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Abstract

Background Recently, the American Joint Committee on Cancer published the 8th edition of its Cancer Staging

Manual with major changes regarding the staging of thyroid cancer, including the raising of the age cutoff from 45 to

55 years. Using the clinical and genetic data of 505 papillary thyroid cancer (PTC) cases, we aimed to compare

overall survival (OS) and recurrence-free survival (RFS) with different age cutoff values, and also investigate the

efficacy of the new staging system on a genomic level.

Methods We downloaded gene expression data, somatic mutation profile, copy number alteration data and clinical

data of 505 PTC patients from The Cancer Genome Atlas data portal. We used multiple statistical analysis and

multiplatform genomic analysis to evaluate the efficacy of the 8th edition.

Results When using 55 years as the cutoff value for analyzing RFS, the Kaplan–Meier plot showed a significant

p value but not when using 45 years (p = 0.006 vs. p = 0.493), but both cutoff values were significant when

analyzing OS (p = 1.1 9 10-9 with age 55 vs. p = 4.4 9 10-5 with age 45). When looking at stage-dependent

survival, both the 7th and 8th edition had significant p values (p = 0.048 vs. p = 3.1 9 10-9 in RFS and

p = 5.9 9 10-10 vs. p = 2.2 9 10-10 in OS). Multiplatform genomic analysis showed patients C55 years had 103

differently expressed genes when compared with other age groups. Signaling pathway analysis revealed that patients

C55 years had altered pathways associated with aggressiveness of thyroid cancer.

Conclusion In conclusion, this is the first study to show clinical and genetic evidence supporting the altered age

cutoff point of 55 years in the AJCC 8th edition for PTC patients.

Introduction

Papillary thyroid cancer (PTC) staging is different from

most cancers as age is a crucial prognostic factor, inde-

pendent from the other factors considered in the staging of

most cancers such as primary tumor size, nodal status, and

distant metastasis [1, 2]. Young patients tend to have a

better prognosis than elderly patients, with the cutoff value

being regarded as an age of 45 years. Previously, in the 7th

edition of the American Joint Committee on Cancer

(AJCC) Cancer Staging Manual, classification for patients

under 45 was limited to either stage I or II depending on

the absence or presence of metastatic disease, while

patients age 45 and above were divided into stages I

through IV [3]. This cutoff of 45 years has been imple-

mented ever since the second edition. In October 2016, the

AJCC published the 8th edition of the Cancer Staging

Manual, and two of the major changes seen in the staging
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of thyroid cancer are (1) the increase in the age limit from

45 years of age at diagnosis to 55 years, and (2) the

removal of regional lymph node metastases and micro-

scopic extrathyroidal extension from the definition of T3

disease [4]. These changes will most likely result in the

down-staging of a considerable number of patients and thus

will hopefully more accurately be indicative of their better

prognosis. However, as of yet, there have been few reports

about the effect of down-staging when using the 8th edition

for anticipating overall survival (OS) or recurrent-free

survival (RFS) in PTCs in a clinical setting.

The aim of the present study was to compare OS and

RFS with different cutoff values (age 45 vs. age 55) using

the clinical data of 505 PTC cases in The Cancer Genome

Atlas (TCGA) data. We also compared gene expression

data, altered canonical pathways, copy number alteration

and somatic mutation profiles according to age distribution

using the genomic data in order to investigate the efficacy

of the new staging system on a genomic level.

Materials and methods

Genomic and clinical data sets

All genomic data of papillary thyroid carcinomas from

TCGA project were obtained from The Cancer Genome

Atlas (TCGA) Data Portal (https://tcga-data.nci.nih.gov).

Gene-level gene expression data from mRNA-seq

(N = 505), copy number variation data (N = 505), somatic

mutation data (N = 505) and clinical information

(N = 505) were included in data analyses. Clinical data

included age (range 15–89 years), gender, tumor size,

uni-/multifocality, extrathyroidal extension, TNM stage,

and BRAF mutation state (Supplementary Data 1).

Analysis of gene expression data and supervised

clustering with age distribution

The patients were divided into three groups according to

age—age\ 45 (group 1), age 45–54 (group 2), and age

C 55 (group 3). BRB-ArrayTools software program (http://

linus.nci.nih.gov/BRB-ArrayTools.html) was used to ana-

lyze gene expression data [5]. First, gene expression data

were gene-median-centered. Gene variability was then

computed using the median absolution deviation. A total of

3120 most variable genes were selected. A heatmap was

generated using Cluster and TreeView software programs

[6] to visualize the gene expression pattern, with red rep-

resenting highly expressed genes and green representing

lowly expressed genes.

Selection of specific gene signature in each age group

To select genes that were differentially expressed among

the three different age groups (\45, 45–54, C55 years), we

performed multiple two-sample t tests for each gene using

a combination of the three age groups. A stringent cutoff

criterion of p\ 0.001 and having at least a 1.5-fold dif-

ference were used. Any gene that was observed in at least

two age groups was removed. We drew a Venn diagram to

show the number of specific gene signatures in each age

group.

Significant canonical signaling pathways enriched

in each subgroup

In computational and systems biology, canonical pathways

are defined as a collection of reference pathways that

reflect the biologic alteration of specific molecules.

Canonical pathway analysis was performed using Ingenuity

Pathways Analysis (IPA, Ingenuity, Redwood City, CA,

USA) to identify whether there were significant genes

belonging to pre-defined pathways upregulated in each

group. Genes associated with canonical pathways in the

Ingenuity Pathways Knowledge Base were considered for

analysis. A p value was calculated using Fisher’s exact test,

and p\ 0.001 was considered significant.

Analysis of copy number alteration and somatic

mutation

Copy number alteration and somatic mutation data analysis

were performed using OncoPrint at cBioportal website

(https://www.cbioportal.org). OncoPrint is a means of

visually identifying distinct genomic alterations, such as

copy number alterations, somatic mutations, and mRNA

expression. We rearranged the order of the 505 cases

according to the three age groups (\45, 45–54, C55 years)

to compare the molecular profiles of each group.

Statistical analysis

The RFS and OS distribution was analyzed using the

Kaplan–Meier method and compared by the log rank test.

The association of each group with each clinical variable

was evaluated using the Chi-square test and Fisher’s exact

test. Significant difference was considered at p value

\0.05. All statistical analyses were conducted in R lan-

guage environment (http://www.r-project.org).
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Results

Distribution of clinical characteristics according

to different age cutoff values

We divided the patients into two groups for each age cutoff

value (\45 vs. C45, and \55 vs. C55) and compared

BRAF mutation, extrathyroidal extension (ETE), histology,

multifocality, site, gender, and mass size (Table 1). There

was no significant difference in BRAF mutation, multifo-

cality, or site between the younger group and older group,

regardless of the age cutoff value. There was a statistical

significance in ETE between the younger and older groups

when using either cutoff value. As for gender and mass

size, there was a significant difference only when using the

cutoff value of 55 years per the 8th edition. There were

significantly more female patients in the under-55-year

group, while those at least 55 years old had a statistically

significant larger mass size than those under 55 years old.

Comparison of RFS and OS with two different

cutoff values (age 45 vs. age 55)

When using 45 years as the cutoff value as per the AJCC

7th edition, there was no statistically significant difference

in RFS between those younger than 45 and those 45 and

older (p = 0.493). However, when setting the cutoff value

at 55 years as per the 8th edition, the Kaplan–Meier plot

showed a statistically significant difference between the

two age groups (p = 0.006, Fig. 1). As for OS, both age 45

and age 55 as a cutoff value showed a statistically signif-

icant difference (p = 1.1 9 10-9 with age 55 vs.

p = 4.4 9 10-5 with age 45) (Fig. 2).

Change of TNM staging from AJCC 7th edition

to AJCC 8th edition and frequency of event in OS

and RFS

Of the 505 cases, we were able to obtain sufficient infor-

mation to precisely stage 493 patients. Of those cases, 203

patients (41%) were down-staged when we applied the

AJCC 8th staging system instead of 7th (Table 2). Forty-

two cases were down-staged from stage II to stage I, 53

cases from stage III to stage II, 53 cases from stage III to

stage I, 16 cases from stage IV to stage III, 22 cases from

stage IV to stage II, and 17 cases from stage IV to stage I.

When we checked for events of RFS (recurrence) and OS

(death), nine cases had recurred of the 53 cases where stage

III was altered to stage II. There were also four deaths in

the group of 16 cases where stage IV was down-staged to

stage III and three deaths in the group of 22 cases where

stage IV was down-staged to stage II (Table 2).

Table 1 Clinical distribution according to age—two standards—45 years old and 55 years old

45-year standards (AJCC 7th edition) 55-year standards (AJCC 8th edition)

\45 C45 p value \55 C55 p value

BRAF mutation BRAFV600E 102 133 0.420 161 74 0.561

BRAFwild 127 141 176 92

ETE Gross 1 18 *2.7 9 10-05 2 17 *1.5 9 10-07

Microscopic 49 84 86 47

None 171 162 239 94

Histology Classical 172 184 *0.009 244 112 0.0788

Follicular 43 57 66 34

Tall Cell 8 28 18 18

Multifocality Multifocal 97 129 0.3906 155 71 0.5359

Solitary 126 141 175 92

Site Right lobe 95 119 0.157 138 76 0.291

Left lobe 89 86 122 53

Isthmus 12 10 18 4

Bilateral 32 54 55 31

Gender Male 57 78 0.423 78 57 *0.01

Female 172 196 259 109

Mass size(cm) Mean 1.675 1.793 0.193 1.669 1.881 *0.028

ETE extrathyroidal extension

*Statistically significant p value
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Comparison of stage-dependent RFS and OS using

the two different staging systems (AJCC 7th vs.

AJCC 8th)

Stage-dependent recurrence-free survival analysis results

revealed that both the 7th edition (p = 0.048) and 8th

edition (p = 3.1 9 10-9) staging systems showed a sig-

nificant difference in the probability of RFS across the

different stages (Fig. 3). The Kaplan–Meier plot for stage-

dependent OS also showed a statistically significant p value

when using either staging system (p = 5.9 9 10-10 vs.

p = 2.2 9 10-10) (Fig. 4).

Selection of specific gene signature in each age group

The 505 patients were divided into three groups—age\ 45

(group 1), age 45–54 (group 2), and age C 55 (group 3). A

heatmap generated from the gene expression data showed

that there were no specific molecular subtypes between the

three groups (Fig. 5). Next, we sought to find genes whose

expression was specific to each age group by applying

multiple two-class t tests among these three age groups for

each gene. Those genes that had a statistically significant

difference (with a p value of \0.001 and at least 1.5-fold

difference) between any two age groups were designated as

a differently expressed gene (DEG). Interestingly, the

number of genes specific to just that particular age group

Fig. 1 Kaplan–Meier plot for

recurrence-free survival (RFS)

according to different age cutoff

values. a We used age 45 years

to divide papillary thyroid

cancer (PTC) patients into two

groups. b We used age 55 years

instead of age 45. When we

used age 45, KM plot for RFS

did not show a statistically

significant difference between

under 45 and over 45. However,

when we used age 55 years, KM

plot for RFS showed a

statistically significant p value

(p = 0.006)

Fig. 2 Kaplan–Meier plot for

overall survival (OS) according

to different age cutoff values.

a We used age 45 years to

divide papillary thyroid cancer

(PTC) patients into two groups.

b We used age 55 years instead

of age 45. Both KM plots for OS

showed a statistically significant

difference (p = 4.4 9 10-5 for

age cutoff value 45 and

p = 1.1 9 10-9 for age cutoff

value 55)

Table 2 Change of stage from AJCC 7th edition to AJCC 8th edition

AJCC 7th AJCC 8th N Event for RFS Event for OS

Stage I Stage I 283 11 1

Stage II Stage II 3 1 0

Stage II Stage I 42 0 2

Stage III Stage II 53 9 2

Stage III Stage I 53 1 0

Stage IV Stage IV 4 2 2

Stage IV Stage III 16 1 4

Stage IV Stage II 22 3 3

Stage IV Stage I 17 0 0

RFS recurrent-free survival, OS overall survival
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was 14 in \45 years and zero in 45–54 years (Fig. 6). In

contrast, the total number of age-specific genes was 103 for

those in the C55 years group (Supplement Data 2).

Significant canonical signaling pathways enriched

in ‡55 years group

Ingenuity Pathways Analysis revealed that patients at least

55 years and older had alterations in Sirtuin signaling

pathway, MSP-RON signaling pathway, ATM signaling,

FXR/RXR activation pathway, and TGF-beta pathway.

Analysis of copy number alteration somatic

mutation data according to age distribution

Oncoprint analysis failed to show a difference in copy

number alteration or somatic mutation patterns between the

three age groups (\45, 45–54, C55 years) (Fig. 7). We

compared seven of the most frequently mutated genes—

BRAF, HRAS, NRAS, OTUD4, EIF1AX, NUP93 and

NLRP6, according to each age group, but there was no

statistically significant frequency difference of somatic

mutation or copy number alteration (Fig. 7).

Discussion

The AJCC Cancer Staging Manual had been using an age

cutoff value of 45 years for PTCs since the 2nd edition

published in 1983. The new staging system with a cutoff

point of 55 years in the 8th edition was published in 2016

and is effective starting from January 2018. The object of

this study was to determine how accurately the 8th edition

reflects the prognosis and recurrence of PTC compared to

the 7th edition by analyzing the overall survival and

recurrent-free survival of 505 cases of PTC when using the

cutoff value of 45 years of age and 55 years. Furthermore,

we aimed to find out how the stage of each of those 505

PTC cases changed when using the 8th edition staging

system and to investigate if the down-staging correctly

reflected the disease prognosis by evaluating the recurrence

and overall survival in those cases where the stage had

changed.

Fig. 3 Stage-dependent

Kaplan–Meier plot for

recurrence-free survival (RFS),

using two different staging

systems. a We followed the

staging system using AJCC 7th

edition, and b we used the

AJCC 8th edition. When we

used AJCC 8th staging system,

KM plot for RFS showed a

much more significant p value

than when using the 7th edition

(p = 0.048 in AJCC 7th and

p = 3.1 9 10-9 in AJCC 8th)

Fig. 4 Stage-dependent

Kaplan–Meier plot for overall

survival (OS), using two

different staging systems. a We

used the AJCC 7th edition, and

b we used the AJCC 8th edition.

Both KM plots for OS showed a

statistically significant

difference (p = 5.9 9 10-10 in

AJCC 7th and p = 2.2 9 10-10

in AJCC 8th)
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This study showed that when setting the age cutoff value

at 45 years, there was no significant difference in recurrent-

free survival between those younger than 45 and those 45

and older. In contrast, there was a statistically significant

difference in recurrent-free survival when raising the cutoff

value to 55 years (Fig. 1). There was a significant differ-

ence in overall survival whether the age cutoff value was

45 or 55 years, but the difference was much more striking

when the cutoff value was 55 years (Fig. 2). These data

indicate that raising the cutoff age value from 45 to

55 years more effectively predicts the disease prognosis of

PTCs and support the use of the 8th edition of the AJCC

Cancer Staging Manual.

We also analyzed the clinical features of the 505 PTC

cases using the two different age cutoff values and inter-

estingly discovered that the size of the tumor was signifi-

cantly increased in those 55 years or older when compared

with patients younger than 55 years, while there was no

statistically significant difference when the cutoff value

was 45 years (Table 1). In the 7th edition, stage I and stage

II were divided according to mass size, as 2–4-cm tumors

were included in stage II and less than 2-cm-sized tumors

were included in stage I. However, in the 8th edition, all

patients younger than 55 years without distant metastases

are stage I regardless of tumor size, and those 55 years or

older with tumors B4 cm are also stage I when negative for

lymph node metastases, despite there being many reports

regarding the correlation between mass size and prognosis

of PTCs [7–9]. As we were able to show that tumor size

was not independent of age when the age cutoff was raised

to 55 years, this result may be supporting evidence for the

exclusion of the size criterion from the 8th edition.

Overall, 203 cases were down-staged when using the 8th

edition staging system, including 53 cases changing from

stage III to stage II and 53 cases changing from stage III to

stage I (Table 2). Most of the down-staging occurred in

PTC cases with minimal ETE or central neck lymph node

metastasis because they were allocated to stage III

according to the 7th edition, but to either stage I or II

according to the 8th edition. Of the 53 cases that were

down-staged from stage III to stage II, there were nine RFS

events (recurrence) and two OS events (death), suggesting

that prudent follow-up care may be warranted for such

down-staged cases. There were 3 deaths of the 22 cases that

were down-staged from stage IV to stage II, and 4 deaths of

the 16 cases that were down-staged from stage IV to stage

III, further supporting the need for careful monitoring of

Fig. 5 Gene expression pattern according to age distribution.

Supervised clustering of papillary thyroid carcinomas (PTCs) did

not show distinct molecular subtypes. Gene with expression levels

that were at least twofold different in at least 50 cases relative to the

median value across cases was selected for hierarchical clustering

analysis. Data are given in matrix format, in which rows represent

individual genes and columns represent each patient. Each cell in

the matrix represents the expression level of a gene feature in an

individual pattern. Color red or green in cell reflects a relatively

high or low expression, respectively, as indicated in the scale bar

Fig. 6 Schematic diagram of the number of each-age-specific

genes. When we applied stringent cutoff of p\ 0.001 (Student’s

t test) and 1.5-fold difference, we identified 103 genes which were

differently expressed in patients C55 years. As for age under 45 and

age between 45 and 55, there were only 14 and zero differently

expressed genes (DEG), respectively
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down-staged cases, as gross extension into strap muscle

(stage II) or into subcutaneous tissue, larynx, trachea,

esophagus, and recurrent laryngeal nerve (stage III) defi-

nitely is presenting finding of poor prognosis of PTCs in

many reports [10–12].

When we performed multiplatform genomic analysis,

remarkably, gene expression pattern analysis showed that

of the three age groups, group-specific genes were only

observed in the group of 55 years and older, as there were

103 differentially expressed genes (DEG) found for group

3 but only 14 genes for group 1 and zero for 2 (Fig. 6). This

means that that there were only 14 genes having a signif-

icant difference in mRNA expression between groups 1 and

2, implying that there is no significant genetic difference in

the biological pathways of PTC patients less than 45 years

and those at least 45 years and less than 55 years old. This

result demonstrates that raising the age cutoff value to

55 years is not only clinically appropriate but also geneti-

cally sound. Although there are gene differences, they are

not clearly seen on the heatmap because we performed

supervised clustering by fixing the X-axis (505 cases) and

clustering only the Y-axis (genes). This may cause distri-

bution of the clustering of the highly expressed and lowly

expressed genes when looking at the heatmap. In contrast

to gene expression pattern, copy number alteration and

somatic mutation profile analysis did not reveal any sig-

nificant difference in mutations between the three groups

(Fig. 7).

In this study, we carried out gene network analysis by

using analysis tool in IPA to uncover potential signaling

pathways activated in each subtype (Supplement Data 3).

We used p value and expression ratio of differently

expressed genes (Supplement Data 4). Analysis predicted

that patients at least 55 years old (group 3) had alterations

in Sirtuin signaling pathway, ATM signaling, FXR/RXR

activation pathway, and TGF-beta pathway. Sirtuins are

class III histone deacetylase enzymes that use NAD? as a

co-substrate for their enzymatic activities [13]. SIRT1,

SIRT6, and SIRT7 are primarily nuclear enzymes which

regulate transcription factors, and SIRT6 and SIRT7 play

important roles in rRNA transcription and cell cycle reg-

ulation [14]. The ATM signaling pathway is associated

with cell cycle regulation and is involved in cellular stress

response. There are many reports supporting the associa-

tion of the ATM pathway with PTC prognosis [15, 16]. The

FXR/RXR pathway has been reported to be associated with

tumor aggressiveness that affects patients’ survival in

thyroid cancer [17].

Recently, there have been several studies investigating

how effective the new staging system is in predicting the

prognosis of PTC [18–20]. However, those previous stud-

ies had limitations in that they either used a heterogenous

cohort or had a small study population. The strengths of our

study are that we looked at both the clinical and genomic

data of 505 PTC patients enrolled in the TCGA database

and used a homogenous cohort. The limitation of this study

is that it is a retrospective analysis using TCGA data.

Prospective clinical trials are needed to provide more

reliable results.

In conclusion, this study is the first study to show clin-

ical and genetic evidence supporting the altered age cutoff

point of 55 years in the 8th edition of the AJCC Cancer

Staging Manual for PTC patients. Analysis of not only

clinical data but also gene expression data, copy number

Fig. 7 Copy number (CPN) alteration and somatic mutation profiles according to each age group. We compared seven of the most frequently

mutated genes (BRAF, HRAS, NRAS, OTUD4, EIF1AX, NUP93, and NLRP6) according to each age group, but there was no statistically

significant frequency difference of somatic mutation or copy number alteration
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alteration data, altered canonical pathway, and somatic

mutation profile revealed that the 8th edition’s staging

system can more accurately predict recurrence and also

survival rate compared to the 7th edition.
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