating that both coding and non-coding
genes are involved in PTC etiology.

That comparable highmutation rate of the BRAF V600Emuta-
tion in the Chinese population (59.0%) and in the TCGA data
(58.5%) (4) (Supplementary Material, Fig. S5) indicates that BRAF
is the most important driver gene for PTC development. The
KEGG path-scan analyses showing thyroid cancer pathway as
the most significantly mutated one also confirmed the quality
of our WES data. Accumulated evidences demonstrated that
lncRNAs may play a crucial role in carcinogenesis (18,19). Unex-
pectedly, we found that lncRNA GAS8-AS1 ranks the secondary
most mutated gene (9.2%) and acts as a tumor suppressor in
PTC (SupplementaryMaterial, Table S4). To the best of our knowl-
edge, we here report for the first time that an lncRNA gene was
identified as a recurrently mutated cancer driver gene in PTC.
On the contrary, the TCGA study found no mutations in GAS8-
AS1 (5), though the same GAS8-AS1 mutations were observed in
adrenocortical carcinoma supporting the existence of the muta-
tion in different ethnic populations (Supplementary Material,
Fig. S6). Additionally, TCGA identified NRAS as the secondary
most altered gene (8.7%), with the same Q61R mutation pattern
observed in 2.0% Chinese PTC patients (8/402) (Supplementary
Material, Fig. S3). These data suggest that different environment
exposure may lead to various somatic changes and, thus, differ-
ent etiology of PTC in diverse populations, which needs further
investigation.

Six known human LPARs are usually divided into two fam-
ilies, including the endothelial differentiation gene (Edg) family
(LPAR1, LPAR2 and LPAR3) as well as the phylogenetically distant
non-Edg family (LPAR4, LPAR5 and LPAR6). Several LPARs have
been implicated in tumorigenesis. For example, activated
LPAR1 stimulates cell motility and tumor cell invasion (20).
Although LPAR4 somatic mutations with relative low frequency
have been identified in various malignancies (Supplementary
Material, Fig. S7), the role of LPAR4 in tumorigenesis is still incon-
clusive. In colon cancer, suppression of LPAR4 induced cell mi-
gration and invasion (21). Similarly, ectopic LPAR4 expression
negatively modulated cell motility in head and neck squamous
cell carcinoma (22). Conversely, LPAR4 has been shown to induce
fibrosarcoma cell invasion and in vivo metastasis formation (23),
as well as cell transformation and anchorage-independent
growth of Myc-transformed cells (24). In line with these studies,
we observed that LPAR4 acts as a vital oncogene in PTC and,
therefore, may serve as a therapeutic target for PTC treatment.

In summary, the present study provides a exome mutational
spectrum of PTC in the Chinese population. Together with the
high frequency of the BRAF V600E mutation, the paucity of non-
BRAF pathwaymutations is a prominent feature of Chinese PTCs.
We elucidated two novel PTC driver genes (lncRNA GAS-AS1 as a

Table 2. Associations of GAS8-AS1 713A>G/714T>C dinucleotide
mutation status with the clinicopathological characteristics of 402
Chinese PTCs

Variable Category No. of
cases

All PTC cases (n = 402)
Mutation
positive (%)

P-valuea

Age <45 197 6 (3.0) 2.2 × 10−4

≥45 205 27 (13.2)
Sex Male 129 12 (9.3) 0.583

Female 273 21 (7.7)
TNM stage I + II 226 12 (5.3) 0.009

III 104 9 (8.7)
IV 72 12 (16.7)

Lymph node
metastasis

Yes 179 19 (10.6) 0.115
No 223 14 (6.3)

PTC, papillary thyroid carcinoma.
aTwo-sided χ2 test.
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Figure 4. Identification of LPAR4 as a novel PTC oncogene. (A) The schematic of LPAR4 and an Ile291Ser (I291S) amino acid substitution in LPAR4. (B) Data matrix showing

alterations of genes involved in the GPCR-mediated PI3K-AKT signaling pathway (Upper panel). Simplistic overview of the GPCR-mediated PI3K-AKT signaling pathway in

PTC according to KEGG (Lower panel). (C) LPAR4mRNAexpression detected in 87 pairs of PTC tissue specimens and normal tissues fromdifferentmedical centers (56 pairs

from Zhejiang Province Cancer Hospital and 31 pairs from Huaian No. 2 Hospital). (D) Ectopically expressed either wild-type LPAR4 (codon291Ile) or the mutated one

(codon291Ser) could significantly stimulate cell viability in BCPAP and HEK293 cells. (E) mRNA and protein expression levels of LPAR4-codon291Ile or LPAR4-

codon291Ser were comparable in BCPAP and HEK293 cells. (F) Depletion of LPAR4 expression in BCPAP and TPC-1 cells significantly inhibited cell proliferation. (G)
Expression levels of LPAR4 mRNA and protein after RNAi in BCPAP and TPC-1 cells. All experiments were performed in triplicates in three independent transfection

experiments and each value represents mean ± SD. *P < 0.05; **P < 0.01.
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tumor suppressor and LPAR4 as an oncogene), whichmight serve
as potential therapeutic targets (25,26). Our findings provide
further layers of understanding the tumorigenesis of PTC in the
Chinese population and an enhanced roadmap for development
of novel diagnostics and therapeutics for the malignancy.

Materials and Methods
Study subjects

Four hundred and two clinically and pathologically characterized
PTC tissues and 402 paired peripheral blood samples forWES dis-
covery and Sanger sequencing validation were collected with
written informed consent from individuals with primary PTC
who received surgery as their primary treatment at Huaian No.
2 Hospital, Zhejiang Province Cancer Hospital or Cancer Hospital
of Chinese Academy of Medical Sciences between June 2011 and
March 2014. PTC tissue andmatched normal thyroid tissue speci-
mens for gene expression detection were recruited with written
informed consent from individuals with primary PTC who re-
ceived surgery as their primary treatment at Huaian No. 2 Hos-
pital and Zhejiang Province Cancer Hospital between June 2011
andMarch 2014. Fresh tissue samplesweremacrodissectedwith-
in 30 min of surgical resection and stored at liquid nitrogen. Pa-
tients’ clinicopathological characteristics were extracted from
in-patient medical records. All PTC tissues were examined by
two certified pathologists independently to confirm histological
subtype. Adjacent normal tissue samples were confirmed not
to be contaminated by cancer cells. Only DNA samples isolated
from PTCs withmore than 70% tumor content and their matched
blood samples were subjected to WES or validation sequencing.
The collection of human samples and the protocols for the inves-
tigations were approved by the Institutional Ethics Committees
of Zhejiang Province Cancer Hospital, Huaian No. 2 Hospital
and Cancer Hospital of Chinese Academy of Medical Sciences.

Whole-exome sequencing

Human genomic DNAwas extracted from frozen tissue samples
or blood samples with QIAampDNAMini kits (Qiagen). After Cov-
aris sonication, genomicDNAwas fragmented to 180–280 bp frag-
ments. Adaptors were ligated to both ends of the fragments and
adaptor-ligated templates were then purified using Agencour-
tAMPure SPRI beads. Using the SureSelect Human All Exon V5
kit (Agilent) according to the manufacturer’s instructions,
whole-exome enrichment was performed. Captured DNA librar-
ies underwent paired-end sequencing on theHiSeq 2000 Genome
Analyzer (Illumina), resulting in sequences of 100 bases from
each end of the fragments.

Somatic mutation calling

Sequencing readswere aligned to thehg19 reference genomeusing
Burrows-Wheeler Aligner (BWA). The SAM output was converted
to BAM output and sorted by Samtools, duplicates were marked
using Picard, and indel realignment and quality score recalibration
were performed in Genome Analysis Toolkit (GATK). The MuTect
algorithmwas used to identify somatic SNVs inWES datawith de-
fault parameters. Somatic indels were identified by Strelka algo-
rithm and somatic CNVs were identified by Control-FREEC.

Sanger validation of mutation calls

A total of 90 somatic SNVs and 20 indels identified by WES were
verified by Sanger sequencing in all 402 tumor-normal pairs. In

total, 107 loci were successfully amplified. Excluding 3 regions
that failed in PCR, 86 of 88 SNVs (97.7%) and 18 of 19 indels
(94.7%) were successfully validated. In all, 104 of 107 mutations
(97.2%) were validated.

Cell culture

The human HEK293 cell line, human PTC cell lines (BCPAP and
TPC-1) and thyroid medullary carcinoma cell line TT were used
in the current study. The HEK293 and TT cell lines were obtained
from the American Type Culture Collection (ATCC). The thyroid
origins of BCPAP and TPC-1 cell lines were confirmed by profiling
analyses. BCPAP and TPC-1 cells were cultured in RPMI-1640 me-
dium (Gibco). HEK293 cells were cultured in DMEM medium
(Gibco). TT cellswere cultured in F-12Kmedium (Gibco). All culture
medium contains 10% fetal bovine serum (Gibco), 100 units/ml
penicillin (Invitrogen) and 100 mg/ml streptomycin (Invitrogen).

mRNA quantification

The relative lncRNA or mRNA levels of genes targeted by RNA
interference or gene overexpression were examined by quantita-
tive RT-PCR as previously described. In brief, total RNA was ex-
tracted from tissue samples or cultured cells using TRIzol
Reagent (Invitrogen). Each RNA sample was then treated with
RNase-Free DNase to remove genomic DNA (Invitrogen). We uti-
lized SYBR-Green real-time quantitative PCRmethod to measure
lncRNA or mRNA levels in tissues or cell lines (Supplementary
Material, Table S6). The expression of individual measurements
was calculated relative to expression of β-actin using the 2−dCt

method as described previously (27–30).

Western blotting

After total cellular proteins were separated with SDS-PAGE gel,
proteins were transferred to a polyvinylidene fluoride (PVDF)
membrane (Millipore). The PVDF membrane was then incubated
with c-Myc primary antibody (Sigma, M4439; 1:1000 dilution) or
LPAR4 primary antibody (Santa Cruz, H-60; 1:500 dilution) over-
night at 4°C. Target proteins were visualized with enhanced
chemiluminescence (ECL) reagents (Millipore).

DNA constructs and mutagenesis

PCR-amplified human LPAR4 was cloned into pCMV-Myc vector
(Clontech) between the KpnI and NotI restriction sites. The
pCMV-Myc-LPAR4 construct containing the I291S mutation was
generated using the QuikChange site-directed mutagenesis kit
(Stratagene). Restriction analysis and complete DNA sequencing
confirmed the orientation and integrity of these constructs.

Cell proliferation assays

Cells were seeded in 6-well plates at a density of 8 × 104 cells per
well. For RNAi assays, cells were transfected with GAS8-AS1 siR-
NAs (GAS8-AS1-siR-1 and GAS8-AS1-siR-2) or LPAR4 siRNAs
(LPAR4-siR-1 and LPAR4-siR-2) (Genepharma, Shanghai, China)
(Supplementary Material, Table S7) combined with Lipofecta-
mine RNAi Max (Invitrogen). For gene overexpression assays,
cells were transfected with pcDNA3.1-GAS8-AS1 constructs
(wildtype or mutated) or pCMV-Myc-LPAR4 constructs (wildtype
or mutated) combined with Lipofectamine 2000 (Invitrogen).
Cells were counted at 24 and 48 h after transfection as described
previously (27–29). All results of the mean of triplicate assays
with standard deviation of the mean were presented.
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Statistical analyses

The difference between two groups was calculated using Stu-
dent’s t-test. One-way analysis of variance was used to compare
differences between three or more groups. A P-value of less than
0.05 was used as the criterion of statistical significance. All ana-
lyses were performed with SPSS software package (Version 16.0,
SPSS Inc.) or GraphPad Prism (Version 5, GraphPad Software, Inc.).

Accession numbers

The accession number for the whole-exome sequences reported
in this paper is European Genome-phenome Archive (EGA):
EGAS00001001268.

Supplementary Material
Supplementary Material is available at HMG online.
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