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Abstract

TERT promoter mutation and
Its synergistic interaction with
BRAF and RAS mutations
In thyroid cancer

Young Shin Song
Major in Translational Medicine
Department of Medicine

SeoulNational University Graduate School

Recent reports suggest that mutations in the promoter of the gene encoding
telomaase reverse transcriptaselERT) affect thyroid cancer outcomek.
aimed to investigate the clinical significance T®RT promoter mutation in
thyroid cancer and its synergistic interaction WBBRAF and RASmutations.
Furthermore, molecular mechanisms of the oncogene interdmtigenomic
analysis using nexgeneration sequencing databasere explored TERT
promoter mutabns were detected in 4.5% of differentiated thyroid cancers

and associated with poor prognosis. These mutations were more frequent in

tumors also harboring eith&®RAF (4.8%) or RASmutations (11.3%). The



prevalence oTERTpromoter mutations was highin highrisk patients: 9.1%

and 12.9% in the ATA highisk and advanced TNM stage groups, respectively.
Among highrisk patients, the presenceTERTpromoter mutations additively
increased the risk of both recurrence and disepseific mortality. The
coexistence oBRAFandTERTpromoter mutations had a synergistic effect on
the clinicopathological characteristics and ldgagm prognosisof papillary
thyroid cancer (PTC) antfirstly confirmed this by metanalysis.From the
analyses of RNA sequeimg data anéh vitro experimentsl could confirm that
TERTmMRNA expression was increased by addingBRAF mutation to the
TERT promoter mutation (fold change, 17.06:value = 1.36 10%).
Furthermore, this increase was due to, at least in part, pheguwlated
expression oE-twenty-six (ETS, especialhfETV], ETV4 andETV5by BRAF
mutation. The coexisting mutations showed changes in the almost same
intracellular signaling pathways &RAFmutation alone, however, amplified
the changes of the expression level of genes associated with altered pathways.
Moreover, the inflammation and adhesi@tated pathways were activated by
addingTERTexpression iBRAFmutated PTCdNotably,| firstly reported that

the coexistence dRASand TERT promoter mutations was associated with a

higher rate of recurrence, suggesting that they had additive effects on the



prognosis, similarly toBRAF and TERT promoter mutations. As for the
mechanism| could confirmthat this genetic duet significantly increaSdeRT
expression (fold change, 5.58value = 0.004) compared with the expression
in tumors harborindRASor TERTpromoter mutation alone. Moreover, adding
the TERT promoter mutation or expression to tRASmutation, there were
significant changes in transcriptional profile, which activated the aggressive
intracellular pathways including MAPK pathwayl conclusion, genetic
screening forTERT promoter mutations in higtisk patients with thyroid
cancer mightolster the prediction of mortality and recurrence. In addition,
molecular testing of ERT promoter mutatiorwith BRAFor RAS mutation
together may be useful in assisting with risk stratification in clinical settings.
Furthermore,l can suggest thathe nmechanism of synergistioncogene
interaction betweemERTandBRAFor RASbe explained by increasd&ERT
expression, which may resutom theBRAFor RASinduced upregulatioof
several ETS transcription factors. Pathways related to aggressive behaviors of

tumors are activated by the genetic dBRAFandTERTor RASandTERT

Keywords: TERT BRAF RAS thyroid cancer, prognosis, transcriptome
analysis
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Introduction

1. Increase in the prevalence of thyroid cancer and importance of
predicting prognosis

In the past two decades, the incidence of thyroid cancer has increased
dramatically worldwide 15 fold in South Korea and more than double in the
United StategAhn et al.,, 2014; Howlader et al., 2018he incidence of
papillary thyroid cancer (PTC), the most common tgpéhyroid cancer, has
increased drastically worldwide; however, majority of them show an excellent
prognosigAhn et al., 2014; Davies and Welch, 2014; Howlader et al., 2016)
Therefore, the recommended management of PTC has been changed-to a less
extended thapy (Haugen et al., 2016)-ollicular thyroid cancer (FTC) is the
second most common type of thyroid malignancy following PTC, which
accounts for 10982% of cases ofdifferentiated thyroid cancerD{C)
(Hundahl et al., 2000; Lin et al., 1999)he increasing trenia the prevalence

of thyroid cancer of the last decades was especially predominant for small PTC,
which shows less aggressive features and favorable out¢Gimest al., 2013a;

Ho et al., 2015)However, longterm trends in the characteristicglautcomes

of FTC, distinct from other types of thyroid cancer, have not been reported.



Although the majority of thyroid cancer patients have excellent overall
survival, 5%l 20% experience either recurrence or distant metastasis with an
associated ovall 10year survival rate of 40¥85% (Cho et al., 2014;
Schlumberger, 1998 herfore,the importance of precise risk stratification
has been emphasized to compare treat@ssuciated benefits against adverse
effects(Xing et al., 2013)Moreoverit is important to minimize overtreatment
of patients who are likely to have a good prognosis, as well as to identify more
accurately highrisk patients whavould benefit from aggressive treatment and

monitoring.

2. Prevalence of genetialterations in thyroid cancer

Alterations of driver genes such BRAFandRAScan cause DTC which can
progress to poorbdifferentiated or anaplastic thyroid canceraoditional hits
(Gianoukakis et al., 2011Recent advances of next generation sequencing
started to provide important insights for our understanding about the molecular
pathogenesis of thyroid cancer.The Cancer Genome AtlaSQGA) study of

PTC (The Cancer Genome Atlas Data Portdw density of somatic
alterations was observed relative to other cancers, andrefeency of

alterations wasound as BRAF59.7%,RAS13.0%, and gene fusions 12.4% of



PTCs In addition to the PTC aloné,reported the genomic landscape of
follicular thyroid carcinoma and adenoma, and subtypes of PTC, usingithe
generation sequencindlGS) technique(Yoo et al., 2016)The frequency of
mutation of each driver gene is different according to its histologic BRAF
andRASare the most frequéy mutated genes; especialBRAFin classical
PTC,RASIn follicular-variant PTQIFVPTC)and FTC.

Several previous studies have presented temporal changes in the mutational
frequencies associated with PTC. In the United States, the overall prevalence
of BRAF mutations was stable, butcamased from 50.0% to 76.9% in
conventional PTC over the last four decademg et al., 2014Moreover,RAS
mutations increased from 2.7% to 24.9% due to an increase in FVPTC. In
Europe, the frequency &RAFmutations increased gradually from 28.0% to
58.1% over the last 15 yea(Romei etal., 2012) The incidence of the
RET/PTCrearrangement, in contrast, decreased from 33.0% to 9.8% over the
same period. In Korea, which isBRRAF mutationprevalent countryBRAF
mutated PTCs increased from 62.2% to 73.7% owelatst two decaddsiong
et al., 2014a)However, no study has evaluated changes in the mutational
frequencies of FTC over time.

In 2013, a novel mutationtelomerase reverse transcriptaSEERT)



promoter mutation started to be proposed as an important genetic alteration on
the progression of thyroid candgiiu et al., 2013a)The prevalence oFERT
mutations in PTC and FTC was reported to be 11% and 17%, respectively, and
about 40% in pody-differentiated and anaplastic thyroid can@eu and Xing,

2016) However, the frequency of the mutations is strongly associated with
geography, with clear differencegported between Asian and Western
countries: for example, Korean patients exhibiting the highest rad&RaF
associated thyroid cancers in the world. Given the geographic variability and
temporal changes in the genetic alterations of thyroid cancendhalence of

TERTpromoter mutation in Korea needs to be evaluated.

3. Telomerase reverse transcriptase(TERT) and the promoter

mutations

TERTIs a catalytic subunit of telomerase with the RNA component (TERC).
TERTIs undetectable in most somatic tissues, while normally present at low
levels in cells that require high rates of gelfiewal such as stem cells and germ
cells (Kim et al., 1994) However, in human cancer cells, telomerase is often
reactivated by upregulation @ERTtranscription, which maintains telomere

length and consequently does not enter the cellular replicative senescence

4



(Blasco, 2005) On the other hand, it has been described TERT has the
nontelomeric function which can regulate expression of various genes involved
in cell proliferation and cellular signaling, and this oanonical role may
contribute to tumorogenesis and cancer progregkicend Tergaonkar, 2014;
Low and Tergaonkar, 2013)
The promoter region FFERTgene has two hot spots where are susceptible

to point mutation: chr5, 1,295,228 C>T and 1,295,250 C>T, the positions 124
and 146 bp respectively upstream of TiER Ttranscription start site, and both
mutations create a bindingiotif for the Etwenty six (ETS) family of
transcription factorgHorn et al., 2013; Huang et al., 2013)ter the first
finding of mutations in the promoter ®ERTgene in melanoma early in 2013
through wholegenome sequencir(glorn et al., 2013; Huang et al., 2018)e
mutations were found also in other human cancers, subladder cancer and
glioblastoma(Killela et al., 2013; Liu et al., 2053 as well as thyroid cancer
(Liu et al., 2013a)

TERTpromoter mutation, recently described to be associated with aggressive
clinicopathdogic features and poor lofigrm prognaosis in thyroid cancer, has
received considerable attention as a novel prognostic molecular rflatket

al., 2013a)However, the prevalence ®ERTpromoter mutations is variable



across countries with results of 7.626.5% (median 11.9%) for PTC
(Gandolfi & al., 2015; Landa et al., 2013; Liu et al., 2014a; Liu et al., 2013a;
Liu et al., 2014b; Muzza et al., 2015; Vinagre et al., 2013; Xing et al., 2014a;
Xing et al., 2014¢)and 13.8%36.4% (median 17.1%) for FT(Qiu et al.,
2014a; Liu et al., 2013a; Liu et al., 2014b; Melo et al., 2014; Muzza et al., 2015;
Vinagre et al., 2013; Wang et al.,, 2014y terms of coseffectiveness,
especially in areas i low prevalenceTERT promoter mutation assays are

difficult to use as routine prognostic tests for all BTC

4. Effects ofthe coexistence oBRAF and TERT promoter mutations

on clinical outcomes in thyroid cancer

Several molecular markers have been studied to identify potential prognostic
markers, and an association between BRAF®’® mutation and poor
prognosis of PTC has been largely demonstréféu et al., 2012; Tufano et

al., 2012; Xing et al., 2005However, owing to its high prevalence in PTC,
clinical applicatiorof the BRAF®®Emutation has limitations, especially in the
mutationprevalent area @RAF®°E(Ito et al., 2009; Kim et al., 2005; Song

et al., 2015)Recently,TERTpromoter mutation has been proposed agong

prognostic biomarkefLiu et al., 2013g)and metaanalyses have demonstrated

6



an association between th€ERT promoter mutation and aggressive
clinicopathological characteristi¢e-Tao et al., 2016; Liu and Xing, 2016)

In 2014, Xing et al. firstly introduced and proved the synergistic role of
BRAF®%E and TERT promoter mutations in the aggressive features and
recurrence of PTCXing et al., 2014¢)and PTGrelated mortalityXing et al.,
2014b) Since then, the concept of the role of genetic duet on the prognosis has
drawn great attentiofiNgeow and Eng, 2014and reflected later studies.
Remarkably, although it was reported thatTE&R Tpromoter mutation of PTC
without BRAF®®°F or RASmutations did not increase the risk of recurrence or
mortality, the risk effect of th&# ERTmutation was observed wh&RAF®°E

or RASmutations coexistefong et al., 2016b; Xing et al., 2014B)oreover,

the effect of this coexistence on clinicopathological characteristics is
inconclusive because most studies did not provide data on bofhEfR&

promoter mutatiomnd BRAF6%°E

5. Effects ofthe coexistence oRAS and TERT promoter mutations
on clinical outcomes in thyroid cancer

The most frequent genetic alterations in FTCR#&mutationsNikiforova et

al., 2003) The prognostic value 6&8ASmutations is still unclear, although some

7



evidence suggests tHiRBSmutated FTCs may be at risk for a poor prognosis
(Fukahori et al., 2012; GarcRostan et al., 200Bpr distant metastas{dang

et al., 2014; Manenti et al., 1994pn the other hand, recent studies have
demonstrated thalERT promoter mutations, especially when theyeoast

with BRAFmutations, are associated with a poor prognosis in(Xir@ et al.,
2014c) It is possible that, like the coexistifgeRT promoter mutations and
BRAFmutations in PTC, coexistinGERT promoter andRASmutations may
also play a cooperative role in tumor aggressiveness and poor clinical outcomes
of thyroid cancerHowever, there have been few reports about the prognostic
effect of the coexistence OFERT promoter andRAS mutations, so that,
biological aml clinical significance of this association remains to be

investigated.

6. Potential molecular mechanisms of synergistic oncogene
interaction betweenTERT and BRAF or RAS

Transcription ofTERTcan be regulated by its promoter site, such as modulation
of methylation status or various transcription factors recognizing their
consensus sequam Regardingthe mechanism for the synergistic effect

betweenTERT and BRAF®?F mutations one potential rachanism has been

8



proposed that MAPK pathway activationy BRAF% mutation may
upregulate the ETS transcription factors, which leads to increaB&iT
expression by binding to the ETS binding site generated byERS promoter
mutation(Xing et al., 2014c)One previous studivinagre et al., 2013howed
thatthe coexistence @RAF®°°EandTERTpromoter mutations was associated
with the highest levels GFERTMRNA expression, although they included only
3 samples of thyroid cancer harboring both mutatidhsrefore this potential
mechanism of synergistic duet in thyroid canttas not beefully proven in a
large sample

Several studies have reported the major ETS transcription factors can
actively bind to the mutateBER Tpromoter region, because their binding motif
was created by the mutatigBell et al., 2015; Li et al., 2015} recent study
demonstrated that GABP whicis one of theETS transcription factors
selectively binds to mutafER Tpromoter using glioblastoma samples and cell
lines of neuroblastoma, melanoma and hepatocellular carci(i®etiaet al.,
2015) Moreover, another recent study of melanoma showed that the ETS1
transcription factor, which was increased as a downstream target of activated
MAPK pathway, could increase the transcriptional activity TERT in

melanoma cells harborinGERT promoter mutaon (Vallarelli et al., 2016)



However, there have been no report about the direcTEiRTexpression and

BRAFEgr RASmutation in thyroid cancer.

7. Hypothesis

| hypothesized that the prevalencd &R Tpromoter mutations in Koreaould

be different from other countries, because of the highest incidence of thyroid
cancer in the world, the larger portion of small tumors, an8BwF~prevalent
area. Moreovegs a molecular marker for prognosis predictiBR Tpromoter
mutationswould be related to poor clinical outcomes in thyroid cancer,
especially when they coexist wWiBRAF or RAS mutations. The oncogene
interaction betweeMERTandBRAFor RASIs probably due to increased ETS
transcription factors, as previously known. Furthemmehere might be novel

mechanisms in the transcriptomic changes by the genetic duets.

8. Aims of study

In Part I,I aimed to investigate the frequencyT&RTpromoter mutations in
thyroid cancer patients in Korea, and examine the associatioREBRIT
promoter andther driver mutations BRAF or RAS Moreover,| evaluated

whether TERT promoter mutation can be a molecular biomarker for the

10



prediction of longterm prognosis in addition to the convenab risk
stratification system, therefordefined patient subsets that might benefit from
TERTpromoter mutation tests for prognostication.

In Part Il,I investigated the effects BRAFandTERTpromoter mutations
on clinicopathological characteristics and prognosis of PTC patients in our
institute, and performed a comprehensive metaalysis to verify the
synergistic effect oBRAFand TERTpromoter mutation on clinical outcomes
of PTC. Lastly,| explored the mechanism of the synergistic effect by
transcriptome analysis usitNGSdatabase of TCGA and oimstitute.

In Part I, evaluaed changes of the prevalencd&éSandTER Tpromoter
mutations in FTC over 15 years, as well as associations bethesagenetic
alterations and clinicopathological outcomes. Furtherma#med to identify
the moleular mechanism of the synergism betw&&Sand TERTpromoter
mutations onhigh-risk clinical outcomes by genomianalysis usingNGS

database.

11



Chapter I. Prevalence and clinical
significance of TERT promoter
mutation in thyroid cancer
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Materials and methods

Patients andissuesamples

Total of 551 patients (472 females and 79 males) with DTC, including 432
PTCs and 119 FTCsyere studiedwho underwent thyroidectomy between
1993 and 2012 at the Seoul National University Hospital, Seoul, Kbrea.
included 308 patients with PTC from our previous studBBAF mutations
(Hong et al., 2014h)whose tumor DA samples were available to analyze
TERT promoter andRASmutations. The prevalence BRAF mutations in
Korea (including our hospital) is the highest in the world, whereas tiRASf
mutations is lower than in other countrig€dong et al., 2015)Therefore,|
additionally examined 124 patients wiBRAFwild-type PTC in order to
investigate the effestof TERTpromoter mutations iBRAFwild-type as well

as RASmutated tumorsTheir median followup duration was 4.8 years
(interquartile range, 3i40.6 years)The treatment protocol was same as in
previous studie¢Cho et al., 2013b; Choi et al., 201Fhe highrisk group of
American Thyroid Association ATA) staging system was defined as the
presence of any of the following: macroscopic tumor invasion, incomplete
tumor resection, and distant metastasis. This study was conducted according to

the guidelines of the Declaration of Helsinki. The research protwes
13



approved by the Institutional Review Board Committee of the Seoul National
University Hospital (No. HL207124-420). Informed consent was also

obtained from all the subjects.

Mutational analyses

Standard polymerase chain reactioPCR) was carried oufor genetic
sequencing to identifBRAF, RAS andTERTpromoter mutations. Briefly, a
fragment of theBRAF, RAS or TERTpromoter was amplified by PCR from
genomic DNA by usingppropriatgrimers forBRAFcodon 600N-RAScodon

61, H-RAScodon 61,K-RAScodon 61,N-RAScodon 12/13H-RAScodon
12/13,K-RAScodon 12/13andfor TERT(Table 1). The PCR analysis was
conducted using the following amplification protocol: initial denaturation at
95°C for 5 minutes, then 40 cycles of denaturation at 94°C for 20 seconds,
annealing at 56°C for 20 seconds, elongation at 72°C for 20 seconds, and a final
extension at 72°C for 10 minutes. The denatured PCR products were digested
with restriction endonuclease TspRI (New England Biolabs, Beverly, MA, USA)
and electrophoresed onto an agaroseTded. PCR product foFERTpromoter

was 191 bp, including the muitanh sites C228T and C250T. Sequencing PCR
was performed using the BigDye Terminator v3.1 Cycle Sequencing Ready

14



Reaction Kit (Applied Biosystems, Foster City, CA, USA) and ABI PRISM

3130xI Genetic Analyzer (Applied BiosystemsThe mutatiorpositive

sample by sequencingere confirmedising both forward and reverse primers.

15



Table 1.Nucleotide sequences of primers used for direct sequencing

Target primers Nucleotide sequence
BRAFV600E Forward GCTTGCTCTGATAGGAAAATGAG
Reverse GATACTCAGC AGCATCTCAGG
NRAS12/13  Forward TACTGTACATGTGGCTCGCC
Reverse CCGACAAGTGAGAGACAGGA
NRAS61 Forward CCAGATAGGCAGAAATGGGC
Reverse CCTTCGCCTGTCCTCATGT
HRAS12/13  Forward CAGTCCTTGCTGCCTGGC
Reverse CTCCCTGGTACCTCTCATGC
HRAS61 Forward GCATGAGAGGTACCAGGGAG
Reverse TGATGGCAAACACACACAGG
KRAS12/13  Forward AAGCGTCGATGGAGGATTT
Reverse TGTATCAAAGAATGGTCCTGCA
KRAS61 Forward CGTCATCTTTGGAGCAGGAA
Reverse ACTCCACTGCTCTAATCCCC
TERT Forward CCCTTCACCTTCCAGCTC
Reverse CAGCGCTGCCTGAAACTC
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Statisticalanalyses

All statistical analyses were performed using SPSS version 20.0 (IBM Co,
Armonk, NY, USA). Data are presented either as frequencies (%) or as mean
* standard deviation. Comparisons of categorical variables were performed
using eit hetorRishhee rPesa resxaarcds teest (i f
Either the independenbr WilcoxonMannWhitney test was used for
continuous variables. Survival curves were plotted using the Kéééer

method with logrank statistics. Cox proportional hazard regressionusad

to assess the risk of recurrence and disepseific mortality. Statistical

significance was defined as tvgidedP values < .05.

17

t

he



Results

Prevalence of TERTpromoter nutations
TERTpromoter mutations were detected in 25 DTCs (4.5%). Mutations were
detected in 18 of 432 PTCs (4.2%) and in 7 of 119 FTCs (5.BRAF
mutations were found in 58.1% of PTCs, witl@Smutations in 9.6% of DTCs,
3.2% of PTCs, and 32.8% of FTCs. Upon estimation of the actual frequency of
TERT promoter mutations in PTC using the reported frequencBRAF
mutations in our countr§Hong et al., 2014h()72.7%, instead of 58.1% in this
study), it showed a slight increase to 4.4%.

TERTpromoter mutation frequencies were directly proportional to tumor
size in PTCs (1.6%, 3.1%, 8.6%, and 28.6% Gf0, 1.12.0, 2.14.0, andO
4.1 cm, respectivelyH for trend <0.001]), and FTCs (0.0%, 3.4%, and 16.1%
of ¢ 2.0, 2.14.0, andO 4.1 cm, respectively P for trend = .005]).TERT
promoter mutations were more frequent in tumors harboring &RAaF(4.8%,
12 of 251;P =0.257 vs. neitheBRAFnor RASmutations) oRAS(11.3%, 6 of
53; P = 0.006 vs. neitheBRAF nor RASmutations) mutationshain in those
harboring neither (2.8%, 7 of 247). However, this difference was not
statistically significant foBRAF mutations because of the small number of

TERTFmutated cases.
18



Of 551 DTC patients, 176 (31.9%) belonged to the ATA ‘igk, while
139 (252%) belonged to theimornodemetastasi§TNM) stage IIT IV groups
(Table 1). Additionally, prevalence of thEERT promoter mutations was
increased in the ATA highsk (9.1% vs. 2.3% in lowisk or 2.5% in
intermediaterisk; P = 0.005) and TNM stage IllV (12.9% vs. 1.7% in TNM

stageill, P<0.001) groups.

Association of TERT promoter mutations with clinicopathologic
characteristics

In the DTC patients harboringTERT promoter mutations, most
clinicopathologic characteristicsuch as older age, larger tumor size, more
lymph node metastasis/distant metastasis, and higher rates of
recurrent/persistent disease and dissaseific mortality, were more
aggressive than in those with no mutations. Similar observations were made in

the PTC patientsTable 3.
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Table 2. Association off ERTpromotermutations withclinicopathologicoutcomes

PTC DTC
Variable TERT( 1 ) TERT(+) p2 TERT( 1T ) TERT(+) p2
N 414 (95.8) 18 (4.2) 526 (95.5) 25 (4.5)
C228T/C250T - 15/3 - 21/4
Sex, male 52 (12.6) 3(16.7) 490 73 (13.9) 6 (24.0) .158
Age at diagnosis, yedrs 45.0+ 13.2 56.8+ 134 <.001 449+ 134 56.3+13.1 <.001
Tumor size, crh 1.2(0.81.9) 25(1.34.1) <.001 1.5(0.82.5) 3.3(2.04.5) <.001
Extrathyroidal extension 247 (59.7) 14 (77.8) 124 314 (59.7) 19 (76.0) .103
Microscopic 134 (32.4) 3(16.7) 174 (33.1) 7 (28.0)
Gross 113 (27.3) 11 (61.1) 140 (26.6) 12 (48.0)
Lymph node metasta$is 146 (37.5) 10 (55.6) 124 147 (31.0) 11(52.4) .040
Distant metastasis 3(0.7) 5(27.8) <.001 7 (1.3) 6 (24.0) <.001
Disease status .002 <.001
No evidence of disease 372 (89.9) 11 (61.1) 479 (91.1) 16 (64.0)
Persistence 1(0.2) 1(5.6) 2(0.4) 2(8.0)
Recurrence 41 (9.9) 6 (35.3) 45 (8.6) 7 (28.0)
Diseasdree survival, yeafs 4.4 (3.210.3) 3.2(1.65.9) 4.6 (3.210.5) 4.2 (1.96.0)
Death of disease 3(0.7) 4 (22.2) <.001 4 (0.8) 5(20.0) <.001
Diseasespecific survival, yeafs 4.7 (3.110.6) 6.3(3.210.2) 5.3(3.810.9) 5.3(3.210.3)
ATA stage <.001 .002
Low risk 127 (30.7) 2(11.1) 170 (32.3) 4 (16.0)
Intermediate risk 156 (37.7) 2(11.1) 196 (37.3) 5(20.0)
High risk 131 (31.6) 14 (77.8) 160 (30.4) 16 (64.0)
TNM stage
[ 318 (76.8) 5(27.8) <.001 405 (77.0) 7 (28.0) <.001
L Y/ 96 (23.2) 13 (72.2) 121 (23.0) 18 (72.0)

Abbreviations: DTC, differentiated thyroid cancer; PTC, papillary thyroid cancer.
ap value for comparison between wilgpe and mutarfERT PDatapresented as means * standard deviatf@sa presented as medians (interquartile ranges).
dMissing cases: 56 of total DTC, 52 BERTwild-type and 4 oTERTmutated DTC; 25 of total PTC, 25 ®ERTwild-type and none dFERTmutated PTC.
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Impact of TERT promoter mutations on recurrence anddiseasespecific
mortality

For DTCs, the tumor recurrence rate was 8.6% (13.43/1,000 pgzacs[PY])

in patients with wildtype TERT, vs. 28.0% (59.55/1,000 PY) in those harboring
its mutant counterpart. The presence T#ERT promoter mutations was
associated with significantly increased recurrence risk (logPan®.001; Fig.

1A).
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Figure 1. Effects of TERT promoter mutations ofA) diseasdree and (B)

diseasespecific survival for patients with differentiated thyroid cancer. mut

indicates mutanfTERT, telomerase reverse transcriptase; wt, wild type.
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Cox regression analysis revealed that the hazard ratio (HREBT
promoter mutations for recurrence was 2.98 (95% confidence interval [CI],
1.20'7.39;P =0.019) after adjustment fommor size, extrathyroidal extension,
lymph node metastasis, and mutational statlBRAFandRAS(Table3).

Further, the diseasspecific mortality rate was 0.8% (1.01/1,000 PY) in
patients with wildtype TERT, vs. 20.0% (29.82/1,000 PY) in those with mutant
TERT TERT promoter mutations were related to increased dissaeseific
mortality (log rankP < 0.001; Rg. 1B). The HR was 21.14 (95% CI, 3i60
124.23;P = 0.001) after adjustmeffibr age at diagnosis, sex, aggressive tumor
behaviors, and mutational statusBRAFandRAS(Table4).

Similar effects of TERT promoter mutations were observed whien
analyzed them in all subjects with PTCs and with PTCs over 1 cm. However,

for FTCs, the small number of events precluded the andlialides 3and4).
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Table 3. Hazardratios of TERTpromotermutations for ecurrence

Recurrence/N (%) pR;erclu, gggcpes Hazard Ratio (95% ClI)
-(I;)g:wig: Overall TERTwt TERTmut pa T&ET TrEL?tT Unadjusted P Adjusted P
DTC 52/551 (9.4) 45/526 (8.6) 7/25(28.0) <.001 13.43 59.55 4.22(1.909.38) <.001 2.98(1.207.39) .019
PTC 47/432 (10.9) 41/414 (9.9) 6/18 (33.3) <.001 16.04 76.66 4.60(1.9510.87) .001 3.72(1.439.65) .007
PTC >1 cm 38/246 (15.4) 32/232 (13.8) 6/14 (42.9) <.001 20.54 95.58 4.57(1.8911.04) .001 7.03(2.3421.11) .001
FTC 5/119 (4.2) 4/112 (3.6) 1/7(14.3) .135 5.03 25.46 4.57 (0.5140.94) .175 | i

Abbreviations: PY, perseyears; Cl, confidence interval; wt, wit§ipe; mut, mutant; DTC, differentiated thyroid cancer; PTC, papillary thyroid
cancer; FTC, follicular thyroid cancer.
8 og-rankP values.

bAdjusted for age at diagnosis, sex, tumor size, extrathyroidal extension, lymph node metastasis, and mutationBRA®&asdRAS

24



Table 4. Hazardratios of TERTpromotermutations fordeath fronmthyroid cancer

Mortality/N (%) ngégspgsr Hazard Ratio (95% ClI)
-(I;)g:wig: Overall TERTwt  TERTmut pa T&ET TrEL?tT Unadjusted P Adjusted P
DTC 9/551 (1.6) 4/526 (0.8) 5/25(20.0) <.001 1.01 29.82 30.43(8.18113.83) <.001 21.14 (3.60124.23) .001
PTC 71432 (1.6) 3/414 (0.7) 4/18(22.2) <.001 1.00 31.26 33.57 (7.46151.09) <.001 20.48 (2.95142.08) .002
PTC>1cm 6/246 (2.4) 3/232(1.3) 3/14(21.4) <.001 1.59 27.25 19.65(3.9198.88) <.001 19.20 (2.56144.15) .004
FTC 2/119 (1.7) 1/112(0.9) 1/7(14.3) .003 1.06 25.18 20.66(1.26'337.80) .034 | i

Abbreviations: PY, perseyears; Cl, confidence interval; wt, wit§ipe; mut, mutant; DTC, differentiated thyroid cancer; PTC, papillary thyroid
cancer; FTC, follicular thyroid cancer.

8 og-rankP values.

bAdjusted for age at diagBsis, sex, tumor size, extrathyroidal extension, lymph node metastasis, and mutational BRABarfdRAS
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Additional prognostic effects oTERT promoter nutations onconventional

risk assessmergystems

| stratified all patients by using the risk assessment models, ATA and TNM
staging systems, and then subdivided patients of the ATArtggigroup and

the TNM stage llillV into two groups based on the mutational status of the
TERTpromoter.

Among the ATA ligh-risk patients, those witlfTERTmutated tumors
showed 5.79 times higher recurrence risk than those carryingypgdumors,
even after adjustment for age at diagnosis, sex, tumor sizeyigatonal status
of BRAFandRAS(95% ClI, 2.07 16.18;P = 0.001; Fig. 2A). Moreover, in the
TNM stage IV IV group, the HR for recurrence was 3.60 after adjustment for
age at diagnosis, sex, amilitational status dRAFandRAS(95% CI 1.19
10.85 P = 0.023; Fig. 2B and TablB). Stratifiedanalysis for the HR among
patients with either PTCs or with PTCs over 1 cm revealed that the presence of
TERTpromoter mutations additively increased the recurrence risk inrtsigh
patients by both model§4ble5).

Despite the study being limited bywanumber of deaths (9 of 551 [1.6%];
2.19/1,000 PY), presence 6ERTpromoter mutations significantly increased
diseasespecific mortality in the ATA highrisk (adjusted HR, 16.16; 95% ClI,
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2.10'124.15;P =0.007) and advancetiNM stage (adjusted HR, 9.085% CI

2.09 39.26 P = 0.003) patients (Figs. 2C and Dable6). Similar results were

obtained when this analysis was performed in either patients with PTCs or those

with PTCs over 1 cml@able6).
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Figure 2. Additional prognostic effects aFERTpromoter mutations on high
risk patients as defined by (A,C) American Thyroid Association and (B,D)
TNM stages: (A,B) diseadeee and (C,D) diseasspecific survival. TERT

indicates telomerase reverse transcriptase.
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Table 5. Addition of TERTpromoter mutations to higihisk patients defined by ATA or TNM stage for recurrence

Unadjusted Adjusted
Type of Cancer HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% ClI) P
DTC ATA stage
Low 1.00 1.00
Intermediate 5.46 (1.5 .007 5.45 (1.5 .008
High, TERT-) 8.69 (2.6 <001 1.00 8.71 (2.6 <.001 1.00
High, TERT+) 37.91 (9. <001 4.53 (1. <001 48.91 (11. <001 5.79 (2. .001
TNM stage
I-11 1.00 1.00
-1V, TERT-) 1.34 (0.  .368 1.00 2.15 (0.9 .05 1.00
-1V, TERT+) 5.20 (2.1 <001 3.82 (1. .006 11.06 (3. <001 3.60 (1. .023
PTC ATA stage
Low 1.00 1.00
Intermediate 5.14 (1.5 .009 6.82 (1.7 .005
High, TERT-) 6.40 (1.9 .003 1.00 7.87 (2.2 .001 1.00
High, TERT+) 26.92 (6. <001 4.50 (1. 001 46.39 (10. <001 7.57 (2. <001
TNM stage
I-11 1.00 1.00
-1V, TERT-) 1.18 (0. ¢t .633 1.00 2.14 (0.9 .072 1.00
-1V, TERT(+) 5.39 (2.0 001 4.34 (1. .007 1505(4.58 4 <001 4.00 (1. .023
PTC >1 cm ATA stage
Low 1.00 1.00
Intermediate 4.07 (0.8 .071 7.48 (1.2 .027
High, TERT-) 4.41 (1.0 .045 1.00 7.29 (1.3 .02 1.00
High, TERT+) 17.67 (3. <001 4.127 (1. .003 58.18 (8.¢<001 7.90 (2. <001
TNM stage
I-11 1.00 1.00
INI-IV, TERT-) 0.82 (0. : .618 1.00 1.91 (0.7 .208 1.00

H-IV, TERT+) 3.82(1.45 1 007 4.50 (1. .008 14.04 (3. <001 4.69 (1. .015

Abbreviations: DTC, differentiated thyroid cancer; PTC, papillary thyroid cancer; HR, hazard ratio; Cl, confidence interval.
aAdjusted for age at diagnosis, sex, tumor size, and mutational stBEBABIRASIN ATA stage; age at diagnosis, sex, and mutational staBRAFRASIn TNM stage.

29



Table 6. Addition of TERTpromoter mutations to highsk patients defined b&TA or TNM stage for thyroid cancepecific death

Unadjusted Adjusted
Type of Cancer Death, N (%) HR (95% CI) P HR (95% ClI) P
DTC ATA stage
Low 1/174 (0.6)
Intermediate 0/201 (0.0)
High, TERT-) 3/160 (1.9) 1.00 1.00
High, TERT+) 5/16 (31.3) 23.33 (5.50 <.001 16.16 (2.10 .007
TNM stage
I-11 1/412 (0.2)
-1V, TERT-) 3/121 (2.5) 1.00 1.00
-1V, TERT+) 5/18 (27.8) 13.20 (3.14 <.001 9.06 (2.09 .003
PTC ATA stage
Low 1/129 (0.8)
Intermediate 0/158 (0.0)
High, TERT-) 2/131 (1.5) 1.00 1.00
High, TERT+) 4/14 (28.6) 27.24 (4.90 <.001 94.50 (2.03 .020
TNM stage
I-11 1/323 (0.3)
-1V, TERT®-) 2/96 (2.1) 1.00 1.00
-1V, TERT+) 4/13 (30.8) 18.10 (3.29 .001 15.27 (2.60 .003
PTC >1 cm ATA stage
Low 1/48 (2.1)
Intermediate 0/76 (0.0)
High, TERT-) 2/109 (1.8) 1.00 1.00
High, TERT+) 3/13 (23.1) 1803( 2. 97 10¢ .002 88.64 (1.80 .024
TNM stage
I-11 1/165 (0.6)
INI-IV, TERT-) 2/69 (2.9) 1.00 1.00
-1V, TERT(+) 3/12 (25.0) 10.53 (1.75 .010 17.75 (2.00 .010

Abbreviations: DTC, differentiated thyroid cancer; PTC, papillary thyroid cancer; HR, hazard ratio; Cl, confidence interval.
3Adjusted for age at diagnosis, sex, tumor size, and mutational stBERAGBIRASIN ATA stage; age at diagnosis, sex, and mutational staBRAFRASIn TNM stage.
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Additionally, | performed the same analysis in higgk patients by the
agemetastasiextentsize(AMES) andmetastasimgecompletenessfo
resectiorinvasionsize(MACIS) scoring systems. AMES grouped 16.3% of
DTC patients as highsk, and among them, 18.9% were positiveTBRT
promoter mutations. Meanwhile, 20.1% of the subjects exhibited a MACIS
score O6. 0, TERFdositvé Sirdilafly, e AMES higkrisk
patients harborinGERTpromoter mutations presented significantly higher
recurrence (HR, 5.38; 95% CI, 1i94.71;P = 0.001) and diseasspecific
mortality (HR, 10.33; 95% CI, 2.443.85;P = 0.002) than those without the
mutations. This observation was similar to that in the group with MACIS
score O6.0 for recur il8.a87¢P«0.g0OBBNd 6. 5 3 ;

mortality (HR, 8.68; 95% CI, 1.939.11;P = 0.005) (Figure 3).
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Figure 3. Additional prognostic effects aFERTpromoter mutations on high
risk patients defined by AMES (A, C), and MACIS (B, D) scoring systems.
Effects ofTERTpromoter mutations on diseafsee (A, B) and diseasgpecific

(C, D) survival.
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Discussion

TERTpromoter mutations were detected in 4.5% of all DTCs and associated
with poor prognosis. These mutations were more frequent in tumors also
harboring eitheBRAF (4.8%) orRASmutations (11.3%). The prevalence of
TERTpromoter mutations was higher in highk patients: 9.1% and 12.9% in
the ATA highrisk and advanced TNM stage groups, respectively. Among high
risk patients, the presenceldERTpromoter mutations additively increased the
risk of both recurrence andsdiasespecific mortality.

The adverse effects ofERT promoter mutations on clinicopathologic
characteristics, recurrence, and mortality in this study were similar to those
reported by previous studi¢&andolfi et al., 2015; Landa et al., 2013; Liu et
al., 2014a; Li et al., 2013a; Liu et al., 2014b; Muzza et al., 2015; Vinagre et
al., 2013; Xing et al., 2014a; Xing et al., 2014d)e strong association between
TERTpromoter mutations and thyroid cansgrecific mortality indicates that
these mutations are promising prognostic markers for DTC. However, because
the incidence rates of thyroid cancer are gradually increasing, especially for
smalktsized tumors, it would é important to identify an optimal subset for
TERT promoter mutation tests. Since the presence of eBREkF or RAS

mutations could increase the risks associated WHRTpromoter mutations,
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routine tests of the latter in subjects harboring eiBiRRAFor RASmutations
might provide additional prognostic information. However, the clinical
usefulness of thBRAF mutational status has limitations BRAFprevalent
areas. Thereforé tried to adapt th& ERTmutational status to staging systems
for DTC to pedict longterm outcomesAlthough several staging systems have
been proposed for better prediction of lergm prognosis of DTCAmerican
Thyroid Association Guidelines Taské@ on Thyroid et al., 2009; Cady and
Rossi, 1988; Edge and Compton, 2010; Hay et al., 1@88)ently there is no
single, best staging system for both recurrence and mortality. The ATA staging
system(American Thyroid Association Guidelines Taskforce on Thyroid et al.,
2009)was designed to assess the wékecurrence in DTC while the TNM
staging systenfEdge and Compton, 201Q)as developed tpredict risk for
death However | found that the limitation with respect to predictability of each
staging system could be overcome by additional information orm BT
mutational status. Moreover, the frequencieSER Tpromoter mutations were
enrichedn high-risk patients; the proportion of these patients among those with
DTC is usually less than one thif@uttle et al., 2010)Proportions of patients
with DTC in the ATA highrisk and TNM stage ITIIV groups in this study were
31.9% and 25.2%, respectively. Therefore, these hslisubsets could benefit
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from the prediction of recurrence and mortality by roufi®eRT promoter
mutation tests. Furthermoré, confirmed additional increase in risks of
recurrence and mortality using other risk scoring systems, AMES8yY and
Rossi, 1988)and MACIS (Hay et al., 1993)Further studies on the cest
effectiveness ofhie tests are required, considering diféerent prevalence of
TERTpromoter mutations and proportions of higgk patients in each country.
The overall prevalence GFERTpromoter mutations in the current study
was lower than that reported in other coigst(Liu et al., 2014a; Liu et al.,
2014b; Melo et al., 2014; Xing et al., 2014a; Xing et al., 2013iace the
frequency ofTERT promoter mutations is strongly influenckg tumor size,
the relatively large portion of smadize tumors in this study might be one of
the reasons behind low frequency of the mutations. In this study, 56.9% of
patients had PTCs 1 cm or less compared to 13.7% in a previous study with a
7.5% freqency of TERTpromoter mutations in PT@/elo et al., 2014)The
second possible reason for the low rateT&RT promoter mutations is the
geographic/ethnic difference. A recent study in European population reported
TERTpromoter mutations in 4.7% of microcarcinonfds Biase et al., 2015)
This is higher than the prevalence in our study, which was 106%
microcarcinomas and 3.1% of tumorsTR2D cm in sizeThere may be a
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selection bias due to the addition of BRRAFwild-type PTC cases, which can
affect the results especially the mutational frequency. Therdfaealyzed
without the additional patients and the frequendgRAFmutations was raised
from 58.1% to 81.5% in PTC patients, as in previous regéttgg et al.,
2014b) butTERTpromoter mutation rate was left unchanged as 4.2% (13/308)
in PTC. However, there still remains the possibility of some confounding
effects due to selection bias in this study.

In conclusionthe presence ofFERTpromoter mutations strengthened the
prognostic predictions otonventional staging systems in DTC patients.
Genetic screening afFERTpromoter mutations in highisk patients with DTC

might bolster the prediction of mortality and recurrence.
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Chapter II. TERT promoter and BRAF
mutations in papillary thyroid cancer
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Il -1. Clinical significance of TERT and BRAF
mutations in papillary thyroid cancer

Materials and methods

Patients andissuesamples

Total of 432 patients with PTC, who underwent thyroidectomy between 1993
and 2012at the Seoul National Uwersity Hospital, were studied, arg@D8
patients with PTC from our previous study BRAF®°°F mutationswere
included(Hong et al., 214b) The reatment protocol was same as in previous
studies(Cho et al., 2013b; Choi et al., 2014)his study was conducted
accordng to the guidelines of the Declaration of Helsinki. The research
protocol was approved by the Institutional Review Board Committee of the
Seoul National University Hospital (No.-£207-124-420). Informed consent

was also obtained from all the subjects.

Mutational analyses
Standard PCR was carried out for genetic sequencing to id&Ri#jF and
TERT promoter mutationsThe PCR protocol for amplifyin@RAF exon 15

and TERT promoter used the  following primers -56
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GCTTGCTCTGATAGGAAAATGAG3 6 ( f or wa GATACTGABG@ 50
AGCATCTCAGG3 6 ( r e \BRAFEs eGG@CTTE€ACCTTCCAGCTE3 6
(for war dJAGGGCTGCETGAAACTC3 6 (r e vIiERTsThg f or
PCR analysis was conductesing the following amplification protocol: initial
denaturation at 95°C for 5 minutes, thé cycles of denaturation at 94°C for

20 seconds, annealing at 56°C for 20 seconds, elongation at 72°C for 20
seconds, and a final extension at 72°C for 10 minutes. The denatured PCR
products were digested with restriction endonuclease TspRI (New England
Biolabs, Beverly, MA, USA) and electrophoresed onto an agarose gel. The
digestion of the PCR products with TspRI yielded three major bands at 125, 87,
and 12 base pairs (bp) for the wilgbe allele. The T1799A mutation abolished

the restriction site and selted in a prominent 212 bp band from the mutant
allele and residual bands from the normal all&econfirm the reliability of

the PCRRFLP results, DNA from 13 PTC samples were chosen at random and
sequenced. The sequencing was performed with aZb®eltier Thermal
Cycler (MJ Research, Waltham, MA, USA) using an ABI PRISM BigDye
Terminator Cycle Sequencing Kit and AmpliTaqg DNA polymerase (Applied
Biosystems, Foster City, CA, USA). All 13 sequencing results confirmed the
BRAFEmutation statusesahwere indicated by the PEGRFLP methodThe
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PCR product forTERT promoter was 191 bp, including the mutation sites
C228T and C250Trollowing purification of the PCR products, direct DNA
bidirectional sequencing was conducted wile BigDye Terminator .1
Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA,
USA) and ABI PRISM 3130x| Genetic Analyzer (Applied Biosysterii$)e
mutationpositive samples by sequenciwgre confirmedising bah forward

and reverse primers.
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Statisical analyses

Comparisons of categorical variables were performed using either the
Pearsonbés 62 or Fi s her ) andthenaoaysistok s t
variance test was used for comparisons of continuous variables between three
or more groups. A pogtoc Bonferroni test were used to determine which
groups have statistically different characteristics. Survival curves were plotted
using the KaplatMeier method with logank statistics. Cox proportional

hazard regression was used to assess the risk of recurrence and disease
specific mortality. Statistical significance was defined asdidedP values <

0.05.
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Results

Association ofcoexistence oBRAF '€ and TERTpromoter mutations with
clinicopathologic characteristics

The effects of coexistence &RAF®%F and TERT promoter mutations on
clinicopathologic outcomes of 432 patients with PTC were investigated (Table
7). BRAF®“E mutation alone was associated with larger tumor size,
extrathyroidal extension, and high ATA risk. CoexistenceBBAF®°°F and
TERT promoter mutations conferred additive effects with most aggressive
characteristics and worse clinical outcomes. HoweV&RT promoter
mutation alone failed to show a significant risk effect because of the number of

subjects.
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Table 7. Impact ofBRAFandTERTpromoter mutations, and their coexistence

on clinicopathologic outcomes

Variable No mutation BRAFonly TERTonly BRAF+ TERT
N 162 239 5 12
Sex, male 13 (8.0) 36 (15.1% 0(0.0) 3(25.0)
Age at diagnosis, yedrs 445+ 13.9 451+ 126 50.4 + 18.8 59.5 + 11.3b
Tumor size, crh 1.0(0.71.5 1.2(0.82.0¢ 1.0(0.51.7) 3.0(2.54.2pbc
Extrathyroidalextension 82 (50.6) 162 (67.8% 2 (40.0) 12 (100.03b¢
Microscopic 53 (32.7) 78 (32.6) 0 (0.0) 3 (25.0)
Gross 29 (17.9) 84 (35.1) 2 (40.0) 9 (75.0)
Lymph node metastasis 62 (40.8) 83 (37.1) 3 (60.0) 7 (58.3)
Distant metastasis 1(0.6) 2(0.8) 1(20.0) 3 (25.0°
Disease status
NED 144 (88.9) 215 (90.0) 4 (80.0) 7 (58.3})°
Persistence 0 (0.0) 1(0.4) 0 (0.0) 1(8.3)
Recurrence 18 (11.1) 23(9.7) 1 (20.0) 4 (36.43P
DFS, year$ 3.8(2.74.7) 6.1(4.110.7¢ 3.0(246.8) 4.5(1.46.0)
Death of disease 1(0.6) 2(0.8) 0 (0.0) 4 (33.3}P
DSS, years 40(33.375) 9.6(4.410.8 3.0(2410.3) 6.3(4.413.17
ATA stage
Low risk 57 (35.2) 60 (25.1% 2 (40.0) 0 (0.0pP
Intermediate risk 66 (40.7) 87 (36.4) 1 (20.0) 1(8.3pP
High risk 39 (24.1) 92 (38.5) 2 (40.0) 11 (91.73b
TNM stage
L0 127 (78.4) 179 (74.9) 3(60.0) 2 (16.7%b
N IR 35 (21.6) 60 (25.1) 2 (40.0) 10 (83.3yP

Abbreviations: DTC, differentiated thyroid cancer; PTC, papillary thyroid cancer.

aSignificantly different from No mutation group.
bSignificantly different fromBRAFonly group.
cSignificantly different fromrERTonly group.

dData presented as means + standard deviations.
®Data presented as medians (interquartile ranges).

fMissing cases: 25 of total PTCs (10 of no mutation and BR#Fonly)
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Additional effects of coexisting mutationsf BRAFV*°*with TERT promoter
mutations on recurrence and diseaspecific mortality

Next, | evaluated whether the risks of recurrencenortality were influenced

by the coexistence &RAF®*Emutation withTERTpromoter mutations. The
effects ofBRAF*°E mutation were analyzed separately in PTC patients. The
presence oBRAF®Eor TERTpromoter mutation alone did not significantly
alter the recurrence risk, and the mortality risk of each mutation could not be
calculated because of the small number of deaths. Interestingly, their
coexistence increased the risk of both recurrence andlityo(Fig. 4, Tables

8 and 9), and the HRs were significant even after adjustments for age at
diagnosis and sex. However, the statistical significance disappeared after
additional adjustments for tumor size, extrathyroidal extension, and lymph

node metasisis.
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Figure 4. Effects of TERTpromoter anRAF®Emutations and their
coexistence on (A) diseasee and (B) diseasgpecific survival for patients
with papillary thyroid cancer. mut indicates mutarERT, telomerase reverse

transcriptase.
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Table 8. Hazardratios of TERT, other driver mutations, or their coexistence for recurrence

Recurrences Unadjusted HR Adjusted HR Adjusted HR

N()  per1,000PY  (95% CI) P (95% CI) P (95% CI) P
PTC
No mutation  18/162 (11.1)  23.53 1.00 1.00 1.00
BRAFonly  23/239(9.6)  13.08  0.56 (0.301.05) .073 0.58 (0.311.09) .091 0.71(0.361.39) .314
TERTonly 1/5 (20.0) 46.66  1.92 (0.2614.43) 525 2.21(0.2916.70) .441 2.53(0.3319.74) .375
BRAF+TERT  4/12(33.3) 7138 2.98(1.008.84) 049 4.64(14215.18) .011 2.30 (0.668.02) .192

Abbreviations: PY, persepears; Cl, confidence interval; PTC, papillary thyroid cancer.
a8Adjusted for age at diagnosis and sex.
bAdjusted for age at diagnosis, sex, tursiae, extrathyroidal extension, and lymph node metastasis.
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Table 9. Hazard atios of TERT, other driver mutations, or their coexistence for mortality

N (%) Deaths per  Unadjusted HR p Adjusted HR p Adjusted HR p
1,000 PY (95% ClI) (95% ClI) (95% ClI)
PTC
No mutation  1/162 (0.6) 1.07 1.00 1.00 1.00
BRAFonly 2/239 (0.8) 0.99 0.68 (0. 751 0.57 (0. 650 O0.83 (0. .158
TERTonNly 0/5 (0.0) 0

BRAF+ TERT 4/12(33.3) 4211 36.31 (4. .001 1513(1.55 :.020 9.58 (0. 4 .157

Abbreviations: PY, persepears; Cl, confidence interval; PTC, papillary thyroid cancer.
a8Adjusted for age at diagnosis and sex.
bAdjusted for age at diagnosis, sex, tumor size, extrathyroidal extension, ardrigag metastasis.
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Il -2. Meta-analysis of synergistic effects of
coexistingTERT and BRAF mutations on clinical
outcomes

Materials and methods

Search strategy

| conducted a literature search from PubMed and Embaseifreeption to

September 16, 2016. Two independent investigators (S.M. and Y.S.S.) selected
articles with a combinati BRTP'TERT he f ol |
promoter", "telomerase reverse transcriptase promoter", "telomerase reverse
transcriptasg" "mutation”, "mutations"”, "thyroid", "neoplasms", "cancer",

"carcinoma”, and "tumor". The language of the literature was limited to English.

Study selection

All articles were electronically downloaded and screened for inclusion by a
two-step method. Fits titles and abstracts were evaluated according to

predefined criteria. Articles were excluded if: 1) it did not report any clinical

information of PTC subjects (e.g. gender, age, lymph node metastasis,
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extrathyroidal extension, disease stage, recurrenoeortality); 2) there was

no information of anyfERTpromoter oBRAF***Emutations; 3) the study was
published as a form of an abstract, an expert opinion, a letter, a conference
article, or a review. | asconscientious of avoiding data from duplicate articles.

If studies had multiple reports, the latest or most complete article was enrolled.
Then, full texts of the selected, potentially relevant articles were reviewed
independently by the two investigatdrased on the criteria listed above. Any

disagreements were resolved by a third investigator (Y.J.P.).

Data extraction

The following variables were extracted by the two investigators independently
based on the same rules: first author, publication ysamtry, number of
patients by eacliERTpromoter andBRAF*°° mutation, number of males or
females, mean age at diagnosis, the TNM stages, lymph node metastasis,
extrathyroidal extension, distant metastasis, recurrence, and mortality.

Disagreements wemdiscussed with the third investigator.

Data analyses and statistical methods
| calculated the pooled odds ratios (ORs) with 95% confidence intervals (CIs)
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using the ManteHaenszel method, and mean difference (MD) with 95% Cls

using inverse variance,accal i ng t o t he Cohelfstatistiet hod. TI
was used to test for heterogeneity. Whe® 5 0 %, the included s
considered to have little heterogeneity, and a fieffects model was used.

Whenl? > 50%, the heterogeneity was defined amendorreffects model was

used. Subgroup and sensitivity analyses were used to determine the cause of
heterogeneity. The potential for publication bias was assessed using a funnel

plot analysis. To examine the strength of the outcome, | conducted aggnsit
analysis to estimate the effects of the
effect. All statistical analyses were calculated by the statistical program R (R

version 3.1.0, 2014, wwwproject.org).
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Results

Characteristics of eligiblestudies for metaanalysis

Next, to confirm and quantify the additional effects of coexisting mutations of
BRAFE and TERT promoter mutations on clinical outcomésperformed
metaanalysis. Literature search yielded 327 potentially relevant articles, of
which 195 were screened for further review. 13 articles were ultimately selected
for metaanalysis(Bullock et al., 2016; Gandfbet al., 2015; Jin et al., 2016;

Kim et al., 2016; Lee et al., 2016; Liu et al., 2016; Liu et al., 2014a; Liu et al.,
2014b; Melo et al., 2014; Song et al., 2016b; Sun et al., 2016; The Cancer
Genome Atlas Data Portal; Xing et al., 201Fte detailed procedure of the
study selection is summarized in Figiieln total, 4,347 patients with PTC
were enrolled in this analysis. Overall, 283 (median 8.3%, range812a8%)

of these patients had coexistiBRAF®°F and TERT promoter mutations.
Sample sizes of these studies ranged from 51 to 1051 patients. Bemaarsd
variables contained in each article were differecdnducted the metanalysis

using the relevant variables for each study. The examined variables of the

selected studies are summarized in Table
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327 Studies identified in search
114 from MEDLINE
213 from EMBASE

—

i/

132 Excluded (duplicates)

195 T

itles and abstracts screened

A

y

158 Excluded
Fail to address TERT, thyroid cancer, and prognosis
Not human studies

37 Full-text articles read

Excluded
3 Review
13 Insufficient data
8 Overlapping data reported in other studies

13 Studies included in meta-analysis

Figure 5. Representation of the searchagtgy.
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Table 10 A summary of the 13 studies included in the ratalysis

Study Country Cases $§§(¥+ Age Gender h)c/’rgg " . E::;itg}&oidal ltl;lg/le |I?ni§tt22ttasis Recurrence Mortality
BRAF (%) metastasis
Liu T, 2014 Sweden 51 11 (21.6) Y Y N N N Y N N
Liu X 2014 China 367 36 (9.8) Y Y Y Y Y N N N
Xing M, 2014*  USA 507  35(6.9) Y Y Y Y Y Y Y N
Melo M, 2014 Portugal, Spain 301 18 (6) Y Y Y Y Y Y N Y
Gandolfi G, 2015 Italy 121 12 (9.9) Y Y Y Y Y N N N
Song YS, 2016  South Korea 432 12 (2.8) Y Y Y Y Y Y Y Y
Bullock M, 2016 Australia 80 8 (10.0) N N N N N N N Y
JinL, 2016 China 653 22 (3.4) Y Y Y Y Y N N N
Sun J, 2016 China 434 18 (4.1) Y Y Y N Y N N N
Lee S, 2016 Korea 207 27(13.0) Y Y Y Y Y N N N
Liu R, 2016* USA 1051 66 (6.3) Y Y Y Y Y N N Y
Kim TH, 2016 Korea 264 24 (9.1) N N N N N N N Y
TCGA, 2014 USA 386 29 (7.5) Y Y Y Y Y Y Y N

Abbreviations: Y, the study was evaluated; N, the study was not evaluated. *These studies used same datalfasge, Q@tader, lymph node metastasis,
extrathyroidal extension, TNM stage and mortality was extracted from Liu R et al. Data of distant metastasis and readresitreet®d from Xing M et al.
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Associations of TERT promoter ntation with BRAF'*°°€ mutation

In Part |, TERTpromoter mutations were more frequent in tumors harboring
BRAF (4.8%, 12 of 251P = 0.257 vs. neitheBRAF nor RAS mutations)
mutation than in those harboring neither (2.8%, 7 of 247). However, this
difference was not statistically significant BRAFmutations because of the
small number ofTERFmutated cases. Then, | investigated the association
betweenTERT promote and BRAF®°°E mutation using a large number of
pooled samples by metmalysisTERTpromoter mutation was found in 11.4%
of patients witlBRAF*%F(median, 12.9%; range 4.84.4%) vs. 6.3% of those
without BRAF®°f(median, 5.4%; range 0.94.3%) (OR2.46; 95% Cl, 1.98
3.14;12%, 0%; Fig. §, which confirmed the significant association between two

mutations.
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BRAF + BRAF-

Study TERT + TERT - TERT+ TERT- Odds Ratio OR 85%-Cl
Liu T, 2014 11 32 2 19 4.45 [0.87; 22.88]
Liu X, 2014 36 220 6 147 -—— 4.60 [1.88; 11.21]
Melo M, 2014 18 148 6 153 —_— 3.39  [1.31; 8.80]
Gandolfi G, 2015 12 54 g 67 1.84 [0.71; 4.77]
Bullock M, 2016 8 59 3 21 S S 094 [0.22; 3.94]
Song YS, 2016 12 251 5 167 163 [0.56; 4.71]
JinlL, 2016 22 4186 5 237 e 2.5¢ [0.97; 6.93]
Sun J, 2016 18 328 1 106 + 6.10 [0.80; 46.23]
Lee S, 2016 27 175 3 32 4 1.76 [0.50; 6.20]
Liu R, 2016 66 358 64 693 . B 222  [1.53; 3.22]
Kim TH, 2016 24 169 2 65 + 4.32 [0.99; 18.81]
TCGA, 2014 29 237 10 149 . 1.94 [0.92; 4.10]
Fixed effect model 2477 1856 <> 246 [1.93; 3.14]
Heterogenefly: I-squared=0%, tau-squared=0, p=0.731
| | | I

0.1 051 2 10

Figure 6. Forest plot showing the association betweerBIRAF*°andTER Tpromoter mutations. The forest plot displays the effect size and

95% Cls for each study and overall.
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Effect of BRAF'®°* mutation alone over no mutation on clinicopathological
characteristics

BRAFEmutation alone was modestly associated with age at diagnosis (MD,
1.73; 95%CI, 0.82.86), advanced TNM stage (TNM stagelMt OR, 1.56;

95% CI, 1.311.85), extrathyroidal extension (OR, 2.45; 95% CI, 1303),

and lymph node metastasis (OR, 1.52; 96P01.12 2.06) as compared to no
mutation (Fig.7). However, there were no differences in gender, or distant
metastasis between the two groups. No significant heterogeneity was found,
except for lymph node metastasis. Sensitivity analysis was performed to
identify heterogeneity for lymph node metastasis. When the study of etu R
al. (Liu et al., 2016Was excluded, heterogeneity decreased to 48.1% (OR, 1.34;
95% ClI, 1.111.62). Since analysis with the funnel plot was asymmetric, the
trim-andHill method to adjust for publication bias was conducted by adding one
estimated missing studies (OR, 1.60; 95% CI, 12120). The statistical
significance remained after sensitivity analysis and adjustment of publication

bias.
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A Age at diagnosis

BRAF only No mutations Mean difference
Study Total Mean SD Total Mean sSD MD 95%-C1 Wifixed) W(random)
Liu et al., 2014 {21) 21 41.00 17.700 17 4290 18.900 -1.80 [-13.65; 9.85] 0.9% 2.0%
Liu et al., 2014 (22) 1684 4361 12600 141 4373 13230 b 012 [-297: 273] 156% 17.2%
Gandolfi et al., 2015 (24) 42 4950 17.500 58 4280 17.200 i——-— 6.70 [-0.20; 13.60] 2.7% 51%
Song et al., 2016 (20) 239 4510 12.600 162 4450 13.900 — 0.60 [-2.07; 3.27]  17.8% 18.3%
Jin et al., 2016 (26) 394 46,60 11.800 232 4490 12.300 - 1,70 [-0.27; 367] 329% 23.1%
Sun etal., 2016 (27) 310 41.72 10.830 105 3850 12520 —_ 522 [ 2.54; 7.90] 17.7% 18.2%
Liu et al., 2016 (30) 292 46.00 87.180 629 46.00 127.960 0.00 [-14.14; 14.14] 0.6% 1.4%
TCGA,2014 (31) 208 4557 14.113 139 4558 16.134 001 [-3.31; 329]  11.7% 14.8%
Fixed affect model 1690 1483 1.73 [ 0.60; 2.86] 100% -
Random affects model % 1.74 [ 0.04; 3.43] o 100%
Heterogenady: lsquared=43. 1%, tau-squared=2 223, p=0.0811
I T T 1
40 5 0 5 10
B Sex
BRAF only Mo mutations Odds Ratio

Study Events Total Events Total OR 95%-Cl W(fixed) W(random)

Liu et al., 2014 (21) 4 21 5 17 . 0.56 [0.12; 2.55] 1.9% 1.4%

Liu et al., 2014 (22) 40 184 28 141 1.12 [0.65:1.93] 106% 10.5%

Gandoifi et al., 2015 (24) 13 42 18 58 1.00 [0.42;2.35] 4.4% 4.2%

Song et al., 2016 (20) 36 239 13 162 2.03 [1.04;3.97] 5.6% 6.9%

Jin et al., 2016 (286) 88 394 54 232 —a 0.95 [0.64;1.39] 225% 20.7%

Sun etal., 2016 (27) B8 310 22 105 1.50 [0.88:2.54] 10.0% 11.0%

Lee et al., 2016 (28) 33 148 4 29 1.79 [0.58; 5.52] 2.2% 2.4%

Liu et al., 2016 (30) 76 292 155 629 ——— 1.08 [0.78;1.48] 30.9% 30.5%

TCGA, 2014 (31) 56 208 32 139 e 1.23 [0.75;2.03] 11.9% 12.4%

Fixed effect model 1838 1512 1.17 [0.98; 1.39] 100% -

Random effects model 1.16 [0.97; 1.38] s 100%

Heterogenelly: I-squared=0%, lav-squared=0, p=0.5914 | : | \

0z 05 1 2 5
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