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Background: Although fine-needle aspiration (FNA) biopsy of thyroid nodules is very sensitive in detecting
thyroid malignancy, it remains ambiguous in 20–30% of cases. Current biomarkers for thyroid cancer lack either
the sensitivity or specificity to substantially address this clinical problem. The aim of this study was to inves-
tigate the gene expression patterns of human telomerase reverse transcriptase (hTERT) alternative splice variants
in benign and malignant thyroid tumors in an attempt to find a more reliable biomarker in the differential
diagnosis of thyroid nodules.
Methods: One hundred and thirty-three thyroid tumors from eight histopathological tumor types were collected
from patients undergoing thyroid surgery at Johns Hopkins Hospital. Gene expression patterns of hTERT
alternative splice variants were investigated in the tumors by nested reverse transcriptase-PCR. Telomerase
enzyme activity was evaluated in a subset of 16 samples associated with the different hTERT patterns. Asso-
ciation of c-myc expression and hTERT patterns was also examined.
Results: Malignant thyroid tumors exhibited a greater proportion of the active full-length hTERT transcript
(0.57� 0.15) than inactive splice variants, a� (0.13� 0.02), or b�=a�b� deletion transcripts (0.30� 0.11; p < 0.001).
The opposite was observed in benign tumors, which exhibited greater proportions of b�=a�b� deletion tran-
scripts (0.64� 0.08) than either the full-length (0.19� 0.06) or a� deletion transcripts (0.17� 0.02; p < 0.001).
Similar results were observed among a diagnostically challenging subset of 50 thyroid tumors that were sus-
picious for malignancy on FNA. Further, increased telomerase enzymatic activity was only associated with
expression of the full-length hTERT isoform. In contrast, c-myc expression, which has been implicated in hTERT
regulation, correlated with overall hTERT transcription without specificity for expression of the full-length
isoform.
Conclusions: These differences in gene expression patterns of hTERT alternative splice variants may provide a
useful adjunct to FNA diagnosis of suspicious thyroid tumors.

Introduction

The clinical problem associated with patients who
present with a suspicious thyroid nodule continues to

place clinicians and patients in situations where decisions
about the surgical approach need to be made with inadequate
information. Although fine-needle aspiration (FNA) biopsy of
a thyroid nodule is very sensitive in the detection of malig-

nancy, it is indeterminate or suspicious in 20–30% of cases
(1,2). There are over 100,000 patients each year who present
with a suspicious thyroid nodule in the United States (3,4).
Terminologies commonly used in suspicious cytopathology
reports include the following: follicular or Hürthle cell neo-
plasm, suspicious for papillary or follicular variant of papil-
lary thyroid cancer, or cellular atypia. Because clinicians often
cannot determine malignancy, either pre- or intraoperatively,
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patients with suspicious thyroid lesions cannot be optimally
managed (5–7). This often results in two scenarios: (i) patients
who ultimately have a benign lesion on final histopathology
may be subjected to unnecessary surgery; (ii) patients with a
malignant thyroid nodule may need to undergo a second
operation for completion thyroidectomy only after a diagno-
sis of cancer is rendered on permanent histological section.

There have been several attempts to address this problem
through the use of molecular markers. However, an accurate
molecular signature of thyroid malignancy has yet to be dis-
covered (8). Some studies have pointed to telomerase as one of
the more promising molecular markers for the diagnosis of
malignancy. Telomerase is a ribonucleoprotein complex that
stabilizes human chromosomes by adding telomere sequence
(TTAGGG) repeats to their ends. Telomerase enzyme activity
has been detected in 29–100% of thyroid cancers, but also in
up to 45% of benign thyroid tumors (9–11). Similarly, ex-
pression of its catalytic component human telomerase reverse
transcriptase (hTERT) has been documented in up to 90% of
thyroid cancers, but also in up to 35% of benign tumors
(12,13). This overlap in telomerase enzyme activity and
hTERT expression levels between benign and malignant thy-
roid tumors has therefore precluded the use of telomerase as a
useful marker of malignancy.

Alternative splicing of RNA is important in both embryo-
logical development and certain disease states. Patterns of
alternative splice variants can be both tissue and disease
specific (14). The identification of cancer-specific splice vari-
ants of certain genes may result in more reliable biomarkers
for diagnosis and tumor staging and as potential therapeutic
targets (15–17). The hTERT transcript is known to have seven
alternative splice sites, including three deletions (Fig. 1A) and
four insertions (18,19). There are several possible combina-
tions of these alternative splice sites resulting in a large
number of potential variant transcripts, but only a few have
been confirmed (20). The four insertions and one deletion (b�,
182 bp) result in premature termination and nonfunctional
proteins (20). The a� deletion (36 bp within the reverse tran-

scriptase [RT] motif A) has been shown to be a dominant
negative inhibitor of telomerase activity (21). The g� deletion
(189 bp) has been identified in hepatocellular carcinoma cell
lines and is also believed to be nonfunctional (19). Telomerase
enzyme activity has been shown by several groups to be
regulated by posttranscriptional alternative splicing of hTERT
(22,23). Further, the patterns of hTERT alternative splice var-
iants are known to vary in ovary, kidney, uterine, and breast
cancer, compared to corresponding adjacent normal tissues
(22,24–26). However, there has been no study examining the
differences in alternative splice variant patterns between be-
nign and malignant tumors that originate from the same tis-
sue type, or the possibility that splice variant patterns might
be more specific for malignant disease than overall hTERT
transcript levels.

In this study, we examined a cohort of 133 thyroid tumors
for hTERT alternative splice variant patterns, focusing on
four isoforms—full-length, a� deletion, b� deletion, and a�b�

deletion—to determine whether differentiating patterns exist
between benign and malignant tumors. Herein, we report a
significant difference in these patterns between benign and
malignant thyroid tumors, with malignant tumors demon-
strating more of the full-length, active isoform. In addition,
because c-myc has been reported by others to be associated
with hTERT gene expression, but not telomerase enzyme ac-
tivity (27), we investigated the relationship of hTERT alter-
native splice patterns with c-myc expression. Finally, we
further validated the diagnostic performance of hTERT splice
patterns on a clinically relevant subset of thyroid tumors with
an associated suspicious FNA diagnosis.

Materials and Methods

Tumor tissues

One hundred and thirty-three thyroid tumors were col-
lected under Johns Hopkins Institutional Review Board ap-
proval from patients undergoing thyroid surgery. Samples
included 60 malignant (28 papillary thyroid cancers, 24 fol-

FIG. 1. Diagram of human telomerase reverse transcriptase (hTERT) alternative splice variants. (A) Structure of hTERT
deletion variants. Locations of telomerase-specific T motif, seven conserved reverse transcriptase (RT) motifs (1, 2, A, B0, C, D,
and E), exons 3–13, and deletion sites are indicated. (B) The alternative splice sites (a�,b�, and g�) are depicted with the
respective resulting transcripts. Primers F1720 and R3071 were used for the first PCR reaction. Nested primers F2162 and
R2580 were used to amplify the region containing the a� and b� deletions, resulting in four possible PCR products. Nested
primers F2653 and R2932 were used to amplify the region containing the g� deletion, resulting in two possible PCR products.
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licular variant of papillary thyroid cancers, 5 follicular can-
cers, and 3 Hürthle cell cancers) and 73 benign lesions (31
adenomatoid nodules, 21 follicular adenomas, 12 Hürthle cell
adenomas, and 9 Hashimoto’s thyroiditis nodules). Follicular
and Hürthle cell cancers are relatively infrequent thyroid tu-
mors resulting in the limited sample numbers. Samples were
snap frozen in liquid nitrogen and stored at �808C until use.
Among these 133 samples, a subset of 50 tumors had suspi-
cious FNA cytology reports.

RT-PCR and nested PCR

Total RNA was isolated from each tumor with Trizol (In-
vitrogen, Carlsbad, CA) and purified with RNeasy Mini Kit
(Qiagen, Valencia, CA). Reverse transcription was performed
with 1 mg of total RNA and oligo(dT) primers by SuperScript
II reverse transcriptase (Invitrogen). hTERT alternative splice
variants were amplified by nested PCR using primers de-
signed according to GenBank accession no. AF015950 (Fig.
1B). The first round of amplification spanned a region that
included all a�, b�, and g� deletion sites with forward primer
F1720, 50-GCTGCTCAGGTCTTTCTTTTAT-30, and reverse
primer R3071, 50- GGAGGATCTTGTAGATGTTGGT-30. PCR
was performed in 25 mL of reaction mixture using 1mL of the
cDNA and Platinum Taq DNA polymerase (Invitrogen) by
incubation at 948C for 2 minutes, followed by 25 amplification
cycles of 948C for 30 seconds, 548C for 30 seconds, and 728C
for 90 seconds, and a final extension at 728C for 5 minutes. The
second round of PCR was carried out with 1mL of the first-
round PCR product, nested primer sets, and the Platinum Taq
DNA polymerase. The nested primer set for hTERT a� and b�

transcript variants, forward F2162 50-CCGCCTGAGCTGTAC
TTTGTC-30 and reverse R2580 50-CAGAGCAGCGTGGA
GAGGAT-30, produced four possible products, aþbþ (418 bp),
a�bþ (382 bp), aþb� (236 bp), and a�b� (200 bp), respectively,
by incubation at 948C for 2 minutes, followed by 25 amplifi-
cation cycles of 948C for 20 seconds, 57.38C for 20 seconds, and
728C for 30 seconds, and a final extension at 728C for 2 min-
utes. The hTERT g� transcript was amplified using the nested
primer set, forward F2653 50-GGTGGATGATTTCTTGTTG
GT-30 and reverse R2932 50-GGTGAGACTGGCTCTGATGG-
30, yielding two possible products, 280 (gþ) and 91 bp (g�) in
length, by incubation in a similar fashion with the exception
of a different annealing temperature of 55.58C. Amplified
products were electrophoresed on 2% agarose gels with
Nucleic Acid Gel Stain (Cambrex, Rockland, ME) and visu-
alized under ultraviolet light. The densitometric value of each
hTERT transcript was quantified using Quantity One image
analysis software (version 4.5.2; BioRad, Hercules, CA). The
relative gene expression level of each transcript was reported
as a relative proportion of all the hTERT transcripts present in
the same sample (28). GAPDH served as an internal control.

Statistical analysis

For analysis of the hTERT alternative splice variant data in
thyroid tumors, the following comparisons were performed:
(i) between malignant (n¼ 60) and benign (n¼ 73) thyroid
tumors, and (ii) between malignant (n¼ 19) and benign
(n¼ 31) thyroid lesions that had corresponding suspicious or
indeterminate FNA cytology. These cytologies included sus-
picious for papillary thyroid cancer or follicular variant of
papillary thyroid cancer, thyroid neoplasm, follicular neo-

plasm, Hürthle cell neoplasm, and neoplasm. Because the data
were recorded as the proportion of transcripts in each re-
spective gel lane (full-length, a�, and b�=a�b� deletion), a
comparison of equal proportions between tumor types was
done. This comparison was based on a standardized differ-
ence statistic in multinomial probabilities and tested using a
permutation approach. For the purpose of analysis, the a�b�

deletion was considered in the same category as the b� dele-
tion because both variants produce nonfunctional proteins.

Receiver operating characteristic analysis

A receiver operating characteristic (ROC) analysis was done
to evaluate the use of relative proportions of hTERT splice
variants to classify tumors as either benign or malignant. The
following three splice variants were quantified: (i) full-length
hTERT transcript, (ii) a� deletion transcript, and (iii) b�=a�b�

deletion transcript (b�=a�b� deletion was defined as the sum
of relative proportions for b� and a�b� deletion transcripts).
Since the three ROC curves corresponding to each transcript
(full, a� and b�=a�b� deletions) were from the same sample,
the method of Delong et al. (29) was implemented for the
comparison of estimated areas under each curve. Once a
transcript variant was identified as a preferable diagnostic tool,
thresholds were reported for (i) simultaneously maximizing
sensitivity and specificity (30) and (ii) maximizing specificity
while also retaining a sensitivity greater than 50%. This second
approach was chosen to minimize the probability of false pos-
itives, since FNA already provides a high level of sensitivity.

Quantitative telomerase enzyme activity assay

Telomerase enzyme activity assay was performed on a
subset of 16 of the 133 samples using the Quantitative Telo-
merase Detection Kit (US Biomax, Ijamsville, MD) and ac-
cording to the manufacturer’s instructions. Briefly, for each
sample, protein from twelve 10-mm cryosections was ex-
tracted in 100mL CHAPS lysis buffer at 48C. The protein
concentration was determined using Bio-Rad protein assay
(Bio-Rad Laboratories, Hercules, CA). Heat-inactivated con-
trols were performed by preincubating extracts at 858C for 10
minutes. For each assay, 1 mg protein was added to a 25mL
quantitative telomerase detection (QTD) reaction mix. Reac-
tions were performed in 96-well plates on an ABI prism 770-
sequence detector. The extension reactions were run for 20
minutes at 258C, followed by 40 cycles of PCR amplification,
and a melting curve analysis was performed. A standard
curve was constructed using a dilution series of the telomer-
ase standard substrate provided by the manufacturer and
used to calculate relative amounts of the TRAP assay product.
The reaction products were then electrophoresed on a 10%
polyacrylamide gel, and the telomerase hexamer ladders vi-
sualized by ethidium bromide staining.

Real-time PCR for c-myc

Real-time RT-PCR for c-myc was performed on a subset of
23 of the 133 samples using the synthesized first-strand cDNA
from total RNA isolated from thyroid tumors. Assays-on-
demand Gene Expression products were used for c-myc
(Hs00153408_m1) and GAPDH (Hs99999905_m1) (Applied
Biosystems, Foster City, CA). Reactions were performed in a
20mL reaction volume containing 1�Taq Man universal PCR
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master mix (Applied Biosystems), 1� Gene expression as-
say mix (primers and TaqMan minor groove binder [MGB]
probe dye-labeled with FAM, 6-carboxyfluorescine), and 1 mL
cDNA. Reactions were performed on an ABI7300HT sequence
detection system machine (Applied Biosystems). All PCR re-
actions were performed in triplicate. Fluorescence was
quantified with the Sequence detection system software,
version 2.0 (Applied Biosystems).

Results

hTERT alternative splice variant patterns
in thyroid tumors

hTERT gene expression was detected in 114 of the 133 (86%)
thyroid tumors (Table 1). No tumor exhibited a g� deletion
splice variant, and only 4=133 exhibited an a�b� deletion
variant. Representative gels are shown in Figure 2A. The
hTERT splice variant patterns present in papillary thyroid
cancers, follicular variant of papillary thyroid cancers, follic-
ular adenomas, and adenomatoid nodules (the four most
common tumor types that can be suspicious on thyroid FNA)
are depicted. The gels demonstrate the prominent presence of
full-length hTERT gene expression in papillary thyroid cancer
and the progressive loss thereof in follicular variant of pap-
illary thyroid cancer and the benign tumors (follicular ade-
noma and adenomatoid nodule). There is also a concomitant
gain of the inhibitory a� deletion, nonfunctional b�, and a�b�

deletion patterns in the benign tumors.

Statistical analysis of all thyroid nodules

Overall, we found significant differences in the proportions
of the various transcripts between malignant and benign
thyroid tumors ( p< 0.001). On average, the malignant tumors
exhibited larger proportions of full-length hTERT transcripts
(0.57� 0.15) than either the a� (0.13� 0.02) or b�=a�b� dele-
tion transcripts (0.30� 0.11; Fig. 2B). This was true for all
malignant tumor types except follicular variant of papillary
thyroid cancer. In contrast, the benign tumors exhibited
greater proportions of b�=a�b� deletion transcripts (0.64�
0.08) than either the full-length (0.19� 0.06) or a� deletion
transcripts (0.17� 0.02, Fig. 2B).

Analysis of suspicious thyroid nodules

In a subset analysis, we repeated our hTERT splice variant
assay on 50 thyroid tumors with the preoperative diagnosis of
suspicious FNA (Table 2), the cytological category most in need

of additional molecular diagnostic tools. Thirty-eight of the 50
(76%) were hTERT positive. The results in this subset were
similar to the original cohort, with malignant tumors exhi-
biting greater proportions of full-length transcripts compared
to a� and b�=a�b� deletion transcripts, while among the be-
nign tumors (with the exception of Hürthle cell adenomas),
greater proportions of b�=a�b� deletion transcripts were
observed compared to full-length or a� deletion transcripts.

ROC analysis

Altogether, 114 cases that were hTERT gene expression
positive were included in the ROC analysis. Since malignant
tumors exhibited a greater proportion of full-length tran-
scripts, we focused on this transcript as a diagnostic tool, and
this approach resulted in an area under the curve (AUC) of
0.79. Based on the simultaneous maximization method, a full-
length transcript threshold of 0.22 corresponded to a sensi-
tivity and specificity of 0.74. Similar results were observed for
the 38 hTERT-positive samples from the subset with suspi-
cious FNAs, with an estimated AUC of 0.69 and, based on a
full-length threshold of 0.17, a sensitivity and specificity of
0.67.

In addition to the above approach using equal maxi-
mization of sensitivity and specificity, we also examined the
full-length threshold associated with the largest observed
specificity for a given sensitivity no less than 0.50. By applying
these criteria to all samples, a full-length transcript threshold
of 0.33 achieved a specificity of 0.85 for a given sensitivity of
0.60 (Table 1). Among the subset of suspicious thyroid nod-
ules, a full-length threshold of 0.59 corresponded to a speci-
ficity of 0.90 for a given sensitivity of 0.53 (Table 2), thereby
yielding very promising results for a diagnostic strategy that
could provide a very high specificity.

Quantitative telomerase enzyme activity analysis

We also tested a subset of 16 thyroid tumors for functional
telomerase activity. The malignant tumors (n¼ 8) showed
significantly higher average telomerase enzyme activity (Fig.
3A) than the benign samples (n¼ 8) (t test; p¼ 0.03). Several of
the thyroid cancers that exhibited minimal capsular invasion
or follicular variant of papillary thyroid cancer morphology
had telomerase activity values similar to the benign samples.
Further, only alternative splice variant patterns showing a
preponderance of full-length transcript were significantly
associated with high levels of telomerase enzyme activity (w2

test; p¼ 0.02; Fig. 3B).

Table 1. Thyroid Tumors Analyzed for HTERT Alternative Splice Variant Patterns by Subtype

Malignant (n¼ 60) Benign (n¼ 73)

Final histology
PTC

(n¼ 28)
FVPTC
(n¼ 24)

FC
(n¼ 5)

HC
(n¼ 3)

FA
(n¼ 21)

AN
(n¼ 31)

HA
(n¼ 12)

LcT
(n¼ 9)

hTERT positive (n¼ 114) 28 21 3 1 21 25 6 9
hTERT full-length >0.33a

(n¼ 41)
24 (86%) 4 (19%) 3 (100%) 1 (100%) 1 (5%) 1 (4%) 4 (67%) 3 (33%)

aAn hTERT full-length expression cut point of 0.33 corresponded to a specificity of 0.85 and a sensitivity of 0.60.
hTERT, human telomerase reverse transcriptase; AN, adenomatoid nodule; FA, follicular adenoma; FC, follicular carcinoma; FVPTC,

follicular variant of papillary thyroid carcinoma; HA, Hürthle cell adenoma; HC, Hürthle cell carcinoma; LcT, lymphocytic thyroiditis nodule;
PTC, papillary thyroid carcinoma.
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FIG. 2. Human telomerase reverse transcriptase (hTERT) alternative splice variant patterns in thyroid tumors. (A) Gels
demonstrating hTERT alternative splice variant patterns present in representative thyroid tumors. One blank lane in FA
represents an hTERT-negative tumor. (B) Plots of relative proportions of full-length (F), a� deletion, and b�=a�b� deletion
transcripts for the eight thyroid tumor types (only tumor types that exhibited the combination of a�b� deletion are labeled
b�=a�b�). AN, adenomatoid nodule; FA, follicular adenoma; FC, follicular carcinoma; FVPTC, follicular variant of papillary
thyroid carcinoma; HA, Hürthle cell adenoma; HC, Hürthle cell carcinoma; LcT, lymphocytic thyroiditis nodule; PTC,
papillary thyroid carcinoma.

Table 2. HTERT Gene Expression in the Subset of Thyroid Nodules with Preoperative

Suspicious FNA Diagnosis

Malignant (n¼ 19) Benign (n¼ 31)

Final histology
PTC

(n¼ 4)
FVPTC
(n¼ 9)

FC
(n¼ 5)

HC
(n¼ 1)

FA
(n¼ 14)

AN
(n¼ 4)

HA
(n¼ 8)

LcT
(n¼ 1)

hTERT positive (n¼ 38) 4 9 3 1 14 4 2 1
hTERT full-length >0.59a

(n¼ 11)
4 1 3 1 1 0 1 0

aAn hTERT full-length expression cut point of 0.59 corresponded to a specificity of 0.90 and a sensitivity of 0.53.
hTERT, human telomerase reverse transcriptase; AN, adenomatoid nodule; FA, follicular adenoma; FC, follicular carcinoma; FNA, fine

needle aspiration; FVPTC, follicular variant of papillary thyroid carcinoma; HA, Hürthle cell adenoma; HC, Hürthle cell carcinoma; LcT,
lymphocytic thyroiditis nodule; PTC, papillary thyroid carcinoma.
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c-myc expression and hTERT alternative
splice variant patterns

Next, we studied the correlations between c-myc and
hTERT gene expression. Similar to others (31), we observed a
statistically significant association between c-myc and hTERT
gene expression–positive samples. However, we also docu-
mented that this correlation did not vary among the different
specific splice variant patterns (Fig. 4). Of the 23 samples
tested for c-myc gene expression (13 malignant and 10 benign),
the following three groups were defined: (i) full-length hTERT
(n¼ 8); (ii) a� and b�=a�b� deletion variants hTERT (n¼ 9);

and (iii) negative hTERT (n¼ 6). A comparison of mean dif-
ferences between each pair of groups, with respect to c-myc
gene expression, was conducted based on a w2 test. No dif-
ference was seen between full-length and a� and b�=a�b�

deletion variants. However, a significant difference in mean
c-myc was observed between negative and full-length hTERT
groups ( p¼ 0.003) and between negative and a� and b�=a�b�

deletion variant groups ( p¼ 0.018). These data suggest that
c-myc gene expression correlates with overall hTERT gene
expression, regardless of whether or not hTERT is expressed
in its active form.

Discussion

Despite the extensive efforts to identify accurate biomark-
ers of thyroid malignancy, the clinical need for reliable
markers still exists. Alternative splicing of messenger RNA
has been shown to play a critical role in tumor development,
yet there has been little or no effort made to exploit this
phenomenon for better cancer diagnosis (14–16). As demon-
strated in our study, the presence of specific tumorigenesis-
related splice variants may serve as potential biomarkers for
clinical diagnosis. Others and we have examined telomerase
enzyme activity and hTERT gene expression as a marker of
thyroid malignancy (11,32–34). However, none have docu-
mented that telomerase on its own is a useful diagnostic
marker in the differential diagnosis of benign from malignant
thyroid nodules. Notably, the majority of prior studies tested
only telomerase enzyme activity or overall hTERT transcripts,
and did not distinguish among the different hTERT splice
isoforms. In our study, however, we examined the patterns of
hTERT alternative splice variants in an effort to discern dif-
ferences between benign and malignant thyroid tumors. Be-
cause hTERT expression was low in most of the samples, the
target concentration produced from a single conventional
PCR within 30 cycles was often too low to be detected. Non-
specific products are frequently generated by increasing the
amplification cycles with a single set of primers, even with a
hot start. Further, quantitative real-time PCR is not applicable
for the evaluation of four different hTERT isoforms. We
therefore chose to use nested PCR (i) to increase the sensitivity
of the assay to be able to detect each splice variant and (ii) as
an effective solution to PCR nonspecificity and gene copy

FIG. 3. Telomerase enzyme activity in a
subset of 16 thyroid tumors. (A) Telomerase
activity found in benign versus malignant
tumors. (B) Telomerase activity found in tu-
mors with different human telomerase re-
verse transcriptase (hTERT) splice patterns,
full-length, a�, b�=a�b�, or hTERT negative.
Results are plotted in arbitrary units. The
long horizontal bars indicate means; vertical
bars, the standard error of the means; and the
short horizontal bars, standard deviations.
(&), malignant tumors; (*), benign tumors.

FIG. 4. c-myc gene expression versus human telomerase
reverse transcriptase (hTERT) alternative splice variant pat-
terns. The ratios of c-myc and GAPDH mRNA levels deter-
mined by real-time RT-PCR are shown for the three
categories of hTERT splice variants. Long horizontal bars
represent means; vertical bars, the standard error of the
means; and short bars, standard deviations. (&), malignant
tumors; (*), benign tumors.
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limitation. One major concern about nested PCR is that it does
not maintain a linear relationship between the amount of final
amplified product and the amount of target sequence. Studies
indicate, however, that nested PCR will retain its utility for
quantitation if the first-round PCR is maintained in the ex-
ponential phase (35). Indeed, quantitative nested real-time
PCR assay has been developed and used in some studies
without apparent distortion in the amplified product ratio
(36). Further, we also optimized our nested PCR reaction us-
ing thyroid cell lines to ensure accurate product ratios (data
not shown). In our study, primers specific for each of the
hTERT isoforms were used in the nested PCR. Our results
clearly demonstrate significant differences in the patterns of
functional and nonfunctional hTERT transcripts in benign
versus malignant tumors.

With the exception of follicular variant of papillary thyroid
cancer, the malignant tumors exhibited a greater proportion
of the hTERT full-length transcript compared to either the a�,
or b�=a�b� deletions, whereas the benign tumors exhibited a
greater proportion of the b�=a�b� deletion transcripts com-
pared to the full or a� deletion (Fig. 2B). The fact that follicular
variant of papillary thyroid cancer showed comparably less
full-length transcript than the other thyroid malignancies is in
keeping with the notion that the histological evaluation of
these tumors is often problematic, with interobserver varia-
tion present up to 60% of the time (37–39). Hopefully, the
application of molecular markers, such as hTERT, will allow
further refinement of the classification of these thyroid tumors
in the future (40).

Our primary objective for testing thyroid tumors for dif-
ferences in hTERT patterns was to improve the specificity of
the clinically ambiguous FNA diagnosis of suspicious thyroid
lesions. In the 50 tumors that had corresponding suspicious
FNA cytology, the same patterns seen in the 133 tumors were
observed with the exception of Hürthle cell adenomas. In-
deed, ROC analysis revealed that a full-length transcript
proportion over 0.33 yielded a specificity of 85% in the diag-
nosis of thyroid malignancy. Further, setting the cut point of
the full-length transcript proportion at 0.59 in the subset with
suspicious FNA reports yielded 90% specificity. Since FNA
cytology of the thyroid already provides a very high level of
sensitivity, a diagnostic tool that maximizes specificity would
complement the already high sensitivity of FNA cytology.
Our finding of 90% specificity for the suspicious subset of
thyroid nodules is indeed very promising.

Dissociation between hTERT expression and telomerase
enzymatic activity was previously observed in various nor-
mal tissues and tumors (41,42). Because only overall hTERT
expression was determined in those studies, the contribution
of a particular hTERT transcript to the enzymatic activity was
unknown. In this study, the size of most of the clinical samples
available precluded assaying telomerase activity on the entire
sample set, because only early stage tumors were included. In
those samples we were able to assay enzymatically; however,
we clearly demonstrated that telomerase activity was associ-
ated with the full-length active hTERT transcript, but not with
the negative or any of the other transcript variants (Fig. 3A, B).
We further clarified the correlation between c-myc expression
and telomerase activity (27). Consistent with previous publi-
cations that showed c-myc regulating hTERT expression
through the hTERT promoter, we demonstrated that c-myc
was associated with the overall hTERT expression, but fur-

ther clarified that c-myc regulation is not specific for any of
the hTERT isoforms (Fig. 4). Because telomerase enzyme ac-
tivity only correlates with full-length hTERT expression, our
data further explain the dissociation reported in the literature
between c-myc expression and telomerase enzyme activity.

In summary, our splice variant profiling results suggest
that patterns of alternative splice variant patterns of hTERT
may be a more powerful diagnostic tool in the distinction of
benign and malignant thyroid nodules than total hTERT gene
expression alone. Our findings likely represent only the be-
ginning of the unraveling of a more complex regulation of
telomerase gene expression. Further investigation on preop-
erative FNA biopsy samples will be required to evaluate the
potential role of hTERT alternative splice variant patterns in
the differential diagnosis of thyroid nodules.
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