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Abstract

Introduction Bilaterality is a newly identified indicator for aggressive tumor behavior and poor outcome in papillary thyroid
cancer. However, the clonal origin of these bilateral tumors remains unclear.

Methods Here we analyzed 28 pairs of early-stage papillary thyroid cancers (stage I-II without extra-thyroidal extension,
lymph node metastasis or distant metastasis) that underwent surgery at First Affiliated Hospital of Zhejiang University
School of Medicine (Hangzhou, China). Genomic DNA was extracted from paraffin-embedded tissues after microdissection
and analyzed for BRAF mutation and X-chromosome inactivation.

Results A total of 16 patients (16/28, 57.1%) harbored different BRAF status in bilateral tumors. Fourteen patients were
available for X-chromosome inactivation assay and 10 of them achieved informative results. Bilateral tumors from four cases
had distinct patterns of X-chromosome inactivation. Combining the results of X-chromosome inactivation and BRAF
analysis, we demonstrated that at least 64.3% (18/28) cases harbored discordant X-chromosome inactivation or BRAF status,
indicating their independent clonal origin in bilateral tumors.

Conclusions The present study confirms “field cancerization” in early-stage bilateral thyroid cancers, suggesting that these
subtype papillary thyroid cancers should be treated as independent and localized tumors.
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Introduction

The incidence of thyroid cancer has increased rapidly over
the past few decades [1, 2]. Papillary thyroid cancer (PTC)
is the most common type and highly curable after standard
treatment including surgery with/without radioactive iodine
[2-4]. Bilaterality is a characteristic present in 13-56%
thyroidectomy cases [5—7]. Previous studies from our group
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have demonstrated that bilateral PTCs showed more
aggressive behaviors, advanced tumor stage and worse
outcome when compared to unilateral, and even unilateral-
multifocal PTCs [8, 9]. Therefore, bilaterality is an adverse
factor which should be considered in risk stratification,
treatment and subsequent follow-up of thyroid cancer.
However, it remains unclear whether the contralateral
tumors arise independently (independent clonal origin) or
result from intraglandular metastasis (same clonal origin).
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The answer to this question will not only improve the
understanding of tumorigenesis, but also guide clinical
management since the treatment of localized and metastatic
tumor is substantially different.

Advances in molecular biology provide more specific
and reliable approaches to clonal analysis. Lyon et al. found
either paternal or maternal X chromosome would be ran-
domly inactivated by methylation during early stage of
embryogenesis in female [10]. Since the methylation status
can be stably inherited by progenitor cells, tumors originate
from a single cell will present the same methylation phe-
notype [10]. Thus, X-chromosome inactivation (XCI)
assessment is the gold standard for clonal analysis. What’s
more, transformation and progression of cancer is accom-
panied with numbers of genetic alterations, and most of
them are passenger mutations not shared by all foci even if
they are developed from the same clone [11, 12]. In con-
trast, driver mutations are the trigger of carcinogenesis and
retained homogenously during clonal expansion, which can
serve as markers to discriminate clonal origin of tumors
[11, 13]. In thyroid cancer, BRAF mutation is regarded as an
early molecular event and good clonal marker [14], which
could induce the occurrence of goiter and PTC in transgenic
mice [15].

The clonal origin of multifocal thyroid cancer is a long-
standing controversy. Some researchers support the inde-
pendent clonal origin, that is, the lesions are developed
independently from separate origins in the same environ-
mental background [16-18]. While others propose that
lesions arise from a single clone and the tumor clones
spread through intraglandular metastasis, giving rise to
distinct but genetically related metastatic lesions [19, 20].
So far, few research has specifically focused on the clonal
origin of bilateral thyroid cancer. Our previous study initi-
ally aimed to identify the clonal origin of contralateral
tumor and metastatic lymph node in bilateral PTCs, in
which nearly all the patients had advanced stages with
extra-thyroidal extension, lymph node metastases or distant
metastases [19]. We found that contralateral lesion and
metastatic lymph node usually shared concordant clonal
origin with primary tumor, suggesting the unnegligible role
of intrathyroidal metastasis [19].

With the improvement of detection technologies, more
and more thyroid cancers are diagnosed in early stage
[21-23]. Over-diagnosis and over-treatment are not rare in
clinical practice, and many clinicians propose that unne-
cessary treatment should be avoided in early-stage thyroid
cancer which is precursor to a more aggressive process
[23-25]. We hypothesize that intrathyroidal metastasis has
not occurred in early-stage tumors, so that the clonal origin
of early-stage bilateral thyroid cancer may be different from
those with invasion and metastasis.

Materials and methods
Case selection and tumor specimen collection

Twenty-eight PTC patients were enrolled according to the
following criteria: (1) bilateral tumors were diagnosed and
treated with total thyroidectomy in the First Affiliated
Hospital, Zhejiang University School of Medicine (Hang-
zhou, China); (2) all the tumor nodules were classical PTC;
(3) tumors were in stage I-II without extra-thyroidal
extension, lymph node metastasis or distant metastasis; (4)
no history of irradiation or clinical presentation of Hashi-
moto’s thyroiditis; (5) the bilateral tumors were available to
be analyzed as a pair.

Pathological diagnoses were confirmed by three senior
pathologists according to the World Health Organization
Classification [26]. Tumor stage was classified according to
8th TNM system of American Joint Committee on Cancer
(AJCC) [27]. This study was approved by the Institutional
Review Board of First Affiliated Hospital, Zhejiang Uni-
versity School of Medicine. Informed consent has been
obtained from each patient after full explanation of the
purpose and nature of all procedures used according to the
Helsinki Declaration of 1975, as revised in 1983.

Microdissection and DNA extraction

Genomic DNA was isolated from paraffin-embedded spe-
cimens. A 4-um-thick section was stained with hematoxylin
and eosin (H&E) as template for microdissection. Four to
eight unstained 10-um-thick sections were deparaffinized in
xylene and rehydrated in graded ethanol. Tumor margins
were marked by comparing with the H&E-stained slide and
tumor tissues were then micro-dissected from unstained
sections and transferred to 1.5-mL Eppendorf tubes. DNA
was released in 500-pL tissue lysis buffer (10 mmol/L Tris,
0.2 mmol/L. EDTA and 0.5% sodium dodecyl sulfate; pH
8.0) plus 0.1 mg proteinase K at 56 °C overnight, and then
added Chelex-100 resin (Sigma) and incubated at 37 °C for
1 h to improve the quality of DNA. Finally, genomic DNA
was extracted by phenol/chloroform and precipitated in
ethanol. Concentration and purity of genomic DNA were
evaluated by spectrometry.

X-chromosome inactivation assessment

The human androgen receptor gene (HUMARA) in X
chromosome has a highly polymorphic CAG repeat (~90%)
and methylation-sensitive restriction enzyme sites for Hhal
and Hpall [28, 29]. The detail conditions and primers used
in HUMARA assay can be found in our previous study
[19]. Allele intensity was determined by the peak height and
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Table 1 Characteristics of the enrolled patients

Patient Gender Age at diagnosis  Disease extent at surgery Follow-up time Last known disease
ID (years) (months) status
Extra-thyroidal Lymph node Distant Stage
extension metastases metastases

1 F 51 No No No I 69 AFD
2 F 43 No No No I 107 AFD
3 F 27 No No No I 102 AFD
4 F 35 No No No I 97 AFD
5 F 59 No No No I 97 AFD
6 F 49 No No No I 96 AWD
7 F 50 No No No I 96 AFD
8 F 58 No No No I 91 AWD
9 M 64 No No No I 88 AFD
10 F 37 No No No I 84 AFD
11 F 56 No No No I 81 AFD
12 F 46 No No No I 81 AFD
13 F 45 No No No I 81 AFD
14 F 48 No No No I 81 AFD
15 F 41 No No No I 77 AFD
16 F 44 No No No I 69 AFD
17 F 41 No No No I 69 AFD
18 F 50 No No No I 69 AFD
19 F 64 No No No I 66 AFD
20 F 47 No No No I 66 AFD
21 F 56 No No No I 66 AFD
22 F 27 No No No I 66 AFD
23 M 32 No No No I 65 AFD
24 F 42 No No No I 63 AFD
25 M 65 No No No I 63 AFD
26 F 32 No No No I 63 AFD
27 M 48 No No No I 62 AFD
28 M 63 No No No I 60 AFD

F female, M male, AFD alive free of disease, AWD alive with disease

modified to uniform the volume of size marker (Genescan-
500Liz; ABI Perkin Elmer, Warrington, UK). The corrected
allele ratio was calculated as follows: (peak 1 height of
undigested sample + peak 2 height of undigested sample +~
Liz 200-bp height of undigested group)/(peak 1 height of
digested sample + peak 2 height of digested sample + Liz
200-bp height of digested group). If the corrected ratio was
less than 0.2 or more than 2, we considered the sample as
nonrandom XCI [30]. Tumors were regarded as polyclonal
if discordant inactivation patterns were detected.

BRAF mutation analysis
We amplified the exon 15 of BRAF gene using the primer

sequences described in previous study [31]. Total volume of
polymerase chain reaction (PCR) was 25puL including
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200 ng genomic DNA as template, 1 x PCR buffer with
2.0 mmol/L. magnesium chloride, 0.2 mmol/L. of each
deoxynucleotide triphosphate and 1 unit of HotStart Taq
polymerase (Takara, Shuzo, Japan). The reaction was con-
ducted as follows: 95 °C for 10 min, followed by 40 cycles
of 94 °C for 30s, 58 °C for 30s, and 72 °C for 30s, and
then a final extension at 72 °C for 10 min. A 224-base pair
(bp) product was finally amplified. PCR products were
visualized by electrophoresis in 2% agarose gel containing
ethidium bromide (10ug/mL) and sequenced by ABI
PRISM 3730XL. DNA Analyze (Applied Biosystems,
Foster City, CA) using BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, USA).
The sequencing results were compared with the standard
BRAF gene sequence (GenBank accession number:
NC_000007.14).
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Table 2 BRAF mutations in bilateral cases

Table 3 X-chromosome inactivation (XCI) analysis in bilateral cases

Patient ID  Tumor left Tumor right Clonality
Tumor Mutation ~ Tumor Mutation
size (mm) size (mm)
1 15 T1799A 16 T1799A
2 25 WT 13 WT
3 10 T1799A 12 WT Independent
4 8 T1799A 5 WT Independent
5 20 WT 10 WT
6 18 T1799A 13 WT Independent
7 10 T1799A 8 WT Independent
8 8 WT 11 T1799A Independent
9 25 WT 6 T1799A  Independent
10 9 T1799A 11 WT Independent
11 16 T1799A 13 T1799A
12 8 T1799A 8 WT Independent
13 5 T1799A 15 WT Independent
14 6 T1799A 8 T1799A
15 8 T1799A 7 WT Independent
16 6 WT 6 T1799A Independent
17 6 WT 7 T1799A Independent
18 9 T1799A 10 T1799A
19 30 T1799A 6 T1799A
20 15 T1799A 6 WT Independent
21 12 T1799A 16 T1799A
22 3 WT 9 T1799A Independent
23 6 WT 7 WT
24 8 WT 6 T1799A  Independent
25 5 T1799A 6 T1799A
26 10 T1799A 5 T1799A
27 10 WT 5 T1799A  Independent
28 15 T1799A 13 T1799A

WT wild type

Results

Characteristics of 28 bilateral PTC patients (23 females and
5 males) in this study were shown in Table 1. Patients’ ages
were ranged from 27 to 65 years old (mean 47 years). All
patients were in the early stage (26 patients in stage I and 2
patients in stage II) and had no evidence of extra-thyroidal
extension, lymph node metastasis or distant metastasis after
surgery. At the time of this study, durations of follow-up
ranged from 60 to 107 months (mean 77.7 months) and
majority of patients (26/28) were alive free of disease
(AFD) except two patients were alive with disease (AWD).

The BRAF mutation status were summarized in Table 2.
A total of 16 patients (16/28, 57.1%) had different BRAF
status in bilateral tumors, that was, BRAF mutation positive
and negative tumors coexisted in both lobes of the same
patient. We considered that contralateral tumors of these
patients developed from independent neoplastic clones. On
the other hand, 12 patients (12/28, 42.9%) showed

Patient ID  Tumor XCI Clonality
location
Corrected allele  Inactivated
ratio allele
3 Left 0.19 S Independent
Right 7.3 L
4 Left 0.13 S
Right 0.04 S
5 Left 0.11 S NA
Right 1.24 Random
6 Left 0.003 S
Right 0.0015 S
7 Left 0.71 Random NA
Right 0.22 S
8 Left 0.15 S
Right 0.29 S
11 Left 2.61 L Independent
Right 0.12 S
14 Left 0.25 S Independent
Right 72.3 L
15 Left 0.49 S Independent
Right 13.3 L
18 Left 0.54 Random NA
Right 9.2 L
21 Left 0.008 S
Right 0.034 S
22 Left 3.72 L NA
Right 0.61 Random
24 Left 0.1 S
Right 0.14 S
26 Left 35 L
Right 2.4 L

S small allele, L large allele, NA non-available, the informative result is
not available

concordant BRAF status in bilateral tumors including nine
cases harbored BRAF mutation and three patients were wild
type.

We performed XCI assessment in all the 23 female
patients, but 6 patients (No. 1, 12, 13, 17, 19, 20) did not
yield adequate DNA, 3 patients (No. 2, 10, 16) didn’t
harbor the polymorphism in HUMARA gene and 4 patients
(No. 5, 7, 18, 22) presented as random results possibly
because of the interference from normal cells. Finally, 10
pairs achieved informative results of XCI assessment
(Table 3). The XCI assay results of patient No. 3 were
shown in Fig. 1 as an example. Bilateral tumors from four
cases were discordant in X-chromosome inactivation pat-
terns indicating different clonal origin of contralateral tumor
from primary lesion. The other six cases demonstrated
concordant XCI patterns including five cases harbored
inactivated X-chromosome in short allele and one case in
long allele of the AR gene.

Combined results of XCI and BRAF analysis were shown
in Table 4. A total of 18 patients (18/28, 64.3%) had
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Fig. 1 Amplified DNA from
tumor showed two alleles before
digestion indicating the
polymorphic CAG repeat in
HUMARA gene. We found loss
of different allele between left
and right tumors (indicated by
arrow) after digestion.
Therefore, the bilateral tumors in
Patient 3 had different patterns
of allele inactivation and
originated from independent cell
clone. H height, S size

Undigested

Digested

H: 364
S:200.0

discordant XCI or BRAF status in bilateral tumors, indi-
cating their contralateral tumors developed independently
and should be regarded as a second tumor rather than
metastatic site of the primary.

Discussion

The clonality of tumor has long been of interest to oncol-
ogists and frequently explained by “field cancerization”
[32]. The concept of “field cancerization” was first proposed
by Slaughter et al. in 1953 to account for multifocal tumors
developed in aerodigestive tract of cigarette smokers, and
defined as “increased cancer predisposition due to multiple
genetic alterations or prolonged exposure to carcinogen”
[33]. The internal molecular abnormalities and external
environmental carcinogens contribute to malignant trans-
formation together, thus the lateral spread of tumor occurs
independently rather than metastasizes from pre-existing
cancer cells [34, 35]. Since then, the concept of field can-
cerization has also been applied in different cancers, espe-
cially for carcinogen-exposed tissues and fields locally
develop during neoplastic evolution [36, 37].

In the past few decades, the incidence of thyroid cancer
was increased rapidly by 5% per year, which may be
attributed to advanced image technologies detecting more
tumors in the early stage [21-23]. Some researchers have
demonstrated different clonality in early pre-neoplastic
lesions in breast [38], intestine [39, 40] and skin [41], and
whether field cancerization also exists in thyroid cancer
remains unclear. In this study, we included 28 pairs of
bilateral PTC in the early stage without extra-thyroidal
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Patient 3
Tumor Right

Undigested

S 61 J\

H: 442
S:200.0

H: 330
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extension, lymph node metastasis and distant metastasis,
and assessed the clonal origin by XCI and BRAF mutation
analysis. Although XCI assessment is the gold standard, this
method is limited by the quality and quantity of DNA and
cannot conduct in males or females without HUMARA
polymorphism. Therefore, we combined the analysis of
BRAF mutation to improve the sensitivity of our study.
During transformation and progression of cancer, different
genetic mutations may be accumulated in one tumor and
cause genetic heterogeneity [11, 12]. Because of a high
prevalence and is regarded as an early genetic event, BRAF
mutation can be used as a marker of clonal analysis in
thyroid cancer [14, 15].

Our results demonstrated discordant XCI or BRAF' status
in 18 pairs of bilateral tumors, providing proof for inde-
pendent clonal origin in 64.3% (18/28) cases. What’s more,
in the other 10 bilateral PTCs, seven harbored the same
BRAF mutation in both lesions. Considering the high fre-
quency of BRAF mutation in thyroid cancer, it can’t be
distinguished whether this is a consequence of a single
mutation spreading throughout the gland, or of unrelated
mutational events in separate tumors. Similar concerns can
also be applied to the interpretation of XCI status. There-
fore, we conclude that at least 64.3% bilateral PTCs in the
early stage are of independent clonal origin, and the pro-
portion could be underestimated in this study.

In our previous study, we analyzed the clonal origin of
bilateral PTCs with advanced stage (with lymph node
metastasis, extra-thyroidal extension or tumor recurrence),
and found about 80% of them shared the same clonal origin
and probably arose from a single clone [19]. Furthermore,
we confirmed that bilateral PTCs with lymph node
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Table 4 Clonality assessment based on combination of BRAF
mutation and XCI analysis

Patient ID BRAF mutation XCI Clonality
(left/right) (left/right)

1 MUT/MUT NA

2 WT/WT NA

3 MUT/WT S/L Independent

4 MUT/WT S/S Independent

5 WT/WT S/Random

6 MUT/WT S/S Independent

7 MUT/WT Random/S Independent

8 WTI/MUT S/S Independent

9 WT/MUT NA Independent

10 MUT/WT NA Independent

11 MUT/MUT L/S Independent

12 MUT/WT NA Independent

13 MUT/WT NA Independent

14 MUT/MUT S/L Independent

15 MUT/WT S/L Independent

16 WT/MUT NA Independent

17 WTI/MUT NA Independent

18 MUT/MUT Random/L

19 MUT/MUT NA

20 MUT/WT NA Independent

21 MUT/MUT S/S

22 WI/MUT L/Random Independent

23 MUT/MUT NA

24 WI/MUT S/S Independent

25 MUT/MUT NA

26 MUT/MUT L/L

27 WI/MUT NA Independent

28 MUT/MUT NA

MUT mutation, WT wild type,

NA non-available, the informative result is not available

metastasis is different from those without lymph node
metastasis in terms of disease free survival after long-term
follow-up [9]. Taken together, we consider both field can-
cerization and intrathyroidal metastasis may happen in
bilateral PTCs with opposite outcomes. Further study will
be warranted to test this hypothesis.

Clarifying the clonal origin of bilateral PTC, whether
contralateral tumor is a metastatic spreading or second
primary tumor, has implications for understanding carci-
nogenesis and evolution of thyroid cancer. The information
is important to clinical practice for risk assessment, treat-
ment, and follow-up management. Patients with bilateral,
clonally unrelated tumors may have a better outcome
compared with those with clonally related tumors, since
metastatic spread probably have occurred in the latter

group. Therefore, independent clonal origin indicates the
importance of early prevention and detection, while same
clonal origin may emphasize the research to metastatic
mechanism, biomarkers for metastasis and systemic ther-
apy. Our study confirms “field cancerization” in early-stage
bilateral thyroid cancers, suggesting that these subtype
PTCs should be treated as independent and localized
tumors.
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