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Telomere Length Is Shorter in Affected Members
of Families with Familial Nonmedullary Thyroid Cancer
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Background: The theory that short telomere length and genetic defects in maintaining telomere length are
associated with familial nonmedullary thyroid cancer (FNMTC) is controversial. Thus, the aim of this study was
to determine whether telomere length and genes involved in maintaining telomere length are altered in FNMTC.
Methods: Blood samples were collected from 44 members (13 affected and 31 unaffected) of six families with
FNMTC and from 60 controls. Quantitative polymerase chain reaction (Q-PCR) and reverse transcription PCR
were performed to analyze relative telomere length (RTL), gene copy number, and mRNA expression of telo-
merase reverse transcriptase (h'TERT), telomere repeat binding factor 1 (TRF1), telomere repeat binding factor 2
(TRF2), repressor activator protein 1 (RAPI), TRF1 interacting nuclear factor 2 (TIN2), tripeptidyl peptidase 1
(TPP1), and protection of telomere 1 (POT1).

Results: Affected members had shorter RTL, as compared with unaffected members (0.98 vs. 1.23, p<0.01).
There was no significant difference in #"TERT, TRF1, TRF2, RAP1, TIN2, TPP1, and POTI gene copy number or
mRNA expression between affected and unaffected members.

Conclusions: RTL is shorter in affected members with FNMTC but is not associated with altered copy number or
expression in hTERT, TRF1, TRF2, RAP1, TIN2, TPP1, and POTI. The small differences in RTL preclude the

utility of RTL as a marker for FNMTC in at-risk individuals.

Introduction

THYROID CANCER IS the most common endocrine malig-
nancy and is one of the fastest growing cancer diagnoses
worldwide (1). Thyroid cancer may originate from follicular
or parafollicular cells. The majority of thyroid cancer cases
originate from follicular cells and are also referred to as
nonmedullary thyroid cancer. Approximately 9% of non-
medullary thyroid cancer cases are familial (2-4). Some in-
vestigators have suggested that familial nonmedullary
thyroid cancer (FNMTC) is associated with a younger age at
presentation and more aggressive disease than is sporadic
nonmedullary thyroid cancer (5). FNMTC has higher rates of
multicentric tumors, lymph node metastasis, extra-thyroidal
invasion, and persistent or recurrent disease. The risk of de-
veloping FNMTC in first-degree relatives of patients with
differentiated thyroid cancer is significantly higher than in the
general population (6,7). In addition, when comparing first
and second generations of families with FNMTC, some in-
vestigators have found that the second generation had disease
onset at an earlier age (8). However, no susceptibility gene(s)
responsible for FNMTC has been identified.

Telomeres, which are important in maintaining chromo-
somal stability, are linear chromosomal ends formed by the

tandem TTAGGG sequence. Telomere length is regulated by
the telomerase complex consisting of the telomerase reverse
transcriptase (TERT) catalytic subunit and the telomerase
ribonucleic acid (RNA) complex (9). At the very end of a
chromosome, a single-strand portion forms a loop, held to-
gether by a six-protein complex (telomere repeat binding
factor 1 [TRF1], telomere repeat binding factor 2 [TRF2], re-
pressor activator protein 1 [RAP1], TRF1 interacting nuclear
factor 2 [TINZ2], tripeptidyl peptidase 1 [TPP1], and protection
of telomere 1 [POT1]), known as “shelterin.” This protein
complex binds the TTAGGG sequence of telomere, protects
chromosomes, and regulates telomerase activity (10-14).
Dysregulated telomere length maintenance plays an impor-
tant role in genomic stability, since shortened telomere length
and increased telomerase activity result in facilitating malig-
nant transformation (15,16).

Short telomere length and genetic defects in telomere
maintenance have been associated with increased risk of
cancers (breast, bladder, lung, and gastrointestinal); familial
diseases, such as dyskeratosis congenital syndrome (17); and
familial cancers, including papillary thyroid cancer (18). Some
studies have also shown that telomere length is inherited and
segregates in families, and that the decrease in telomere length
may play a role in age-related genomic instability (19). In
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familial papillary thyroid cancer (also referred to as FNMTC),
Capezzone et al. found shorter telomere length and increased
telomerase activity in the lymphocytes of affected members
with familial papillary thyroid cancer (FPTC), as compared
with unaffected members and those with sporadic PTC,
benign thyroid neoplasm, and healthy controls (18). In a
follow-up study, this same group demonstrated short relative
telomere length (RTL) in thyroid tumor tissue of patients with
FPTC and sporadic disease but also showed shortened RTL in
the contralateral normal thyroid tissue, and extra-thyroidal
tissue only in affected members with FPTC and not in spo-
radic cases of papillary thyroid cancer (20). These findings
suggest that telomere length may predispose an individual to
FPTC. In contrast, Jendrzejewski ef al. did not find affected
members with FNMTC to have short RTL (21). Under-
standing the relative contribution of telomere length in
FNMTC and what mechanism(s) may account for this alter-
ation are important for determining what susceptibility
gene(s) may exist.

Given these two conflicting observations of RTL in affected
members with FNMTC, limitations in our understanding of
the genetic basis of FNMTC, and the lack of genetic markers
capable of risk-stratifying patients at risk for FNMTC, we
investigated RTL, and the gene copy number and expression
of genes involved in maintaining telomere length (hTERT,
TRF1, TRF2, RAP1, TIN2, TPP1, and POTI) in the blood
lymphocytes of a cohort screened for FNMTC and in controls.

Materials and Methods
Patients

Patients were enrolled in a clinical protocol approved by
the National Institutes of Health review board after written
informed consent was obtained. All patients completed a
family history questionnaire. All patients had a thyroid ultra-
sound to screen for a thyroid nodule. If a thyroid nodule
was present, thyroid fine-needle aspiration biopsy was per-
formed to exclude a thyroid cancer diagnosis. All participants
(and their legal guardians) agreed to annual follow-up with
blood tests and thyroid ultrasound. Blood samples were col-
lected from study participants, and deoxyribonucleic acid
(DNA) and total RNA were extracted. Six families with
FNMTC (13 affected and 31 unaffected family members) were
included in this study. The family pedigrees for the six fami-
lies are summarized in Figure 1. FNMTC was defined when
two or more first-degree relatives were affected (22). All his-
tologic diagnoses were reviewed by an endocrine pathologist
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to confirm the diagnosis of thyroid cancer, which were all
conventional papillary thyroid cancer. In addition to the
blood samples from FNMTC cases, we analyzed blood sam-
ples from patients with sporadic papillary thyroid cancer
(n=40), sporadic multinodular goiter (n=10), and sporadic
primary hyperparathyroidism (n=10) as controls.

Blood DNA and RNA preparation

Both genomic DNA and total RNA were extracted from
peripheral blood samples at the same time. Lymphocytes
were extracted from whole blood using a PAXgene blood
DNA kit (Qiagen; 761133). Genomic DNA and total RNA
were extracted from lymphocytes with an RNeasy Mini kit
(Qiagen; 74104) following the manufacturer’s instructions.
The quantity and quality of DNA and RNA were evaluated by
spectrophotometry (NanoDrop 2000; Thermo Scientific).
DNA stock (10ng/uL) was prepared and used for experi-
ments. Total RNA (400ng) was reverse-transcribed to com-
plementary DNA (cDNA) using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems [ABI];
4374967). Stock cDNA at 1:10 dilution was prepared and used
for subsequent experiments.

Quantitative polymerase chain reaction to detect RTL

The quantitative polymerase chain reaction (Q-PCR) assay
was performed as previously described (18). Telomere length
quantification was determined as the relative ratio of telomere
(T) repeat copy number to a single copy gene (S), called the T/
S ratio, in experimental samples using standard curves. The
36B4, encoding acidic ribosomal phosphoprotein PO, was
used as the control single copy gene. All samples, including
the endogenous control, were run on the same 384-well plate
to eliminate the effect of inter-assay variability as a result of
different PCR efficiency between plates. The PCR master mix
included 5 L. of SYBR Green PCR master mix (2 x; ABI), 1 uL.
of forward primer and 1uL of reverse primer, and 3 uL (30 ng)
of stock DNA in a total volume of 10 uL. A standard curve and
a negative control (no DNA template) were included in each
experiment. For the standard curve, the reference DNA
sample (pooled DNA samples) was diluted serially to pro-
duce five final concentrations (25, 3.13, 0.39, 0.049, and
0.0061 ng/uL). The PCR cycling condition for both amplicons
was 95°C for 10 minutes, followed by 30 cycles at 95°C for 15
seconds, 54°C for 1 minute, and 60°C for 30 seconds for
telomere PCR; and 40 cycles at 95°C for 15 seconds, and 60°C
for 1 minute for 36B4 PCR. To exclude the presence of

FIG. 1. Pedigrees of six
families in study cohort. [,
male; O, female; /, deceased;
shaded, affected with thyroid
cancer; *, underwent thyroid-
ectomy; *, blood sample in-
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nonspecific binding between Syber Green probes and tem-
plate, a dissociation stage was included at the end of all PCR
amplifications. To determine equal copy numbers per cell, the
p-globin gene was amplified in all DNA samples. The primer
sequences and concentrations of telomere, 36B4, and f-globin
were as described by Capezzone et al. (18). All PCRs were
performed on the 7900HT Fast Real-Time PCR System. ABI's
SDS 2.3 software was used to quantify PCR products for each
sample based on the standard curve.

hTERT copy number and mRNA expression

To determine h'TERT copy number and mRNA expression,
we performed DNA amplification using the SYBR Green
method and mRNA expression using ABI predesigned Taq-
Man® primer and probe and TagMan gene expression master
mix. Thirty nanograms of genomic DNA was amplified using
a final concentration of 300nM of the following primers:
sense, 5'-TGA CAC CTC ACC TCA CCC AC-3’ and antisense,
5-CAC TGT CTT CCG CAA GTT-3 in a final volume of 10 uL
Syber Green reaction mix. A standard curve and negative
control were included in each experiment. The thermal cy-
cling condition was 95°C for 10 minutes followed by 30
cycles at 95°C for 15 seconds and 60°C for 30 seconds. A
dissociation stage was included to exclude nonspecific
binding between SYBR Green probes and template. The
TagMan assay was used to measure h'TERT expression, us-
ing 3 uL. of cDNA in a final volume of 10 uL reaction. "TERT
TagMan primer and probe were purchased from ABI
(Hs00972652_g1). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as a control gene (Hs99999905_m1).
The difference in cycle threshold (Ct) between h'TERT and
GAPDH [-ACt= —(Ct of h'TERT -Ct of GAPDH)] was cal-
culated to determine h”TERT mRNA expression relative to
GAPDH expression.

Copy number and expression of shelterin complex genes

The shelterin complex is composed of six core proteins: TRF1,
TRF2, TIN2, POT1, TPP1, and RAP1. The copy number and
mRNA expression level of these genes were evaluated using
DNA and RNA from blood lymphocytes. The primers and
probes for these genes for the TagMan copy number and
mRNA expression assay were purchased from ABI (TRFI:
HS00783530_cn; TRF2: HS02635053_cn; RAPI: HS02244780_
cn; TIN2: HS02040625_cn; TPPI1: HS02844556_cn; POTI:
HS02381501_cn). PCRs were performed in four biologic repli-
cates in a duplex reaction with RNaseP as an endogenous con-
trol gene. Copy number was determined using the CopyCaller
v 1.0 software (www.appliedbiosystems.com/absite/us/
en/home/support/software/real-time-pcr/copycaller.html).
Human GAPDH mRNA expression was used as an endoge-
nous control. The expression level was determined by the
—ACt method.

Data analysis

Statistical analysis was performed with GraphPad Prism
5.04 for Windows (1992-2010 GraphPad Software, Inc.) and
IBM® SPSS® Statistics for Windows, version 16.0 (SPSS, Inc.).
Student’s t-test was used to determine statistical difference in
RTL, and hTERT and shelterin complex gene copy number
and expression between affected and unaffected FNMTC
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cases and other control groups. One-way analysis of variance
(ANOVA) was used to account for multiple comparisons and
differences among groups. Post hoc tests using least square
difference (LSD) and Bonferroni’s method were performed to
compare the mean difference between groups. The Pearson
correlation coefficient was calculated for RTL and age and
other variables, using 95% confidence interval. Demographic
and clinical data were analyzed by Fisher’s exact test for cate-
gorical data. Student’s t-test and Mann—-Whitney test were used
to compare parametric and nonparametric data, respectively.
Data are shown as mean +standard deviation. A two-sided p-
value of <0.05 was considered statistically significant.

Results
Relative telomere length

RTL was measured by Q-PCR in six families and other
control groups. The demographic and clinical characteristics
of the study cohort are summarized in Table 1. Affected
members in families with FNMTC had a higher rate of ad-
vanced tumors (T3 and T4) than patients with sporadic PTC
(46.2% vs. 12.5%, p=0.02). We found significantly shorter RTL
in FNMTC affected members (0.98+0.20) as compared with
unaffected members (1.23+0.29, p <0.01 by LSD method, with
ANOVA p=0.03; Fig. 2). However, there was no significant
difference in RTL between FNMTC affected members and
other control groups (Fig. 2).

As expected, we found an inverse association of RTL and
age in the entire cohort (r= — 0.24, p=0.03; Fig. 3). There was
no significant difference in age between the groups. Also,
there was no significant association between RTL and other
demographics and clinical characteristics, such as sex, ad-
vanced T stage (T3 and T4 vs. T1 and T2), lymph node or
distant metastasis, extrathyroidal extension, lymphovascular
invasion, multifocality, recurrent disease, presence of benign
thyroid nodules, thyroiditis, history of other cancers, and to-
bacco use (Table 2).

There were no significant differences between affected and
unaffected members of FNMTC with regard to sex distribu-
tion (31% men vs. 48% men, p=0.33), body mass index (27.9
vs. 27.4, p=0.81), the rates of tobacco use (44% vs. 20%,
p=0.20), benign thyroid nodules (20% vs. 57%, p=0.07), and
prior history of other cancers (0% vs. 7%, p=1.0).

hTERT and shelterin complex copy number
and gene expression

No differences in h'TERT copy number were observed in
affected versus unaffected members with FNMTC (0.60+0.18
and 0.55+0.17, respectively; p=0.61). We also found no sig-
nificant difference in "TERT mRNA level in affected versus
unaffected FNMTC members (8.77+2.92 vs. 8.34+5.12;
p=0.82; Fig. 4). Affected members had significantly higher
HhTERT copy number than sporadic benign thyroid group
(p=0.03). There was no significant difference in copy number
and mRNA expression level of TRF1, TRF2, RAP1, TIN2, TPP1,
and POT1 in affected versus unaffected members with FNMTC.

Discussion

In this study, we determined whether telomere length was
shorter in affected members with FNMTC as compared with
unaffected members and other control groups. As previously
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TaBLE 1. StuDY COHORT CLINICAL CHARACTERISTICS
Familial Sporadic Parathyroid
Affected Unaffected  Sporadic thyroid — Multinodular No thyroid
Characteristics (n=13) (n=31) cancer (n=40)  goiter (n=10) disease (n=10) p-Value
Sex (M/F) 4/9 15/16 5/55 2/8 4/6 0.207
Age (mean*SD) 444+144 40.0+223 47.2+125 41.0+£14.6 41.6+18.8 0.36
TSHP (median +SD) (reference 0.11+£0.3  0.85%2.5 2.02+14 2.00£1.9 141£1.2 0.01
range: 0.4-4.0 mIU/L)
Pathology
Thyroid cancers 0.70
Classical PTC 11 (84.6%) 30 (75%)
Follicular variant PTC 1 (7.7%) 7 (17.5%)
Other thyroid cancer subtypes® 1 (7.7%) 3 (7.5%)
Multinodular goiter 10
Parathyroid adenoma 8
Parathyroid hyperplasia 2
Tumor characteristics
T3 and T4 46.2% 12.5% 0.02
Size (median+SD) in mm 18+11.2 9+16.8 0.11
Lymph node metastasis 46.2% 38.1% 0.73
Distant metastasis 0% 3.8% 1.0
Extrathyroidal extension 30.8% 7.5% 0.05
Lymphovascular invasion 25% 7.5% 0.19
Multifocality 46.2% 45% 1.0
Thyroiditis 38% 15% 0.08
Disease recurrence 7.7% 2.5% 0.43
Radioactive iodine treatment 75% 50% 0.19

“p-Value reflects a comparison of sex distribution between affected members of family with FNMTC and patients with sporadic thyroid cancer.
PPostoperative values in affected member, sporadic thyroid cancer, and multinodular goiter groups.

“Diffusing sclerosing and tall-cell variant PTC.

TSH, thyrotropin; FNMTC, familial nonmedullary thyroid cancer; SD, standard deviation.
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FIG. 2. Relative telomere length (RTL) measurement in
affected and unaffected members with familial non-
medullary thyroid cancer (FNMTC) and other control
groups. Affected members had significantly shorter RTL
than unaffected members. The mean RTL of each group is
indicated in the long black line, and standard error of the
mean is shown. FNMTC, affected patients with FNMTC;
UAFM, unaffected family members; STB, sporadic thyroid
benign disease; STC, sporadic thyroid cancer; NTS, non-
thyroid subjects.

reported, we found that affected members had shorter RTL in
blood lymphocytes. To explore the possible mechanism of the
shorter RTL observed in affected members with FNMTC, we
studied genes involved in regulating telomere length for copy
number and mRNA expression differences. We, however,
found no significant difference in h"TERT, TRF1, TRF2, RAP1,
TIN2, TPP1, and POT1 copy number and mRNA expression

2.0~

=
o
1

RTL (Qty)
=
1L

e
o
1

0.0 T T T 1
0 20 40 60 80
Age
r=-0.24, p=0.03

FIG. 3. Association of RTL and age in cohort.



TELOMERE IN FAMILIAL NONMEDULLARY THYROID CANCER

TABLE 2. RELATIVE TELOMERE LENGTH AND STUDY COHORT
CLINICAL CHARACTERISTICS IN PATIENTS WITH SPORADIC
TrHYROID CANCER AND AFFECTED MEMBERS OF FAMILIES

WITH FAMILIAL NONMEDULLARY THYROID CANCER

Patient characteristics Mean RTL+SD p-Value
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in affected and unaffected members with FNMTC and other
control groups. This finding suggests that RTL may be asso-
ciated with FNMTC.

Although we confirmed, in an independent cohort, the
findings of Capezzone et al. (18) in regards to shorter RTL in
affected members with FNMTC, the difference in RTL was

Sex 0.06 much smaller than that observed by them with overlap in RTL
Male 0.96+0.18 between affected and unaffected members. Therefore, RTL is
Female 1.11+£0.20 not likely to be a useful marker for FNMTC. Although

Advanced T stage (T3—4) 0.81  patients who had a negative thyroid ultrasound with no prior
Yes 1.07£0.14 history of thyroid cancer were defined as unaffected, it is
No . 1.940.22 possible that some may develop thyroid cancer in the future.

Lymph node metastasis 0.82 These patient tribute to shorter RTL in “unaffected”
Yos 1.06+0.20 patients may contribute to shorter in “unaffecte
No 1.07+016 members. Follow-up of these families will be important to

Distant metastasis 0.20 determine whether this is indeed the case. We did not find any
Yes 0.79 significant differences in other factors (tobacco use or history
No 1.06+0.20 of other cancers or rates of benign thyroid diseases) and RTL

Extrathyroidal extension 0.68 in the entire study cohort, or in affected and unaffected
Yes 1.05+£0.13 members. Affected members of families with FNMTC in our
No 1.09+0.22 study had a significantly higher rate of locally invasive thy-

Lympho-vascular invasion 0.46 roid cancer (T3 and T4) than patients with sporadic thyroid
Yes 1.03+0.22 cancer as has been observed in some studies (5). While our
No 1.11+0.21 . . .

Multifocality 0.72 study is not'the first to demonstrate §h9rter RTL in affectefi
Yes 1.07+0.22 members with FNMTC, our study is important in that it
No 1.09+0.20 demonstrates that this finding may be more applicable to a

Disease recurrence 0.57 heterogeneous population of FNMTC studied in our analysis
Yes 1.17+0.06 than to a more homogenous population from Italy and Por-
No 1.08+0.21 tugal (21,23). Further, the lack of significant difference be-

Presence of benign thyroid nodules 0.60 tween affected members with FNMTC and those with
Yes 1.10£0.21 sporadic and benign thyroid disease also suggests that short
No o 1.07+0.21 RTL is not necessarily specific to FNMTC.

Thyroiditis " 0.53 In contrast to the study by Capezzone et al. (18), we found
KTeoS 1(1)818;; no difference in "TERT gene copy number and mRNA ex-

History of other cancers 0.84 pr.essmn in affected membgrs with FNMTC, as compared
Yes 1.10+0.18 with unaffected members using the same methods. However,
No 1.08+0.21 affected members with FNMTC in our study had a signifi-

Tobacco use 0.70 cantly higher h'TERT gene copy number than patients with
Yes 1.13+0.15 benign thyroid disease but this was not associated with a
No 1.101£0.21 difference in RTL. A recent study suggested that telomere

Radioactive iodine treatment 0.20 length may be inherited and that the telomere set-point may
Yes 1.05+0.20 be reset, which provides indirect evidence to support the
e Ll hypothesis that shorter RTL among affected members with
RTL, relative telomere length. FNMTC may be indeed inherited (24). However, it is unclear
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why shorter RTL may result in one specific familial cancer,
such as thyroid cancer, since the shorter telomere length
would be present in all cell types and thus should result in a
higher risk of malignancies in other organs. Further, we ob-
served a relatively small difference in RTL among affected
members with FNMTC, compared with that observed by
Capezzone et al. (18). Taken together, these observations
suggest that shorter telomere length is likely not to be the sole
predisposing genetic factor in FNMTC, since RTL differences
may also occur due to a variety of factors, such as dietary and
environmental factors (25,26).

To understand what possible mechanism(s) may account
for the shorter RTL we found among affected members with
FNMTC, we evaluated h'TERT copy number and mRNA ex-
pression. However, we found no difference in hTERT
copy number and expression, in contrast to the study by
Capezzone et al. (18). In addition, because the shelterin com-
plex proteins have also been implicated in maintaining telo-
mere length and genomic stability, we also analyzed the copy
number and mRNA expression of these genes and found no
difference. These findings suggest that alterations in h'TERT,
TRF1, TRF2, RAP1, TIN2, TPP1, and POT1 copy number and
mRNA expression level are not likely to account for the
shorter RTL we observed in our cohort of FNMTC.

In summary, telomere length is shorter in affected members
with FNMTC but the significance to thyroid cancer develop-
ment and the mechanism of this finding still remains unclear.
The small difference and overlapping telomere length be-
tween unaffected and affected members preclude the utility of
RTL as a marker for FINMTC in at-risk individuals. Additional
studies in larger population with long-term follow-up to
confirm this finding are needed.
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