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Abstract

A unique prognostic role of the genetic duet of BRAFV600E and 7ERT promoter mutation in
papillary thyroid cancer (PTC) has been recently established, but the role of FAS mutation in this
genetic interplay remains to be established. Using The Cancer Genome Atlas (TCGA) data of
patients with PTC from 19 medical centers, we investigated interactions among the three
mutations in clinical outcomes of PTC. We found that BRAFand RAS mutations were mutually
exclusive but both were associated with 7ERT promoter mutations, with the genetic duet of
BRAF RAS and TERT mutations occurring in 34/388 (8.76%) patients. BRAFIRASor TERT
mutation each alone had no or minimal effect while coexisting BRAARASand TERT mutations
had a robust synergistic effect on poor clinicopatholgoic outcomes of PTC, including disease
recurrence and patient mortality. For example, PTC recurrence rate was 52% with coexisting
BRAFV600E/RASand TERT promoter mutations versus 6.9% with no mutation, corresponding
to a HR of 8.17 (95% CI 3.09-21.58), which remained significant at 14.71 (95% CI 2.79-77.61)
after adjustment for clinicopathologic factors and institution. BRAF/RAS mutation or TERT
mutation alone minimally affected Kaplan-Meier patient survival curves while the genetic duet
was associated with a sharp curve decline. Thus, by confirming and expanding previous findings
in single-institution studies, this multicenter data analysis establishes a six-genotype genetic
prognostic model for poor outcomes of PTC with a risk order of genetic duet of BRAF
V600E/RAS mutation and 7ERT mutation >>>> BRAFV600E = TERT mutation alone >RAS
mutation alone = wild-type genes.

Address Correspondence to: Michael Mingzhao Xing, M.D., Ph.D., Professor of Medicine, Oncology, and Pathology, Director, the
Johns Hopkins Thyroid Tumor Center, Division of Endocrinology, Diabetes & Metabolism, The Johns Hopkins University School of
Medicine, 1830 East Monument Street, Suite 333 Baltimore, MD 21287, U.S.A, mxingl@jhmi.edu, Tel: 410-955-3663, Fax: (410)
955-8172.

Declaration of interest:

M Xing receives royalties as co-holder of a licensed USA patent related to BRAF mutation in thyroid cancer. Other authors declare no
conflict of interest.

Author contributions

M X conceived, designed and supervised the study. X S collected the data. X S, R L and M X performed the analysis and interpreted
the results. X S and M X wrote the manuscript. X S, R L and M X revised and approved the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Keywords

Page 2

thyroid cancer; TERT promoter mutation; BRAF V600E mutation; RAS mutation; prognostic
molecular markers

INTRODUCTION

Thyroid cancer is a common endocrine malignancy, consisting mostly of papillary thyroid
cancer (PTC) and follicular thyroid cancer (FTC), with the former accounting for nearly
90% of all thyroid malignancies (Siegel et a/. 2015; Howlader et al. 2016). PTC can be
further classified into several variant types, including mainly conventional PTC (CPTC),
follicular-variant PTC (FVPTC), and tall-cell PTC (TCPTC), among which CPTC was the
most common. BRAFV600E and RAS mutations have been well established as the main
genetic drivers of thyroid cancer, particularly PTC (Garcia-Rostan et a/. 2003; Xing 2013).
Following the initial report of two mutually exclusive TERT promoter mutations—
chr5:1,295,228C>T and chr5:1,295,250 C>T (termed C228T and C250T, respectively) in
melanoma in 2013 (Horn et al. 2013; Huang et al. 2013), we reported their occurrence also
in thyroid cancer (Liu et al. 2013), which has been widely confirmed (Alzahrani et al. 2016;
Liu & Xing 2016). This represents an exciting recent development in understanding the
genetic mechanisms of thyroid cancer. Studies from us (Liu ef a/. 2014; Shi et al. 2015) and
others (Alzahrani et al. 2016; Liu & Xing 2016) have consistently shown a strong
association of 7ERT promoter mutations with aggressive clinicopathologic outcomes of
thyroid cancer, suggesting a prognostic role of 7ERT promoter mutations in this cancer.

In our initial study on 7ERT promoter mutations in thyroid cancer, we made an interesting
observation of the association between BRAFV600E and 7ERT promoter mutations (Liu et
al. 2013). Our subsequent studies on extended cohorts of patients with different ethnic
backgrounds again showed this phenomena (Liu et al. 2014; Shi et al. 2015), which has now
been widely confirmed (Liu & Xing 2016). BRAFV600E, the most common oncogene in
PTC (Xing 2005), has been shown to be associated with a poor prognosis of PTC (Xing
2007; Xing et al. 2013; 2015). We found the unique genetic duet of coexisting BRAFV600E
and 7ERT promoter mutations to be even more robustly associated with aggressive
clinicopathologic outcomes of PTC, including tumor recurrence, and patient mortality (Xing
et al 2014a, b; Liu et al. 2016). The genetic duet of RASand 7ERT promoter mutations was
shown to be marginally associated with aggressiveness of FTC in relatively small cohorts
(Muzza et al. 2015; Sohn et al. 2016; Song et al. 2016). The role of this genetic duet in PTC
has not been established.

These previous studies on the coexisting BRAFV600E and TERT promoter mutations were
virtually all single institution-based. The genetic duet of BRAFV600E and 7ERT promoter
mutations was studied in PTC virtually always with RAS mutations mixed in the study
cohort. It is important and ideal to use multicenter studies to validate and establish an
exclusive role of the genetic duet of BRAFV600E and TERT promoter mutations and to
also investigate the role of the genetic duet of RASand TERT promoter mutations in PTC.
To this end, we conducted the present study using the unique multicenter cohort of PTC
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patients in The Cancer Genome Atlas (TCGA) database (Cancer Genome Atlas Research
Network 2014) to comprehensively investigate the interactions among BRAFV600E, RAS
and 7ERT promoter mutations in affecting the clinical outcomes of PTC.

MATERIALS AND METHODS

Mutation and clinical information of the PTC patients in the TCGA database

Whole-exon mutation data were obtained from the TCGA Genome Data Analysis Center
(GDAC) firehose website (http:/firebrowse.org/). Information on BRAFV600E and RAS
(including NRAS, KRAS, HRAS) mutations was extracted from the data. For RAS
mutations, only missense mutations were included. 7ERT promoter mutation information
was extracted from the TCGA thyroid cancer mark paper (Cancer Genome Atlas Research
Network 2014), which included the 7ERT promoter mutation information from the Sanger
sequencing and whole genome sequencing. A total of 388 patients with available
information on both exon mutation and 7ERT promoter mutation were included for analyses
in the present study. Clinical data for these patients were extracted directly from the TCGA
Data Portal (https://tcga-data.nci.nih.gov/tcga/). The information on new tumor event,
disease status, and patient mortality was updated to the latest follow-up data (07-30-2015,
v4.0).

Definition of disease recurrence and patient mortality

PTC recurrence was defined here as recurrent or persistent disease as defined previously
(Xing et al. 2014a), which was identified based on the clinical information of new thyroid
cancer tumor related events and the tumor status during the follow-up time for each patient.
Patients with available information for both tumor status and new tumor event status during
the follow-up time were included. Patients with any of the three types of new tumor events,
including locoregional recurrent tumor, distant recurrent tumor and biochemical recurrent
tumor, were identified as having disease recurrence. The recurrence time was defined as the
time from the initial treatment of the original tumor to the discovery of the tumor recurrence/
persistence. If a patient has multiple new thyroid tumor events, the recurrence time for this
patient was defined as the recurrence time for the first new tumor event. If the tumor status
was “with tumor” at any follow-up times even if it represented a persistent disease but not
new tumor event, it was also treated as disease “recurrence” in this study and the earliest
follow-up time for the persistent tumor status was used as the recurrence time. Patients who
had no new thyroid tumor event and were in ‘tumor free’ status were treated as having no
disease recurrence. As a result, a final 306 cases out of the initially selected 388 patients
were used for PTC recurrence analysis. For patient mortality, the follow-up time was defined
as the time period from the treatment of the initial thyroid cancer to the time of the death of
the patient as defined previously (Xing 2013).

Statistical analyses

Comparisons of categorical variables were performed with either Pearson’s chi-squared test
or, for cases with small number, Fisher’s exact test. Wilcoxon-Mann-Whitney test was used
for continuous variables. Survival curves were plotted with the Kaplan-Meier method with
log-rank statistical analyses. Cox proportional hazards regression was used to assess the
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hazard ratio (HR) of the risk of recurrence and mortality. Statistical significance was defined
as two-sided P values < 0.05.

RESULTS

BRAF V600E, RAS and TERT promoter mutations and their relationship in PTC in the
TCGA database

From the TCGA thyroid cancer database (Cancer Genome Atlas Research Network 2014),
we identified 388 PTC patients from 19 sources/medical centers (Table S1) with available
information both on exon mutation and 7ERT promoter mutation and analyzed the genetic
status for BRAFV600E, RAS, and TERT promoter mutations. BRAFV600E was found in
226/388 (58.2%) cases, including 183/271 (67.5%) CPTC, 13/83 (15.7%) FVPTC, and
28/30 (93.3%) TCPTC. RAS mutations were found in 49/388 (12.6%) cases, including
21/271 (7.7%) CPTC, 28/83 (33.7%) FVPTC and 0/30 (0%) TCPTC. TERT promoter
mutations were found in 26/271 (9.6%) CPTC, 5/83 (6.0%) FVPTC and 7/30 (23.3%)
TCPTC, with an overall prevalence of 39/388 (10.1%) in all PTC. The 39 cases of TERT
promoter mutations included 30 C228T (76.9%), 8 C250T (20.5%), and 1 C228A (2.6%).
The relationship among BRAFV600E, RAS, and TERT promoter mutations is illustrated in
Fig 1. A significant association of 7ERT promoter mutations with the BRAFV600E/RAS
mutation was observed (P=0.016). Because BARFV600E and RAS mutations were
mutually exclusive (P<2.2e-16), we analyzed the relationship between 7TERT and BRAF
V600E or RAS mutations in the subsets of RAS mutation- or BRAFV600E mutation-
negative patients, respectively. In the RAS mutation-negative patients, BRAFV600E
mutation was still significantly associated with 7ERT promoter mutation (P=0.019). In the
relatively small number of BRAFV600E mutation-negative patients, FAS mutations were
marginally associated with 7ERT promoter mutation (P=0.085). Overall, the majority
(34/39; 87.2%) of the patients with 7ERT promoter mutations had coexisting either BRAF
V600E or RAS mutations, and 34/388 (8.76%) of all PTC harbored BRAFV600E/RAS and
coexisting 7ERT promoter mutations.

Impacts of BRAF V600E or TERT promoter mutation alone or in their coexistence on
clinicopathologic outcomes of PTC in the TCGA data

When dividing the TCGA PTC cohort into two groups— 7ERT promoter mutation-positive
versus —negative groups, a strong association of 7ERT promoter mutation with multiple poor
clinicopathologic outcomes was seen (Table S2). Similar effects of 7ERT promoter
mutations on clinicopathologic outcomes were seen when the analysis was performed only
on CPTC (Table S3). On Kaplan-Meier analyses by dividing the cohort into 7TERT promoter
mutation-negative and —positive groups, TERT promoter mutation was associated with a
significant decline in the patient survival curve (Fig S1A) and recurrence-free survival curve
(Fig S1B). Similar results were obtained on the effect of 7ERT promoter mutations when
only CPTC was analyzed (Figs S1C and D).

To examine the effects of individual and coexisting genetic events of BRAFV600E and
TERT promoter mutations, we divided the patients into four genotypes (Table 1). In this
analysis, to exclude the influence of RAS mutations, we focused the analyses on the 339
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RAS mutation-negative PTC patients. In comparison with the group negative for either
mutation, BRAF V600E alone was significantly associated with extrathyroidal invasion, late
disease stage 111&IV, high tumor stages T3&T4 and lymph node metastasis (P<0.001,
P=0.050, 0.034 and 0.040, respectively) and 7TERT promoter mutation alone did not show a
significant association with any clinicopathologic outcome. In contrast, coexistence of
BRAFV600E and TERT promoter mutation was robustly associated with virtually all the
high-risk multiple clinicopathologic characteristics with more profound significance,
including distant metastasis, disease recurrence and patient mortality (P=0.047, 0.002 and
0.010, respectively). Similar robust synergistic effects of coexisting BRAFV600E and
TERT promoter mutations were observed when only CPTC in the TCGA data was analyzed
(Table S4).

A recent study demonstrated a differential aggressiveness risk for the three major PTC
variants in the order of TCPTC > CPTC > FVPTC (Shi et al. 2016). We observed here a
similar distribution pattern of coexisting BRAFV600E and TERT promoter mutations in the
three PTC variants, with a prevalence being 7/30 (23.3%), 20/270 (7.4%), and 1/83 (1.2%)
in TCPTC, CPTC, and FVPTC (Table S5), respectively, consistent with an aggressive role of
the genetic duet.

Table 2 summarizes the hazard ratios (HRs) of the impacts of BRAFV600E and 7TERT
promoter mutations on PTC recurrence in RAS mutation-negative patients. The HR for
recurrence was not significant for BRAF or TERT promoter mutation alone but robustly
significant for coexisting BRAFV600E and TERT promoter mutations. Specifically,
patients harboring the genetic duet had the highest recurrence rate at 7/19 (36.8%),
corresponding to 106.94 recurrences per 1,000 person-years (95% Cl, 50.98 to 224.31),
versus only 6/87 (6.9%), corresponding to 22.15 recurrences per 1,000 person-years (95%
Cl, 9.94 to 49.25), in patients harboring neither mutation, with a HR of 4.75 (95% ClI, 1.58
to 14.29; P=0.006). This HR remained significant at 6.59 (95% ClI, 1.55 to 27.94; P=0.011)
after adjustment for patient age and sex and marginally (P=0.102) missed the significance
after additional adjustment for tumor behaviors, but remained significant (P=0.044) after
further additional adjustment for institution (Table 2). Similar HR results for tumor
recurrence was observed in the analysis of only CPTC (Table S6).

We next performed Kaplan-Meier analyses of patient survival and recurrence-free survival
by genotype in RAS mutation-negative patients. Comparison of the four genotype groups
globally revealed a significant difference in survival and recurrence-free survival (P<0.0001
and P=0.0097, Fig 2A and 2B). As shown in Fig 2A, in paired group comparison, compared
with the group negative for either mutation, BRAFV600E mutation was not significantly
associated with survival decline (P=0.19), but coexisting BRAFV600E and 7ERT promoter
mutations were significantly associated with a decline in the survival curve (P=0.045). TERT
promoter mutation alone was associated with a survival decline but the number of cases was
limited. For disease recurrence-free survival (Fig 2B), BRAFV600E or TERT promoter
mutation alone had a modest effect (P=0.21 and 0.08, respectively), but their coexistence
was robustly associated with a sharp decline in the recurrence-free survival curve (P=0.002).
These results were consistent with the synergistic effects of BRAFV600E and TERT
promoter mutations on other clinicopathologic outcomes of PTC (Table 1). Similar results
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were obtained when Kaplan-Meier analyses were performed only on CPTC (Figs S2A,
S2B).

Impacts of RAS or TERT promoter mutation alone or their coexistence on
clinicopathologic outcomes of PTC in the TCGA data

We analyzed the impacts of RAS or TERT promoter mutation alone or in coexistence on
clinicopathologic outcomes in the TCGA data (Table 3). To exclude the influence of BRAF
V600E, this analysis was focused on the 162 BRAFV600E mutation-negative PTC patients.
Interestingly, in comparison with the group negative for either mutation, RAS mutation
alone showed no adverse effect on any of the clinicopathological characteristics; in fact,
RAS mutation was even inversely associated with lymph node metastasis (P=0.043). In
contrast, the coexistence of RASand TERT promoter mutations was strongly associated
with older patient age, male sex, late disease stages I11&IV, distant metastasis, and
recurrence compared with the group negative for either mutation (P=0.024, 0.044, 0.004,
<0.001 and <0.001, respectively) (Table 3). Mortality could not be analyzed due to small
number of deaths. In the analysis on CPTC, we similarly observed synergistic effects of the
two mutations on poor clinicopathologic outcomes (Table S7).

On the HR analysis for disease recurrence (Table 2), all 6 patients harboring both RAS and
TERT promoter mutations had disease recurrence (100%, 1,173 recurrences per 1,000
person-years; 95% ClI, 526.99 to 2610.97) versus only 6/87 (6.9%, 22.15 recurrences per
1,000 person-years; 95% ClI, 9.94 to 49.25) in patients harboring neither mutation,
corresponding to a HR of 39.04 (95% ClI, 10.56 to 144.3; P<0.001). The HR remained
significant at 106.76 (95% ClI, 15.30-744.49, P<0.001) after adjustment for patient age and
sex and at 89.88 (95% CI, 8.89-909.14, P<0.001) after additional adjustment for
clinicopathologic risk factors and still significant at 138.0 (95% CI, 5.75-3313, P=0.002)
after further additional adjustment for institution. Similar HR results for recurrence were
obtained when only CPTC was analyzed (Table S6).

We next performed Kaplan-Meier analyses of the impacts of RASand TERT promoter
mutations on patient survival and disease recurrence-free survival. With the limited number
of deaths, no difference was seen in patient survival among the different genotypes (Fig 2C).
This was also the case when only CPTC was analyzed (Fig S2C). In contrast, although RAS
or TERT promoter mutation each alone was associated with only a modest decline in
recurrence-free survival curve, coexistence of the two mutations was robustly associated
with a sharp decline in the recurrence-free survival curve (Fig 2D). These results were
similarly observed when only CPTC was analyzed (Fig S2D).

Impacts of BRAF V600E/RAS or TERT promoter mutation alone or in coexistence on
clinicopathologic outcomes of PTC in the TCGA data

Since BRAFV600E and RAS mutations were mutually exclusive but were both associated
with TERT promoter mutations in PTC, we pooled the two mutations to collectively
examine their relationship with 7ERT promoter mutations in affecting the clinicopathologic
outcomes in the 388 PTC patients from the TCGA database. As shown in Table 4, in
comparison with the group negative for any mutation, BRAFV600E/RAS mutation alone
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was only associated with extrathyroidal invasion (P=0.005) and 7ERT promoter mutation
alone was not significantly associated with any poor clinicopathologic characteristics. In
contrast, the coexistence of BRAFV600E/RASand TERT promoter mutation was strongly
associated with older patient age, extrathyroidal invasion, advanced disease stages I11/1V,
high tumor stages T3&T4, distant metastasis, disease recurrence (P<0.001 for all), and
patient mortality (P=0.019). Similar results were obtained when only CPTC patients were
analyzed (Table S8).

We analyzed the HR of these genotypes for PTC recurrence (Table 2). Specifically, 13/25
patients harboring both BRAFV600E/RASand TERT promoter mutations had disease
recurrence (52%, 184.2 recurrences per 1,000 person-years; 95% CI, 106.96 to 317.28)
versus only 6/87 (6.9%, 22.15 recurrences per 1,000 person-years; 95% ClI, 9.94 to 49.25)
patients harboring no mutation, corresponding to a HR of 8.17 (95% CI, 3.09 to 21.58;
P<0.001). This HR remained significant at 12.44 (95% CI, 3.33-46.56, P<0.001) after
adjustment for patient age and sex and still robustly significant at 13.16 (95% ClI, 2.39-
72.42, P=0.003) after additional adjustment for classical clinicopathologic risk factors and at
14.71 (95% ClI, 2.79-77.61, P=0.002) after further additional adjustment for institution. A
similar robust HR of recurrence for coexisting BRAFV600E/RASand TERT promoter
mutations was observed when only CPTC was analyzed (Tables S6).

The HR for patient mortality was not significant for BRAFV600E or TERT promoter
mutation alone but was significant for the genetic duet of BRAFV600E and 7ERT promoter
mutations (P = 0.038; Table S9), consistent with a synergistic effect of the two mutations.
Due to the low mortality of PTC and relatively small cohorts, HRs for mortality was not or
only marginally significant for other genetic duet conditions. Similar results were obtained
when only CPTC was analyzed (Table S10). However, on Kaplan-Meier analyses, like the
genetic duet of BRAFV600E and 7TERT promoter mutations (Figs 2A and 2B), the genetic
duet of BRAFV600E/RASand TERT promoter mutations robustly affected the patient
survival and disease recurrence-free survival curves. Specifically, as shown in Fig 2E, while
BRAFV600E/RAS had no significant impact and 7ERT promoter mutation had limited
cases, coexistence of BRAFV600E/RASand TERT promoter mutations was significantly
associated with a sharp decline in the patient survival curve. BRAFV600E/RASor TERT
promoter mutation alone had only a modest effect on disease recurrence-free survival, while
coexistence of BRAFV600E/RASand TERT promoter mutations was associated with a
sharp decline in the disease-free survival curve (Fig 2F). Similar results were obtained when
only CPTC was analyzed (Figs S2E and S2F).

As for the genetic duet of BRAFVE00E and TERT promoter mutations, a similar
distribution pattern of the genetic duet of BRAFV600E/RAS and TERT promoter mutations
was seen in the PTC subtypes, with a prevalence being 7/30 (23.3%), 23/270 (8.5%), and
4/83 (4.8%) in TCPTC, CPTC, and FVPTC (Table S5), respectively, corresponding to the
aggressiveness order of TCPTC > CPTC > FVPTC reported recently (Shi et al. 2016).
These results were again consistent with an aggressive role of the genetic duet of BRAF
V600E/RASand TERT promoter mutations in PTC.

Endocr Relat Cancer. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 8

DISCUSSION

Since the initial report of TERT promoter mutations in thyroid cancer three years ago (Liu et
al. 2013), many studies have been devoted to investigating their role in the pathogenesis and
clinicopathologic outcomes of thyroid cancer (Liu & Xing 2016). An interesting aspect in
this regard is the association of TERT promoter mutation with BRAFV600E, which, after
its initial report (Liu et a/. 2013), has been widely confirmed (Liu & Xing 2016). We
hypothesized that the coexisting event of these two major oncogenic mutations likely played
a special role in thyroid cancer pathogenesis and conferred a subset of PTC unique
clinicopathologic properties (Liu et a. 2013). Indeed, this was proven to be true in our
subsequent studies which demonstrated a robust synergistic role of coexisting BRAFV600E
and 7ERT promoter mutations in the development of poor clinicopatholoigc outcomes of
PTC, including sharply increased tumor recurrence and patient mortality (Xing et al. 2014a,
b). As a result, we proposed that the genetic duet of BRAFV600E and 7TERT promoter
mutations constitutes a unique genetic background that strongly promotes the aggressiveness
of thyroid cancer and predicts the worst clinical outcomes of PTC, which was lauded by
other investigators (Ngeow & Eng 2014). These findings on the genetic duet of BRAF
V600E and 7ERT promoter mutations were confirmed by other studies (Bullock et a/. 2016;
Jin et al. 2016; Kim et al. 2016; Song et al. 2016). Our recent study on an extended cohort of
1,051 PTC patients again demonstrated a robust role of coexisting BRAFV600E and TERT
promoter mutations in the aggressiveness of PTC and a strong prognostic value of this
genetic duet for the mortality of PTC patients (Liu et a/. 2016). Nevertheless, the potential
role of RAS mutations, which are second most common after BRAFV600E mutation in
PTC, in this genetic interplay in affecting the aggressiveness of PTC has not been
established.

Our recent meta analysis on 7ERT promoter mutations in thyroid cancer demonstrated a
significant association between RASand TERT promoter mutations in FTC and poorly
differentiated and anaplastic thyroid cancers (Liu & Xing 2016). This was confirmed in two
recent studies (Landa et al. 2016; Sohn et al. 2016). Marginal association of coexisting RAS
and 7ERT promoter mutations with poor tumor behaviors was seen in limited FTC cohorts
(Muzza et al. 2015; Sohn et al. 2016). A recent study reported an association between this
genetic duet and poor clinical outcomes in a cohort of patients mixed with FTC and PTC, in
which the genetic duet occurred mostly in the FTC patients (Song et al. 2016). Also, the
potential influence of BRAF V600E was not dissected in this analysis. Thus, the specific
role of coexisting RASand TERT promoter mutations in the pathogenesis and clinical
outcomes of PTC remains undefined. Importantly, because BRAFV600E and RAS
mutations are mutually exclusive (Xing 2013) and the previous studies on the role of the
genetic duet of BRAFV600E and 7ERT promoter mutations in PTC did not separate the
potential influence of RAS mutations, it is not clear whether the RAS mutation status could
in fact affect the conclusions on the genetic duet of BRAFand TERT promoter mutations in
the previous studies.

We performed the present study using the unique PTC cohort in the TCGA database to
address the issues discussed above. The TCGA thyroid cancer database provided an ideal
cohort of PTC for the present study as it consisted of patients from a large number of
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medical institutions in the North America with comprehensive genetic, pathological and
clinical information. The present study was therefore multicenter in nature. The first goal of
this study was to confirm the previous findings in single-institution studies and validate the
role of TERT promoter mutations and the genetic duet of BRAFV600E and 7ERT promoter
mutations in PTC. This was successfully achieved. Specifically, we demonstrated that BRAF
V600E and 7ERT promoter mutations each alone had no or only a modest effect but the
genetic duet of the two had a robust effect on virtually all the poor clinicopatholgoic
outcomes of PTC. Thus, the findings in previous studies on BRAFV600E and 7TERT
promoter mutations were essentially all reproduced in this multicenter data analysis,
confirming and validating the recent conclusions on the genetic duet of BRAFV600E and
TERT promoter mutations in PTC. A similar pattern of the effects was seen for RAS and
TERT promoter mutations. Specifically, RAS mutation alone had no effect while the genetic
duet of the two had a strong synergistic effect on the poor clinicopathologic outcomes of
PTC. This was the case whether the whole PTC cohort or only CPTC was analyzed. This is
the first demonstration of a robust synergistic role of coexisting RASand TERT promoter
mutations in the aggressiveness of PTC.

In addition to the multicenter nature, another unique strength that distinguishes the present
study from previous studies is the separation of BRAFV600E and RAS mutations from each
other in the analysis of their synergistic effects with 7ERT promoter mutations. This
provided definitive evidence supporting that coexistence of either BRAFV600E or RAS
mutation with 7E£RT promoter mutation is a robust genetic mechanism that drives the worst
aggressiveness of PTC. The underlying molecular mechanism was proposed to involve the
activation of the MAP kinase pathway which promotes the TERT expression by upregulating
ETS transcription factors acting at the mutation sites in the 7ER7 promoter (Liu ef al. 2013;
Liu & Xing 2016). This is consistent with the finding that coexisting BRAFV600E and
TERT promoter mutations were associated with increased expression of TERT (Vinagre et
al. 2013). It is not clear how the genetic duet occurs. Since either BRAH RAS mutation or
TERT promoter mutation can occur individually and each alone has limited aggressive role,
one possibility is that the occurrence of each of the two individual mutations is a random
event independent of each other; but once the two individually random mutations happen to
occur in the same thyroid cancer cell, the genetic duet confers the cell superior survival (and
aggressiveness) ability and consequently, from an evolutionary perspective, such a cell can
be preferentially selected naturally, resulting in the observed common concurrence of the
two mutations in aggressive thyroid cancers.

A weakness of the present study is the relatively small cohort of 388 patients, which was
smaller than many of the previous single-institution studies. Separation of BRAFV600E
from RAS mutations made some of the subgroup analyses even smaller. This may explain
the marginal significance of multivariate analyses in some subgroups. This was particularly
an issue when HRs for the relatively low mortality were analyzed. Nevertheless, this study
was able to essentially reproduce all the previous findings on 7ERT promoter mutations and
demonstrate a robust role of the genetic duet of 7ERT promoter and BRAFV600E or RAS
mutations in PTC, establishing a strong prognostic power for these genetic events in the
aggressiveness of PTC. In fact, when the BRAFV600E and RAS mutation patients were
pooled to analyze their synergistic effects with 7ERT promoter mutations, even more robust
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effects of the genetic duet of BRAFV600E/RAS mutations on poor clinicopathologic
outcomes were observed (Table 4) and the effect on PTC recurrence remained significant
even upon adjustment for all the conventional high-risk clinicopathologic factors (Table 2).

In summary, this study using the unique multicenter PTC cohort in the TCGA database
confirmed the recent findings in single-institution studies on the role of BRAFV600E and
TERT promoter mutations in the aggressiveness of PTC. The role of the genetic duet of
BRAFV600E and TERT promoter mutations was particularly firmly established by focused
analyses on them with exclusion of RAS mutations. Importantly, this study for the first time
established a similar role of the genetic duet of RASand TERT promoter mutations in PTC.
The overall occurrence of coexisting BRAFV600E and TERT promoter mutations in a large
series of PTC was 145/1,892 (7.7%) (Liu et al. 2016) and the overall coexisting BRAF
V600E/RASand TERT promoter mutations in the present study was 34/388 (8.76%), which
numerically correspond well to the conventionally known about 5-10% of PTC patients that
inherently have a particularly aggressive disease course and are the source of virtually all
PTC-related mortality (Haugen et al. 2016). We recently proposed a four-genotype risk
stratification system for PTC with a risk order of the genetic duet >>>> BRAFV600E alone
= TERT promoter mutation alone > the wild-type for both genes (Liu et a/. 2016). Given the
findings in the present study, this genetic prognostication system may now be modified into
a six-genotype prognostic system by incorporating also AS mutation into it with a risk
order of genetic duet of BRAFV600E/RAS mutation and 7ERT promoter mutations >>>>
BRAFV600E = TERT mutation alone >RAS mutation alone = wild-type genes in papillary
thyroid cancer. This simple but powerful genetic molecular prognostic system may help
pinpoint the small subgroup of PTC patients with the highest aggressiveness risk for
personalized precision treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gene-sample matrix of mutations on BRAF V600E, RAS and TERT promoter
mutations

The matrix illustrates the genetic status of the 388 cases of papillary thyroid cancer (PTC)
included in the present study from the TCGA database. Cases positive for the indicated gene
mutations are marked with dark color. Several relationships among the different mutations
are evident, including the mutual exclusiveness between BRAFV600E and RAS mutations,
the association between BRAFV600E and 7ERT promoter mutations, and the association
between RASand TERT promoter mutations in PTC. Occurrence of 7ERT promoter
mutation alone is uncommon. Thirty-four of the 39 (87.2%) patients positive for TERT
promoter mutations have coexisting either BRAFV600E or RAS mutations and 34/388
(8.76%) of all PTC harbor the genetic duet of coexisting BRAFV600E/RASand TERT
promoter mutations.
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Figure 2. Kaplan-Meler analyses of the impacts of BRAF V600E, RAS or TERT promoter
mutations or their coexistence on patient survival and disease recurrence-free survival of
patientswith papillary thyroid cancer (PTC) in the TCGA database

A. Impacts of BRAFV600E or TERT promoter mutations or their coexistence on patient
survival. B. Impacts of BRAFV600E or TERT promoter mutations or their coexistence on
PTC recurrence-free survival. The analyses in A and B were performed with exclusion of the
cases positive for RAS mutations. C. Impacts of RASor TERT promoter mutations or their
coexistence on patient survival. D. Impacts of RASor TERT promoter mutations or their
coexistence on PTC recurrence-free survival. The analyses in C and D were performed with
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exclusion of the cases positive for BRAF V600E mutation. E. Impacts of BRAAHRAS or
TERT promoter mutations or their coexistence on patient survival. F. Impacts of

BRAF RAS or TERT promoter mutations or their coexistence on PTC recurrence-free
survival. The analyses in E and F were performed on the whole cohort of PTC patients
without genetic-based exclusion. The Log-rank P value in each panel represents the
comparison among the four groups globally.
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