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Telomere dysfunction and aberrant telomerase ex-
pression play important roles in tumorigenesis. In
thyroid tumors, three possibly inhibitory splice vari-
ants of the active full-length isoform of human telo-
merase reverse transcriptase (hTERT) may be ex-
pressed. These variants might regulate telomerase
activity and telomere length because it is the fraction
of the full-length isoform, rather than the total tran-
script level, that correlates with enzymatic activity.
Telomerase reactivation may be critical in the early
stages of tumorigenesis, when progressive telomere
shortening may be limiting cell viability. The aim of
this study was to investigate the relationship between
telomere length and hTERT splice variant expression
patterns in benign and well-differentiated malignant
thyroid tumors. Telomere lengths of 61 thyroid tu-
mors were examined by fluorescence in situ hybrid-
ization, comparing tumors with adjacent normal thy-
roid tissue on the same slide. Expression patterns of
hTERT splice variants were evaluated by quantitative
and nested RT-PCR. Telomere length was inversely
correlated with percentage of full-length hTERT ex-
pression rather than with total hTERT expression lev-
els. Short telomeres and high fractions of full-length
hTERT transcripts were associated with follicular and
papillary thyroid carcinomas, whereas long telo-
meres and low levels of full-length hTERT were asso-
ciated with benign thyroid nodules. Intermediate lev-
els of full-length hTERT and telomere length were
found in follicular variant of papillary thyroid carci-
nomas and follicular adenomas. (Am J Pathol 2011, 179:
1415–1424; DOI: 10.1016/j.ajpath.2011.05.056)
Palpable thyroid nodules are present in almost 10% of the
population, and the incidence of thyroid cancer has al-
most doubled in the United States in the past decade,
increasing from 6.76 per 100,000 in 1997 to 11.99 per
100,000 in 2007.1 A recent study on 30,766 differentiated
thyroid cancer cases reported in the National Cancer
Institute’s Surveillance Epidemiology and End Results
database between 1988 and 2005 found an increased
incidence across all tumor sizes,2 suggesting that the
increasing incidence of thyroid cancer is not due to bias
from an increased detection of smaller tumors. The study
also shows that the survival rates of patients with thyroid
cancer have not improved in the same period.

Fine-needle aspiration (FNA) cytology is currently the
best diagnostic tool in the differential diagnosis of a thy-
roid tumor, but it often cannot differentiate a benign from
a malignant lesion, resulting in up to 30% ambiguous and
nondiagnostic FNA results.3 Thyroidectomy is recom-
mended for the treatment of most thyroid cancers.4–6

However, thyroidectomy for all patients with suspicious FNA
at the first operation is unacceptable because up to 50% of
lesions suspicious for thyroid cancer and 80% of all follicular
neoplasms are ultimately benign.7–11 Conversely, perform-
ing unilateral lobectomy alone for all suspicious lesions may
require a completion thyroidectomy days after an initial op-
eration, a practice considerably riskier than a single oper-
ation. Patients with a suspicious FNA diagnosis, therefore,
pose a serious clinical dilemma.12

Complicating this picture, there is considerable interob-
server and intraobserver variability in the classification of
follicular lesions.13 Although significant efforts have been
made to define the molecular features of the various thyroid
tumor subtypes, which should allow improved classification
based on the underlying molecular changes, we currently
lack reliable tools to accomplish this. Therefore, further in-
vestigations are needed to identify the defining mecha-
nisms responsible for the thyroid carcinogenesis and tumor
progression of the different tumor subtypes.
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Telomeres constitute the ends of eukaryotic chromo-
somes and are composed of 1000 to 2000 tandem re-
peats of the hexanucleotide sequence TTAGGG; they
progressively shorten in somatic cells during each cell
cycle until apoptosis or cell cycle arrest is triggered.14

Possible functions of telomeres include prevention of chro-
mosome degradation, end-to-end fusions, chromosomal re-
arrangements, and chromosome loss.15 The stabilization of
telomere length plays an important role in tumorigenesis,16

and the maintenance of telomeres is a prerequisite for ma-
lignant tumors to preserve their ability to proliferate. Never-
theless, significant telomere shortening has been reported
despite detectable telomerase activity in numerous cancer
tissues, including lung, breast, colon, pancreas, and pros-
tate,17–21 indicating that even when malignant cells can
reactivate telomerase and escape the constraints of critical
telomere shortening, pre-immortalization telomere shorten-
ing may not be completely reversible.

Two mechanisms maintain telomere length. Cancer cells
commonly maintain telomere length by strictly regulating
telomerase expression and/or catalytic activity. An alterna-
tive mechanism consists of lengthening telomeres by re-
combination-mediated DNA replication, although the latter
mechanism is more prevalent in tumors arising from mes-
enchymal tissues than in epithelial tumors, such as thyroid
cancer.22,23 Most human epithelial cancers, including thy-
roid cancers, have been shown to have short telomeres,
despite the presence of detectable telomerase activity.20,24

Human telomerase consists of a ribonucleoprotein
containing a protein catalytic subunit, the human telome-
rase reverse transcriptase (hTERT), and an RNA compo-
nent, the human telomerase RNA, and it may require
dimerization or multimerization for optimal activity.25,26

The hTERT transcript is known to have seven alternative
splice sites, which can theoretically produce multiple tis-
sue- and disease-specific alternative transcripts,27,28

only a few of which have been well documented to date,
however. We recently identified four hTERT splice tran-
script variants in thyroid tumors: full-length, �-deletion,
�-deletion, and �-�-deletion transcripts.29 We also
looked for the other possible hTERT splice variants in
thyroid tumors but did not find any evidence of the other
species, including the �-deletion, which was identified in
hepatocellular carcinoma cell lines. Telomerase enzyme
activity was shown by several groups to depend on the
presence of full-length hTERT gene expression.30,31 The
in-frame �-deletion (36 bp within the RT motif A)–derived
protein is a dominant negative inhibitor of telomerase
activity,32–34 as would be expected if it forms het-
erodimers with the full-length transcript-derived protein.
The reading-frameshifting �-deletion (182 bp) and �-�-
deletion (218 bp) are believed to produce truncated pro-
teins and may be subject to nonsense-mediated mRNA
decay due to the premature stop codon.33,35 A previous
study on hTERT splice variants in thyroid tumors con-
firmed that it was the fraction or percentage of full-length
transcript, rather than the overall level of hTERT expres-
sion, that correlated directly with enzymatic telomerase
activity.29 No study to date, however, has examined
whether telomere length correlates with hTERT alternative

splice variant patterns in thyroid tumors.
In this study, we used a fluorescence in situ hybridiza-
tion (FISH)–based method to measure telomere length in
61 formalin-fixed, paraffin-embedded (FFPE) human thy-
roid tumors of 7 histologic subtypes, which are a subset
of the series in which we previously reported the pres-
ence of hTERT splice variants.29 This study included 34
malignant tumors: 15 papillary thyroid carcinomas
(PTCs), 12 follicular variant of PTCs (FVPTCs), 4 follicular
carcinomas (FCs), and 3 Hürthle cell carcinomas (HCs);
and 27 benign lesions: 12 follicular adenomas (FAs), 6
Hürthle cell adenomas (HAs), and 9 adenomatoid nod-
ules (ANs). Because FCs and HCs are relatively infre-
quent, resulting in limited sample numbers, we grouped
follicular neoplasms with or without Hürthle cell morpho-
logic features together for the statistical analyses.

We compared the relative telomere length in each thy-
roid tumor with hTERT splice variant patterns and found
that, overall, telomere length correlated strongly with the
percentage of full-length hTERT expressed rather than
with its absolute expression level or the level of total
hTERT transcription, including all splice variants. Further-
more, short or absent telomeres and high fractions of
full-length hTERT were also associated with the FC and
PTC tumor subtypes represented in the study cohort,
which was limited to well-differentiated carcinomas and
benign thyroid tumors.

Materials and Methods

Tissue Samples

Frozen tissues were used for RNA extraction, and the
matched FFPE thyroid tissue sections were used for telo-
mere FISH analysis. The frozen thyroid tumors were se-
lected from an existing thyroid tissue bank, which has
been approved by the Institutional Review Board at
Johns Hopkins Medical Institutions. After obtaining in-
formed consent, we collected thyroid tumor specimens
for our tissue bank from patients undergoing thyroid sur-
gery at Johns Hopkins Hospital. Samples were immedi-
ately placed on ice, prosected in the Department of Pa-
thology from the centers of the lesions, snap frozen in
liquid nitrogen, and stored at �80°C until use. The sam-
ples used in this study were collected between 1998 and
2005. H&E-stained cryosections were prepared from the
frozen samples to ensure representative sampling from
the tumors, defined as �75% tumor tissue. Unstained
sections and a control H&E slide were obtained from the
Department of Pathology FFPE tissue archive and were
used for FISH analysis. The study pathologist confirmed
all final surgical pathology diagnoses on cryosections
and permanent sections.

Reverse Transcription and Nested PCR

Total RNA was isolated from each tumor using TRIzol
(Invitrogen, Carlsbad, CA) and was purified using the
RNeasy mini kit (Qiagen, Valencia, CA). Reverse tran-
scription was performed with 1 �g of total RNA and 250
ng of random primers by SuperScript III reverse trans-

criptase (Invitrogen). The relative gene expression levels
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of hTERT alternative splice variants were analyzed by
nested PCR, as previously described.29 The first round of
PCR was maintained in the exponential phase. Amplified
products were separated in 2% agarose gels with nucleic
acid gel stain (Cambrex, Rockland, ME) and were visu-
alized under UV light. The densitometric value of each
hTERT transcript was quantified using Quantity One im-
age analysis software (version 4.5.2; Bio-Rad, Hercules,
CA). The relative gene expression level of each transcript
was reported as a relative fraction of all the hTERT tran-
scripts present in the same sample.36 The nested PCR
has been optimized using thyroid cell line RNAs to ensure
no apparent distortion in the amplified products in each
sample. �-Actin served as an internal control.

Real-Time PCR

Real-time PCR was performed in triplicate for each sam-
ple using iQ SYBR Green Supermix (Bio-Rad) and was
analyzed on a Bio-Rad iQ5 thermal cycler. Total hTERT
expression level was detected with primers 5=-GCTACG-
GCGACATGGAGA-3= (forward) and 5=-GCGTGGGT-
GAGGTGAGGT-3= (reverse), and the hTERT full-length
transcript was detected with 5=-TACTTTGTCAAGGTG-
GATGTG-3= (forward) and 5=-GCTGGAGGTCTGTCAA-
GGT-3= (reverse). The expression level of hTERT was
normalized to �-Actin.

Telomere FISH

To minimize the processing differences, every slide was
recut from a paraffin-embedded tissue block containing
thyroid neoplastic and adjacent normal thyroid tissue.
Suitable areas were identified by light microscopy on
H&E-stained slides before the FISH analysis, which was
performed on a consecutive slide. The H&E-stained slide
was used as a guide during evaluation of the adjacent
telomere FISH slides. Hybridization to telomeric DNA us-
ing a directly labeled pan-telomeric peptide nucleic acid
(PNA) FISH probe was performed without protease di-
gestion, as previously described.19,20 Briefly, 4-�m-thick
sections from FFPE tissues were deparaffinized and hy-
drated through a graded ethanol series. Slides were then
placed in citrate buffer (Vector Laboratories, Burlingame,
CA), steamed for 14 minutes, and then dehydrated, fol-
lowed by application of a Cy3-labeled telomere-specific
PNA probe. This probe is complementary to the mamma-
lian telomere repeat sequence and has the sequence
(NH2 terminus to COOH terminus) 5=-CCCTAACCCTA-
ACCCTAA-3= with an NH2-terminal covalently linked Cy3
fluorescent dye. Samples were denatured for 4 minutes
at 83°C, followed by a 2-hour room temperature hybrid-
ization step. As a control for hybridization efficiency, a
fluorescein isothiocyanate–labeled PNA probe with the
sequence 5=-ATTCGTTGGAAACGGGA-3= and specific-
ity for human centromeric DNA repeats (CENP-B binding
sequence) was also included in the hybridization solu-
tion.37 After hybridization, slides were washed to remove
any unbound probe and were counterstained with the
DNA binding dye DAPI (Sigma-Aldrich, St Louis, MO) at

a concentration of 500 ng/mL in water. Slides were then
rinsed well in deionized water, drained, mounted with
ProLong antifade mounting medium (Molecular Probes
Inc., Eugene, OR), and coverslipped. All the slides were
imaged using a Nikon 50i epifluorescence microscope
equipped with an X-Cite 120 series illuminator (EXFO
Photonics Solutions Inc., Mississauga, ON, CA) and a
40� Neofluotar lens and appropriate fluorescence exci-
tation/emission filter sets. Grayscale images were cap-
tured for presentation using NIS-Elements software
(Nikon Instruments Inc., Melville, NY) and an attached
CoolSNAP EZ digital camera (Photometrics, Tucson, AZ),
pseudo-colored, and merged. All images were collected
during a single imaging session, during which integration
times were kept constant: 700 milliseconds for Cy3 (telo-
mere) and fluorescein isothiocyanate (centromere) and 50
milliseconds for the DAPI counterstain. Telomere lengths
were assessed by visually comparing telomere signals from
tumor cells with telomere signals from adjacent normal thy-
roid tissue and were graded using the following 5-point
scale: 0, very short; 1, notably shorter than normal; 2,
similar to normal; 3, notably longer than normal; and 4,
very long. Areas to be scored were selected by one
investigator with the guidance of the consecutive deiden-
tified H&E section, after which the scoring investigator
examined the FISH slide in a blinded manner.

Reproducibility of Telomere FISH Scoring

Intraobserver and interobserver variability of the telomere
length scoring method was assessed on a 55-sample
breast cancer TMA, which was processed in an identical
manner as the thyroid tumor series and was scored twice
over 2 days by two observers using the same 5-point
scale. As seen in Table 1, breast cancer telomeres show
much higher levels of heterogeneity than is seen in well-
differentiated thyroid carcinoma. Therefore, this repre-
sents a conservative assessment of the reproducibility in
this study, where one observer performed the scoring.

Statistical Analysis

We examined the ability of the gene expression levels of
hTERT and average telomere length, as assessed by
FISH, separately and combined, to distinguish between
benign (FAs, ANs, and HAs) and malignant (PTCs,
FVPTCs, FCs, and HCs) thyroid tumor subtypes.

A logistic regression model was used to examine the
statistical significance of hTERT splice variant expression
and telomere length and the probability of the tumor
being malignant or benign. Receiver operating charac-
teristic (ROC) curves were constructed to examine the
ability of the two best potential markers (percentage of

Table 1. Reproducibility of Telomere Length Scoring in Cancer
TMAs

Concordant
scores

Discordant
scores (�1)

Discordant
scores (�1)

Intraobserver 50/55 (91%) 5/55 (9%) 0/55

Interobserver 46/55 (84%) 9/55 (16%) 0/55
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full-length hTERT expression and telomere length), sep-
arately and combined, to distinguish between malignant
and benign thyroid tumor subtypes. As an overall esti-
mate of diagnostic performance, areas under the curve
(AUCs) are reported and compared based on the
method of DeLong et al.38 In addition, sensitivity and
specificity estimates, based on the value of each sepa-
rate marker that maximizes specificity while retaining
sensitivity �50%, are reported. Altogether, results from
61 tumors were examined: PTCs (n � 15), FVPTCs (n �
12), FCs (n � 4), HCs (n � 3), FAs (n � 12), HAs (n � 6),
and ANs (n � 9). Undetectable hTERT expression was
defined as no expression.

The JMP 7 statistical program (SAS Institute Inc., Cary,
NC) was used for parametric and nonparametric tests
comparing groups, including the Wilcoxon and Kruskal-
Wallis rank sum tests, and for the bivariate linear fit and
Spearman’s rho tests for nonparametric correlations.

Results

Quantitation of Total hTERT Transcripts and
Full-Length hTERT Transcripts in Thyroid
Tumors

Expression levels of total hTERT and the full-length tran-
script were determined by quantitative RT-PCR. To mea-
sure total hTERT, gene-specific primers were designed to
span a common sequence region shared by all four
hTERT isoforms. To selectively measure the full-length
isoform, primers were designed to encode sequences in
the �- and �-deletion sites. As shown in Figure 1A, the
expression level of total hTERT was higher in PTCs than in
the other tumor types, although this did not reach statis-
tical significance. When only full-length transcripts were
considered, PTCs showed significantly higher levels than
did FVPTCs and adenomas (Figure 1B). Except for one
AN outlier case, ANs had significantly less full-length
hTERT than did the other tumor subtypes.

hTERT Alternative Splice Variant Patterns in
Thyroid Tumors

We previously investigated the expression patterns of
hTERT splice variants using nested primer sets designed
to span a region that included the �- and �-deletion
sites.29 The splice variant assay was repeated for the
subset of samples in this study to have a side-by-side
comparison with the quantitative assessment of total
hTERT transcript expression levels. Figure 2A is a repre-
sentative agarose gel image showing the splice variant
patterns of four of the most common thyroid tumor types.
Using this highly sensitive nested RT-PCR assay, the total
hTERT-positive rates were similar in the 34 malignant
(82.35%) and 27 benign (85.19%) tumor samples. In con-
trast to overall hTERT expression, the full-length variant was
expressed at significantly higher fraction levels in malignant
tumors (mean � SD: 50.26% � 7.37% of total transcripts)
than in benign tumors (mean � SD: 18.47% � 4.95% of

total transcripts; P � 0.002). Furthermore, the full-length
hTERT was expressed at high levels in PTCs and FCs/
HCs and at considerably lower levels in FVPTCs and
benign tumors (FAs/HAs and ANs). The decrease in full-
length transcript expression was accompanied by a con-
comitant increase in the inhibitory �-deletion variant and
the nonfunctional �-deletion variant in benign tumors
(Figure 2B). The �-�-deletion variant was seen in only two
HAs (2% and 15% of total transcripts, respectively). We
grouped them with the �-deletion variant because both
variants cause reading-frameshifts and would code for
presumably inactive peptides.

Although neither total hTERT expression nor full-length
isoform levels correlated with tumor subtypes, the relative
fraction of full-length transcript, as expressed in percent-
age of total hTERT (%FL-hTERT; Figure 2C), seemed to
classify the thyroid tumors into three distinct categories.
The full-length transcript percentage was high in PTCs,
HCs, and FCs; intermediate levels were found in FVPTCs,
HAs, and FAs; and ANs had only a small fraction of
full-length transcript.

Telomere Length in Thyroid Tumors

To investigate the relationship between telomere length
and hTERT transcript levels and splice variant patterns
detected by nested RT-PCR, we performed a FISH-
based semiquantitative analysis of telomere ends on

Figure 1. Box plots of hTERT expression levels as determined by quan-
titative RT-PCR in thyroid tumors. A: Total hTERT levels. One PTC outlier
(hTERT � 17) is not shown. B: hTERT full-length transcript levels. One
PTC outlier (FL-hTERT � 10) is not shown. Group comparisons using the
Wilcoxon test showing a significant difference are indicated. *P � 0.04,
**P � 0.03, and ***P � 0.01. Box plot bars indicate 25%, 50%, and 75%
quartiles. Whiskers indicate 5th and 95th percentiles.
FFPE sections of the same thyroid tumor samples used to
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determine hTERT expression levels. To ensure an unbi-
ased assessment and direct comparison of tumor and
matching normal thyroid epithelium, slides were pre-
pared from tissue blocks containing thyroid neoplastic
and adjacent normal tissue, as identified on a consecu-
tive H&E-stained slide. Telomere FISH analysis was per-
formed in a blinded manner. Figure 3, A and B show
telomeres (stained red) in a case of PTC and a case of FA
with their adjacent normal thyroid tissues. The blue-col-
ored centromeric DNA served as internal reference. The
samples were processed in batches containing all the
tumor subtypes to limit potential processing differences.

Of the malignant subgroups, 12 of 15 PTCs (80%), 1 of
4 FCs (25%), all 3 HCs (100%), and 4 of 12 FVPTCs
(33%) had very short telomeres compared with the adja-
cent normal thyroid tissue. The remainder of the carcino-
mas had telomere lengths similar to those of normal thy-

Figure 2. hTERT alternative splice variant patterns in thyroid tumors. A:
Representative electrophoretic patterns of nested RT-PCR of hTERT alterna-
tive splice variant patterns present in PTC, FVPTC, FA, and AN. B: hTERT
splice variant patterns in the seven most common thyroid tumor types. The
�-�-deletion variant was seen in only two HAs (2% and 15% of total tran-
scripts, respectively) and was grouped in the �-deletion. C: %FL-hTERT in
thyroid tumors. Group comparisons using the Wilcoxon test showing a
significant difference are indicated except for the FC/HC group because of its
low case count. *P � 0.03, **P � 0.01. Box plot bars indicate 25%, 50%, and
75% quartiles. Whiskers indicate 5th and 95th percentiles.
roid tissue (Table 2). Of the benign follicular neoplastic
subgroups, 6 of 12 FAs (50%) and 1 of 6 HAs (17%) had
shorter telomeres. In hyperplastic (AN) tumors, 2 of 9
(22%) had short telomeres. All other benign tumors had
lengths similar to (score � 2) or longer than (score � 3)
adjacent normal thyroid tissue (Table 2).

As summarized in Figure 3C, PTCs had the shortest
telomeres of all subgroups, whereas ANs had the longest
telomeres. The various follicular neoplastic subtypes
(FVPTC, FA, and HA) fell into an intermediate range of
telomere lengths.

The relationship between telomere length and expres-
sion of the hTERT splice variants was analyzed further by
quantitative RT-PCR. The fraction of full-length hTERT,
expressed as percentage of total hTERT, was determined
using nested PCR as discussed previously. No correla-
tion was found between total hTERT expression levels
and telomere length, and the correlation between telo-
mere length and full-length hTERT expression levels did
not reach statistical significance (Figure 4, A and B). A
significant correlation was found, however, between the

Figure 3. Telomere length in thyroid tumors and adjacent normal thyroid
tissue. Insets: White arrows indicate red-colored telomeric DNA; red ar-
rows, blue-colored centromeric DNA. A: PTC and adjacent normal thyroid.
Original magnification, �40. The case had 100% FL-hTERT transcript. The
telomere length was 0, very short compared with the adjacent normal thyroid
tissue. B: FA and adjacent normal thyroid. Original magnification, �40. The
case had 14% full-length, 18% �-deletion, and 68% �-deletion hTERT tran-
scripts. The telomere length was 1, notably shorter than the adjacent normal
thyroid tissue. C: Dot plots of semiquantitative FISH assessments of telomere
lengths in thyroid tumors. Comparisons of means using Student’s t-tests
showing a significant difference are indicated with their respective P values.

*P � 0.02, **P � 0.006, ***P � 0.005, ****P � 0.002, and *****P � 0.0001.
Means and standard deviations are shown.
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%FL-hTERT and telomere length in thyroid tumors (Figure
4C), with the bivariate linear fit showing a Spearman
correlation coefficient of �0.4 (P � 0.004).

Classifying Thyroid Tumors Using Telomere
Length and %FL-hTERT

We further investigated whether the telomerase transcript
variant expression patterns and telomere-length results

Table 2. Telomere Length in Thyroid Tumors

Telomere length

Malign

PTC (n � 15) FC/HC

0 (very short) 4 (27%) 1 (
1 (notably shorter than normal) 8 (53%) 3 (
2 (similar to normal) 3 (20%) 3 (
3 (notably longer than normal) 0
4 (very long) 0

Figure 4. Correlation between hTERT variant expression and telomere
length in thyroid tumors. Scatterplots showing the bivariate linear fit and 95%
confidence intervals between hTERT levels and telomere length assessed by
FISH analysis are shown. A: Total hTERT expression assessed by quantitative
RT-PCR. Spearman’s correlation coefficient was �0.1 (P � 0.5). B: hTERT
full-length transcript levels assessed by quantitative RT-PCR. Spearman’s corre-

lation coefficient was �0.3 (P � 0.06). C: Percentage of full-length transcription
expression. Spearman’s correlation coefficient was �0.4 (P � 0.0041).
could be used to classify thyroid tumors. We used the
standard pathologic classification of thyroid tumors into
benign (FA, HA, and AN) and malignant (PTC, FC, HC,
and FVPTC) subtypes, and we determined how combi-
nations of telomere length and %FL-hTERT would stratify
the cases.

For this analysis, hTERT expression and telomere length
were examined separately and in combination for their abil-
ity to distinguish between histopathologically defined ma-
lignant (n � 34) and benign (n � 27) thyroid tumor sub-
types. Overall, on average, the malignant tumors showed a
higher percentage of full-length hTERT expression (mean �
SE: 50.26 � 7.37) and short telomere lengths (mean �
SE: 1.24 � 0.13) compared with benign tumors, which
showed a lower %FL-hTERT (mean � SE: 18.47 � 4.95)
and longer telomere lengths (mean � SE: 1.93 � 0.15).
When examining expression alone, a higher full-length
hTERT fraction was associated with a significantly higher
odds of malignancy per unit increase in expression com-
pared with benign tumor subtypes (odds ratio � 1.03,
95% confidence interval � 1.01–1.04; P � 0.004).

Figure 5 summarizes the ROC curves obtained for
%FL-hTERT expression, telomere length, and their com-
bined use in distinguishing histopathologically defined
malignant from benign thyroid tumors. Using a %FL-
hTERT of 33% or greater to define malignancy, the ROC
curve showed an AUC of 0.70, corresponding to a sen-

mors Benign tumors

7) FVPTC (n � 12) FA/HA (n � 18) AN (n � 9)

1 (8%) 0 0
3 (25%) 7 (39%) 2 (22%)
8 (67%) 11 (61%) 0

0 0 7 (88%)
0 0 0

Figure 5. ROC analysis of %FL-hTERT and telomere length. ROC curves for
distinguishing malignant versus benign thyroid tumor types using %FL-
hTERT expression (dashed line), telomere length (dotted line), and com-
ant tu

(n �

14%)
43%)
43%)
0

bined %FL-hTERT expression and telomere length (solid line). The diago-
nal line denotes an AUC � 0.50.
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sitivity of 0.53 and a specificity of 0.85. In terms of telo-
mere length, a longer length was associated with signif-
icantly lower odds of malignancy per unit increase in
length compared with benign thyroid tumor subtypes
(odds ratio � 0.29, 95% confidence interval � 0.13 to
0.66; P � 0.003). The ROC curve showed an AUC of 0.71,
corresponding to a sensitivity of 0.59 and a specificity of
0.67, based on a telomere length of �2 to define malig-
nancy.

To examine the combined use of information from
%FL-hTERT expression and telomere length, a multivari-
able model was developed. For this model, %FL-hTERT
was associated with significantly increased odds of ma-
lignant compared with benign tumor types (odds ratio �
1.02, 95% confidence interval � 1.00 to 1.04; P � 0.03)
per unit increase while adjusting for telomere length. A
longer telomere length was associated with a significantly
decreased odds of malignancy compared with benign
tumors per unit increase, adjusting for %FL-hTERT (odds
ratio � 0.36, 95% confidence interval � 0.15 to 0.84; P �
0.02). With the combined use of information from %FL-
hTERT and telomere length, we obtained an AUC of 0.77,
which did not constitute a significant improvement over
the separate use of information from %FL-hTERT (P �
0.19) or telomere length (P � 0.11; Figure 5).

Discussion

Numerous studies in the past two decades have revealed
that telomere alteration and telomerase activation are
among the most important mechanisms in carcinogene-
sis and tumor progression. Some investigators provide
evidence that telomerase is involved in tumorigenesis
mainly through the maintenance of telomeres in tumor
cells.24,39–41 Recent studies also demonstrated alterna-
tive telomere maintenance mechanisms in human cells,
although these seem to be operative much less fre-
quently, particularly in epithelial carcinomas.41–46 In this
study, we investigated hTERT expression in benign and
malignant thyroid tumors using three measures. We first
measured total hTERT transcript levels using a PCR
probe that did not discriminate between alternative splice
variants. We also focused on the active full-length isoform
in absolute terms and in relation to inactive or inhibitory
splice variants present. Finally, we studied the telomere
length and its correlation with hTERT expression and
splice variant patterns. We chose a nested PCR ap-
proach to increase the sensitivity to detect the patterns of
hTERT alternative splice transcripts. The PCR conditions
were optimized using thyroid cell lines to minimize any
distortion in the amplified product ratio. To maintain a
linear quantitative relationship between the amount of
final amplified product and the amount of target se-
quence in the nested PCR, the first-round PCR was lim-
ited to the exponential phase of the reaction.29,47,48

The approach used to quantify telomere length on
permanent paraffin-embedded tissue sections was vali-
dated in our laboratories19,20 and is based on a PNA-
based FISH assay. The probe we use in telomere-spe-

cific FISH is a relatively small, directly labeled PNA probe
with superior hybridization properties, eg, the ability to
hybridize in very low salt conditions, that prevent com-
petitive re-annealing of the target genomic DNA se-
quences compared with more traditional FISH tech-
niques that use DNA or RNA hybridization probes. Our
use of a directly labeled PNA probe targeting a genomic
tandem repeat sequence also allows us to avoid the use
of secondary reagents (antibodies, etc) for signal detec-
tion and/or signal amplification that could potentially cre-
ate difficulties with detection reagent access and poten-
tial loss of signal linearity. The FISH analysis was
performed in a blinded manner, and the tumor subtype
was not readily discernible under fluorescence while the
telomere length was assessed. We also performed care-
ful intraobserver and interobserver validation to make
sure that we could report valid results. The detectable
length of telomeres, particularly in a clinical sample, de-
pends on a variety of factors, including the history of the
tissue regarding when previous cell generations had to
break through the Hayflick limit imposed by ever-short-
ening telomeres, and the state of regulation of telomerase
activity, which ultimately determines how much of the
progressive telomere shortening incurred in previous
generations of proliferation is reversed when telomerase
is reactivated under the very high selection pressure
encountered during carcinogenesis. The present data
agree with previous studies that show that malignant
epithelial tumors have relatively short telomeres and over-
express hTERT compared with benign and normal tis-
sues.49–52 These findings support the hypothesis that
hTERT reexpression is induced by the feedback signal of
telomere shortening. Many studies have focused on tel-
omerase enzyme activity, which is highly dependent on
assay conditions and sample preservation. Furthermore,
most hTERT expression studies published to date have
measured overall hTERT transcripts and do not distin-
guish among the different hTERT splice isoforms. The
present data indicate that overall hTERT and active full-
length isoform expression can reliably distinguish only
PTCs from other thyroid tumor subtypes (Figure 1, A and
B), although the low number of FCs in this study pre-
cludes any robust conclusions for that subset. However,
the fraction of active full-length transcript, expressed as
percentage of total hTERT expression (%FL-hTERT, Fig-
ure 2C) classified the thyroid tumors into three groups: i)
PTC, HC, and FC; ii) FVPTC, HA, and FA; and iii) AN. This
classification was also found by assessing relative telo-
mere length. The morphologic similarities of FCs,
FVPTCs, and FAs support the notion that some of these
follicular lesions are neither clearly benign nor malignant
but may represent a continuum, and reliable subclassifi-
cation may be achieved only if diagnostic molecular and
genetic markers can be developed.53,54 Indeed, these
follicular lesions are notoriously difficult to classify patho-
logically in a reliable manner, with interobserver variabil-
ity reported up to 60%.55–57 In one study, eight patholo-
gists were asked to review the same slides from 21
follicular lesions, and complete agreement was achieved
in only 2 cases,58 indicating that these lesions as a whole
remain diagnostically challenging. Furthermore, follicular

lesions have been shown to bear some genetic similarity,
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and overlap between benign and malignant thyroid tu-
mors has been found in many studies including single
nucleotide polymorphism analysis, molecular marker de-
tection, and microarray profiling.53,54,59 The presence of
specific molecular markers, including PAX8-PPAR�, RET/
PTC, RAS, and CK19 in some histologically benign nod-
ules may suggest that some of these tumors harbor ma-
lignant potential.60–63 Available evidence also suggests
that even some histologically very benign-appearing thy-
roid lesions could actually have malignant potential.64 In
the present study, the %FL-hTERT isoform was very low in
eight of nine ANs. One AN showed 34.93% of the full-
length isoform. On FNA cytology, this tumor was suspi-
cious for PTC, with focal atypia, nuclear grooves, and
elongation and may, thus, have represented an occult
microcarcinoma missed on permanent section by sam-
pling error. Furthermore, this patient had a history of
breast and cervical cancer and a family history remark-
able for multiple malignancies in her father (breast and
liver) and one of her two sisters (lung and pancreas) and
multiple additional cancers in her extended family. Al-
though speculative, it is possible that this patient’s hTERT
phenotype may have had a genetic component. Because
ANs and FAs are also part of a morphologic continuum
rather than distinct entities, biomarkers such as %FL-
hTERT may have value in further categorizing these le-
sions and their malignant potential.

The reported contradictory findings of telomere length,
telomerase activity, and hTERT expression in benign and
malignant tumors have added to the complexity of telo-
mere biology in human tumorigenesis, including thyroid
cancer.24,65,66 One explanation for some of these dis-
crepancies could be related to the regulation of telome-
rase activity by hTERT alternative splicing, or more spe-
cifically, the fraction of expressed telomerase peptides
that consists of inhibitory or inactive peptides. The �-de-
letion transcript leads to dominantly negative regulation
of telomerase activity.32,33 The �- and �-�-deletion vari-
ants may produce truncated nonfunctional proteins or
trigger nonsense-mediated mRNA decay because of the
premature stop codons.33,35,67 In agreement with the
previous studies, we found no correlation between telo-
mere length and overall hTERT expression and only a
weak correlation even with absolute full-length expres-
sion levels. The present data demonstrate, however, that
telomere length was clearly associated with the percent-
age of hTERT full-length isoform, the isoform that may
correlate best with telomerase activity, as reported pre-
viously.29 We did not have sufficient tissue to repeat the
assessment of telomerase enzymatic activity because
this work was focused on the diagnostically challenging
small early-stage tumors. The present results contrast
with a recent study finding no significant correlation be-
tween telomere length and telomerase activity in estab-
lished melanoma cell lines.67 This may be a reflection of
the profound changes cells undergo during their adap-
tation to tissue culture growth. These results are in line
with the notion that telomerase activity is required to
overcome the chromosome instability caused by short
telomeres. Absolute levels of full-length hTERT may be

confounded either by additional translational modulation
or by concomitant production of inhibitory peptides from
alternative splice variants and may, therefore, not be
precisely correlated with telomerase activity. This would
also be consistent with earlier results suggesting that
telomerase activity would be a useful biomarker to distin-
guish benign from malignant follicular neoplasms,68 indi-
cating that enzymatic assays of telomerase activity, al-
though technically more challenging, more closely reflect
telomerase function and the state of telomere function in
cancer cells than measures of overall hTERT transcript
levels that have shown considerable overlap between
benign and malignant tumors in many organs.

The present data confirm that most thyroid carcinomas
have relatively short telomeres and overexpress hTERT
compared with benign and normal tissues. We further
demonstrate that telomere length is negatively correlated
with the percentage of full-length hTERT transcript but not
with absolute expression levels of full-length hTERT tran-
script or overall hTERT expression levels. Moreover, high
fractions of full-length hTERT transcripts are associated
with FCs and PTCs. This is consistent with the concept
that tumors that have reached a stage of critically short
telomeres require enzymatically active telomerase for
continued proliferation, as reflected by a high fraction of
full-length hTERT transcript.

To our knowledge, this is the first study on the associ-
ation of telomere length and hTERT alternative splice
variant patterns in thyroid tumors. The correlation of telo-
mere length with the expression patterns of hTERT alter-
native splice variants described herein provides further
insights into telomere biology in thyroid tumorigenesis.
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