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RET/PTC1 and RET/PTC3 are the markers for papillary thyroid carcinoma. Their reported prevalence varies
broadly. Nonrearranged c-RET has also been detected in a variable proportion of papillary carcinomas. The
published data suggest that a wide range in expression levels may contribute to the different frequency of c-
RET and, particularly, of RET/PTC detection. However, quantitative expression analysis has never been
systematically carried out. We have analyzed by real-time RT-PCR 25 papillary carcinoma and 12 normal thyroid
samples for RET/PTC1, RET/PTC3 and for RET exons 10–11 and 12–13, which are adjacent to the rearrangement
site. The variability in mRNA levels was marked and four carcinoma groups were identified: one lacking RET/
PTC rearrangement with balanced RET exon levels similar to those of the normal samples (7/25 cases, 28%), the
second (6/25 cases, 24%) with balanced RET expression and very low levels of RET/PTC1, the third with
unbalanced RET exons 10–11 and 12–13 expression, high RET/PTC1 levels but no RET/PTC3 (7/25 cases, 28%),
and the fourth with unbalanced RET expression, high RET/PTC1 levels and low levels of RET/PTC3 (5/25 cases,
20%). Papillary carcinomas with high RET/PTC1 expression showed an association trend for large tumor size
(P¼ 0.063). Our results indicate that the variability in c-RET and RET/PTC mRNA levels contributes to the
apparent inconsistencies in their reported detection rates and should be taken into account not only for
diagnostic purposes but also to better understand the role of c-RET activation in thyroid tumorigenesis.
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Oncogenic c-RET activation in thyroid tumors
composed of follicular cells is the result of chromo-
somal rearrangements resulting in the fusion of the
RET tyrosine-kinase (RET-TK) domain to the 50-
terminal region of heterologous genes. The rearran-
gements are a molecular marker for papillary thyroid
carcinoma as their very name, RET/PTC for papil-
lary thyroid carcinoma, implies,1 and consist of
balanced inversions or translocations that involve
the 3.0 kb intron 11 of c-RET. To date, at least 16

chimeric mRNAs affecting 11 different genes have
been reported (Saenko et al,2 reviewed in Tallini and
Asa3), of which RET/PTC1 (consisting of the fusion
of RET with H4) and RET/PTC3 (consisting of the
fusion of RET with RFG/ELE1) are by far the most
common.3 Their prevalence varies broadly from zero
to more than 60% in nonradiation-associated cases3

and is close to 90% in some series of papillary
carcinomas from the Chernobyl area diagnosed after
the 1986 nuclear disaster.4 While the high preva-
lence of RET/PTC in radiation-associated thyroid
tumors is consistent with misrepair of radiation-
induced double-strand DNA breaks,5,6 the high
variability in the prevalence of RET/PTC in sporadic
tumors has no specific explanation. In addition to
rearranged RET forms, c-RET expression has also
been identified in a highly variable proportion of
papillary carcinoma samples. Although its signifi-
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cance is unclear, c-RET may also play a role in
thyroid tumorigenesis.7–11

Analysis of the data published in the literature
suggests a wide range in the expression levels of
RET/PTC and c-RET in tumor samples. This may
contribute more than geographical factors to the
differences in the reported frequencies of c-RET and,
particularly, of RET/PTC detection. However, quan-
titative expression analysis has never been system-
atically carried out. To this purpose, we have
analyzed by real-time quantitative RT-PCR RNA
extracted from both papillary carcinoma and normal
thyroid samples for the expression of RET/PTC1 and
RET/PTC3. We have also analyzed RET exons 10–11
and 12–13 which are adjacent to the RET/PTC
rearrangement site in c-RET intron 11. Thus, the
primers and probe set for c-RET exons 10–11
identify nonrearranged c-RET only, whereas the set
for exons 12–13 identifies both c-RET and its
rearranged RET/PTC forms.

Materials and methods

Tissue Samples and Cell Lines

Thyroid samples were obtained from the Depart-
ment of Pathology at the Yale University School of
Medicine. Excess fresh tissue from surgically re-
sected specimens of thyroid tumors and perilesional
normal thyroid samples were snap frozen and kept
at �801C until RNA extraction. Pathologic material
in each case was reviewed and tumors were
classified according to established criteria.12 Before
RNA extraction, representative sections of the
frozen tissue were cut and examined histologically
to confirm the adequacy of the sample, the diagnosis
and to estimate the proportion of follicular cells vs
stromal and inflammatory cells. The proportion of
follicular cells in the perilesional samples of the
normal set was always greater than 80%. Only
tumor cases with at least 65% neoplastic follicular
cells were included.

The cell lines utilized in the study were the TT
medullary thyroid carcinoma cell line (CRL-1803,
American Type Culture Collection-ATCC, Manassas,
VA, USA), the TPC1 thyroid follicular cell line,13 the
ARO undifferentiated thyroid carcinoma cell line
transfected with a RET/PTC3 construct,14 and the
mouse lymphoid line L1210 (Yale Cancer Center
Tissue Culture Facility).

RNA Extraction and Quantitation

Frozen tissue sections and cell pellets from the
cultured cells lines were incubated in 100 ml diges-
tion buffer (0.01M Tris pH 7.8, 0.005M EDTA, 0.5%
SDS) containing 2 mg of Proteinase K at 55oC over-
night. RNA extraction was performed using Trizol
(Invitrogen Corporation, Carlsbad, CA, USA) follow-
ing the product insert instructions. The final RNA

pellet was resuspended in RNA Storage Solution
(Ambion Inc., Austin, TX, USA). The RNA in the
solutions was DNAse treated using a DNA-free kit
(Ambion Inc., Austin, TX, USA) following the insert
instructions. The DNAse-treated RNA was checked
and accurately measured using the RiboGreen RNA
Quantitation kit (Molecular Probes, Inc, Eugene OR,
USA). Fluorescence intensity was assessed with the
Cytofluor Series 4000 (Applied Biosystems, Foster
City, CA, USA).

Reverse Transcription

Total RNAwas reverse transcribed to cDNAwith the
GeneAmp RNA PCR Core kit following the manu-
facturer’s instructions (Applied Biosystems, Foster
City, CA, USA). Briefly, 1�PCR buffer II, 2.5U/ml of
MuLV reverse transcriptase, 1U/ml RNAase inhibi-
tor, 5mM MgCl2, 1mM each dNTP and 2.5mM
random hexamers were incubated with the extracted
total RNA for 10min at 251C, for 60min at 421C and
for 5min at 951C with a PTC/200 thermocycler (MJ
Research, Waltham, MA, USA). Unless otherwise
specified in the result section, 1mg of input RNAwas
used to evaluate exons 10–11, 12–13, RET/PTC1 and
RET/PTC3 mRNA expression in tissue samples.
Negative controls were carried out in parallel by
replacing the RNA templates or the MuLV reverse
transcriptase with DEPC water. cDNA reverse tran-
scribed from the TPC1 cell line13 was used as
positive control for RET/PTC1 rearrangement. That
obtained from the ARO cell line transfected with a
RET/PTC3 construct14 was used as positive controls
for RET/PTC3. RNA extracted from the medullary
carcinoma TT cell line was used as positive control
for the amplification of c-RET exons 10/11 and
12/13.

Primers and Probes

The primer and probe sequences are shown in
Figure 1. They were custom designed using Primer
Express software (Applied Biosystems, Foster City,
CA, USA). The primer and probe set for c-RET exons
10–11 identifies nonrearranged c-RET only, whereas
the set for exons 12–13 identifies both c-RET and
its rearranged RET/PTC forms. The forward (nucleo-
tides 274–288) and the reverse (nucleotides 318–
339) primers as well as the probe (nucleotides
290–316) for RET/PTC1 were based on the reported
NCBI database sequence accession number
M31213.1 The forward (nucleotides 670–688) and
the reverse (nucleotides 728–750) primers as well as
the probe (nucleotides 690–718) for RET/PTC3 were
based on the reported NCBI database sequence
accession number X77548.15 The forward (nucleo-
tides 1852–1867) and the reverse (nucleotides 1897–
1913) primers as well as the probe (nucleotides
1872–1895) for c-RET exons 10 and 11 were based
on the standard c-RET sequence (accession number
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X12949) with the numeration beginning from the
start codon of c-RET.16 The probe for c-RET exons
10/11 spans the 10th intron of RET. The forward
(nucleotides 2261–2277) and the reverse (nucleo-
tides 2304–2324) primers as well as the probe
(nucleotides 2279–2302) for c-RET exons 12 and 13
were similarly designed with the RET exon 12/13
probe spanning the 12th intron of RET. b-actin RNA
was used as a quantitative reference using primers
and probes previously described.17 All primers were
synthetized by the program for Critical Technologies
in Molecular Medicine Laboratory (Department of
Pathology, Yale University School of Medicine). The
probes were synthetized by the Custom Oligo
Synthesis Service (Applied Biosystems, Foster City,
CA, USA).

Real-Time Quantitative PCR

For real-time quantitative PCR, 50 ml aliquots con-
tained 5 ml of the cDNA previously transcribed,
1�TaqMan Universal PCR Master Mix (PE Applied

Biosystems, Foster City, CA, USA) and the opti-
mized concentrations of primers and probes shown
in Figure 1. Two-step PCR thermal cycling for DNA
amplification and real-time data acquisition were
performed with an ABI PRISM 7700 Sequence
Detection System using the following cycle condi-
tions: 501C for 2min� 1 cycle, 951C for 10min�
1 cycle, and 951C for 15 s followed by 601C for
1min� 45 cycles. Each cDNA sample was assayed
in triplicate. Negative cDNA controls (no cDNA or
no MuLV reverse transcriptase, see above) were
cycled in parallel with each run. Fluorescence data
were analyzed by the ABI7700 software and ex-
pressed as Ct, the number of cycles needed to
generate a fluorescent signal above a predefined
threshold. Baseline and threshold values were set by
the ABI7700 software.

Quantitation of Target Gene Expression

Target gene mRNA levels were expressed as 2�DCt

(normalized for b-actin) or 2�DDCt (normalized for

Figure 1 (a) Position of primers and probes relative to RET/PTC1, RET/PTC3 and c-RET. The primer and probe set for c-RETexons 10–11
identifies nonrearranged c-RET only, whereas the set for exons 12–13 identifies both c-RET and its rearranged RET/PTC forms. Ex, exon.
(b) Primer and probe sequences, optimized concentrations and amplicon sizes for RET/PTC1, RET/PTC3 and c-RET.
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b-actin and relative to a calibrator cell line) accord-
ing to the equations derived by Livak and Schmitt-
gen.18 The amount of target gene mRNA (XN),
normalized to a reference gene, is given by the
equation

XN ¼ Kð1þEÞ�DCt

where DCt is the difference in Ct values for the target
and reference genes, E is the efficiency of amplifica-
tion and is assumed to be equal for target and
reference genes, and K is a constant. If the efficiency
is close to one for both target and reference genes,
then

XN ¼ K2�DCt

The value of K is unknown and depends on several
factors including the reporter dye used in the probe,
sequence context effects on the fluorescence proper-
ties of the probe, the efficiency of probe cleavage,
the purity of the probe and the setting of the
fluorescence threshold.18 Each of these factors may
differ between target and reference genes, and
therefore K may not necessarily equal 1. If K does
equal 1, then the normalized amount of target equals
2�DCt . In order to allow a broad comparison of c-RET
and RET/PTC gene expression levels in thyroid
tissues, K was assumed to be 1 for all genes, and
normalized mRNA levels were expressed as 2�DCt

with respect to b-actin.
The amount of target in a sample (q), normalized

to b-actin and relative to a calibrator (cb), is given by
the equation

XNq=XNcb ¼ 2�DDCt

where DDCt ¼ DCtq � DCtcb . Relative levels of c-RET
and RET/PTC mRNA in thyroid tissues were
expressed as 2�DDCt using the TT cell line as the
calibrator for exons 10–11 and 12–13, the TPC1 cell
line as the calibrator for RET/PTC1, and RET/PTC3-
transfected ARO cells as the calibrator for RET/
PTC3.

Validation of gene expression by the 2�DCt and
2�DDCt method was achieved by preparing standard
curves for each gene using RNA extracted from TT
cells (for exons 10–11 and 12–13), TPC1 (for RET/
PTC1) and RET/PTC3-transfected ARO cells (for
RET/PTC3). Efficiencies of amplification were close
to 1 for all genes (see Results), justifying the
expression of mRNA levels as 2�DCt and 2�DDCt

values.

Statistical Analysis

Intra-assay variability was assessed as the coeffi-
cient of variance (CV) of Ct values measured in
triplicate in a single run. Interassay variability was
assessed as the CVof mean Ct values measured on 3–
10 independent runs performed on separate days.
CVs were calculated as the standard deviation
divided by the mean and expressed as percent.

Differences between groups were analyzed by the
Mann–Whitney test for nonparametric data or by
one-way ANOVA, with Po0.05 considered to be
significant.

Results

RET Exons 10–11, 12–13, RET/PTC1 and RET/PTC3
mRNA Expression in Cell Lines

TT, TPC1 and RET/PTC3-transfected ARO cells were
used as controls for expression of RET (exons 10–11
and 12–13), RET/PTC1 and RET/PTC3, respectively.
As expected, rearranged RET forms were not
detected in TT cells. However, small amounts of
exons 10–11 were detected in TPC1 and RET/PTC3
transfected ARO cells indicative of low c-RET
expression (Table 1). The control cell lines were
used to derive standard curves describing the
relationship between Ct values and the amount of
input RNA. Standard curves were also obtained for
the reference gene b-actin. For all genes studied, Ct

values were linearly related to input RNA with R2

values 40.9 (Figure 2). Efficiencies of amplification
(defined as 10�1/slope�1) were always 40.95 and
were not significantly different from 1. To determine
whether the cellular environment influences the
efficiency of amplification, standard curves were
also obtained by diluting each cell line expressing c-
RET or RET/PTC in a background of nonexpressing
mouse cells (L1210 cell line), and maintaining a
constant input of total RNA. Linear relationships
between Ct values and cell number were obtained
for all genes with R2 values 40.9 (Figure 3).
Efficiencies of amplification were 0.99–1.05, with
no difference in efficiencies derived by RNA dilu-
tion vs those obtained by cell:cell dilution indicat-
ing that the cellular environment does not affect the
efficiency of amplification of RET exons 10–11 and
12–13, RET/PTC1 and RET/PTC3.

The reproducibility of real-time RT-PCR measure-
ments for each gene was evaluated on the respective
control cell line. The intra-assay variability (%CV)
of Ct values determined in triplicate within a single
analytical run was consistently o2% for all genes.
The interassay variability (%CV) of Ct values
determined in separate analytical runs was 2.4%
for exons 10–11 (n¼ 10), 2.5% for exons 12–13
(n¼ 10), 2.0% for RET/PTC1 (n¼ 10), 0.4% for RET/
PTC3, and 1.6% for b-actin (n¼ 10).

RET Exons 10–11, 12–13, RET/PTC1 and RET/PTC3
mRNA Expression in Thyroid Tissue

RET exons 10–11 and 12–13 mRNAwere detected in
the same 10 normal samples out of the 12 examined
and in all the 25 papillary carcinoma cases (Figure
4a and b, Table 1). There was no difference between
normal and neoplastic samples in median 2�DCt and
2�DDCt values for RET exons 10–11 indicating similar
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c-RET expression in the two groups. RET exons 10–
11 and 12–13 mRNA levels in both groups were 3
orders of magnitude lower than in the TT cell line,
as indicated by median 2�DDCt values of B10�3

(Table 1). RET exons 10–11 and 12–13 expression

varied among samples. For normal thyroids, the
range of 2�DCt–2�DDCt values was B200-fold for both
exons 10–11 and 12–13, whereas for papillary
carcinomas, the range was B3000-fold for exons
10–11 and B16 000-fold for exons 12–13 (Table 1).

Table 1 RET and RET/PTC mRNA expression in thyroid tissue and cell lines

Na Normalized mRNA levelsb (2�DCt ) Relative mRNA levelsc (2�DDCt )

Median Range Median Range

Exons 10–11
Normal 10/12 4.6� 10�3 6.1� 10�4–0.1 1.4�10�3 2.2�10�4–4.2
Papillary carcinoma 25/25 1.8� 10�3 2.0� 10�5–6.2�10�2 5.7�10�4 6.5�10�6–2.3�10�2

TT cell 3.9 2.9–6.5
TPC1 4.5� 10�6 3.5� 10�6–6.0�10�6

RET/PTC3-ARO 2.7� 10�6 1.9� 10�6–3.3�10�6

Exons 12–13
Normal 10/12 3.6� 10�3 1.4� 10�3–0.3 8.3�10�4 3.2�10�4–1.7
Papillary carcinoma 25/25 4.4� 10�3 6.1� 10�5–1.0 1.1�10�3 1.6�10�5–2.6�10�1

TT cell 3.3 2.6–4.2
TPC1 4.7� 10�2 1.8� 10�4–9.1�10�4

RET/PTC3-ARO 9.6� 10�4 6.2� 10�4–11.9�10�4

RET/PTC1
Normal 0/12 NDd

Papillary carcinoma 18/25 1.5� 10�2 5.0� 10�6–1.2 0.6 2.0�10�4–54
TT cell ND
TPC1 cell 2.6� 10�2 1.5� 10�2–3.9�10�2

RET/PTC3-ARO ND

RET/PTC3
Normal 0/12 ND
Papillary carcinoma 5/25 5.4� 10�5 5.2� 10�6–3.6�10�4 0.3 2.5�10�2–1.7
TT cell ND
TPC1 ND
RET/PTC3-ARO cell 2.2� 10�4 1.9� 10�4–2.3�10�4

a
N refers to the number of positive cases out of the total number of cases examined.

b
mRNA levels are normalized with respect to b-actin.

c
mRNA levels are normalized with respect to b-actin and expressed relative to a calibrator cell line (TTcell for exons 10–11 and 12–13, TPC1 cells
for RET/PTC1, and RET/PTC3-transfected ARO cells for RET/PTC3).
d
ND, not detectable.

Figure 2 RNA dilution standard curves for RT-PCR amplification of c-RETand RET/PTC mRNA. Serial dilutions were made of total RNA
from TT cells (a), TPC1 cells (b) and RET/PTC3-transfected ARO cells (c). Linear relationships between threshold cycle (Ct) and input
RNAwere obtained for all target genes and the reference gene b-actin, with R240.9. Points represent mean7s.e.m. of n¼29 for TT cells,
n¼25 for TPC1 cells, and n¼ 3 for RET/PTC3-transfected ARO cells.
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RET/PTC1 was detected in 18/25 papillary carci-
nomas cases, but in none of the normal thyroid cases
(Figure 4c, Table 1). Median RET/PTC1 expression
in the positive papillary carcinoma cases was of
the same order of magnitude as that measured in
the TPC1 cell line (2�DDCt ¼ 0:6, Table 1). However,
RET/PTC1 mRNA expression varied widely, with
B100 000-fold range in 2�DCt–2�DDCt values. In fact,
two statistically distinct sets of cases could be
identified with 6/18 positive cases expressing low
RET/PTC1 levels (2�DCto10�3, or RET/PTC1 less
than 0.1% of b-actin) and 12/18 positive cases
expressing high RET/PTC1 levels (2�DCt410�3, or
RET/PTC1 greater than 0.1% of b-actin) (Po0.001,
Mann–Whitney test). RET/PTC1 amplicons were
identified by direct gel visualization and ethidium
bromide staining in 7/12 positive cases expressing
high RET/PTC1 levels.

RET/PTC3 was detected in 5/25 papillary carci-
noma cases, but in none of the normal thyroid cases
(Figure 4d, Table 1). All five papillary carcinoma
cases expressing RET/PTC3 also had high levels
(2�DCt410�3) of RET/PTC1. Median RET/PTC3 ex-
pression in the positive papillary carcinomas was
of the same order of magnitude as that measured
in RET/PTC3-transfected ARO cells (2�DDCt ¼ 0:3,
Table 1). RET/PTC3 mRNA expression varied over
a 100-fold range for 2�DCt and 2�DDCt values. RET/
PTC3 levels, normalized to b-actin (2�DCt ), were
similar to RET/PTC1 levels in the set of papillary

carcinomas with low RET/PTC1 expression
(2�DCto10�3, or less than 0.1% of b-actin) (Figure
4c and d). RET/PTC3 amplicons were not identified
by direct gel visualization and ethidium bromide
staining.

Balance of RET Exons 12–13 vs Exons 10–11
Expression in Thyroid Tissue

In normal thyroid tissues, exons 12–13 mRNA
expression was linearly related to exons 10–11
mRNA expression (Figure 5; R2¼ 0.99). The slope
of the linear regression line (0.98) was not signifi-

Figure 3 Cell dilution standard curves for RT-PCR amplification
of c-RET and RET/PTC mRNA. TT, TPC1 and RET/PTC3-
transfected ARO cells were diluted in a background of L1210
cells not expressing c-RET or its rearranged forms. Linear
relationships between threshold cycle (Ct) and cell number were
obtained for all target genes, with R240.9. Points represent
mean7s.e.m. of n¼ 4 for all cell lines.

Figure 4 Normalized mRNA levels in normal thyroid and
papillary carcinoma. mRNA levels for exons 10–11 (a), exons
12–13 (b), RET/PTC1 (c) and RET/PTC3 (d) were measured in
normal thyroid (N), papillary thyroid carcinoma (PC) and
calibrator cell lines (TT cells for exons 10–11 and 12–13; TPC1
cells for RET/PTC1; RET/PTC3-transfected ARO cells for RET/
PTC3). mRNA levels were normalized to b-actin and expressed as
2�DCt . Points represent individual cases, and the bar represents
the median.
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cantly different from 1, confirming that exons 12–13
mRNA expression reflects c-RET. In contrast, plot-
ting exons 12–13 mRNA expression vs exons 10–11
mRNA expression in papillary carcinomas demon-
strated the presence of two distinct sets, one with
balanced expression of exons 10–11 and 12–13
containing 13/25 cases, and one with an unbalance
between RET exons 10–11 and 12–13 containing
12/25 cases (Figure 5). The papillary carcinoma set
with balanced RET expression also exhibited
a linear relationship between exons 12–13 and
10–11 mRNA expression (R2¼ 0.89, slope¼ 0.81),
with no significant difference in the slope of the
linear regression line between it and normal thyroid
cases. In contrast, the set with unbalanced RET
expression, failed to show a significant relationship
between exons 12–13 and 10–11 mRNA levels
(R2¼ 0.32), and exhibited exon 12–13 expression
levels higher than expected for a 1:1 relationship
between the two exons.

Exons 10–11 mRNA levels were similar in
papillary carcinomas with balanced and unbalanced
RET, although there was a trend for lower exons 10–
11 expression in the unbalanced samples (P¼ 0.081,
Mann–Whitney test) (Figure 6a). In contrast, exons
12–13 mRNA expression was significantly higher in
the unbalanced samples (Po0.0005, Mann–Whitney
test) (Figure 6b). RET/PTC1 mRNA was detected in
6/12 cases with balanced RET expression (median
2�DCt ¼ 2:3�10�5, or 0.002% RET/PTC1 relative to

b-actin), and in all cases with unbalanced RET
expression, with a significantly higher median 2�DCt

of 5.1� 10�2, or 5% RET/PTC1 relative to b-actin
(Po0.001, Mann–Whitney test) (Figure 6c). RET/
PTC3 mRNA was not detected in papillary carcino-
mas with balanced RET expression but was detect-
able in 5/13 of cases with unbalanced RET (median
2�DCt ¼ 5:4�10�5, or 0.005% RET/PTC3 relative to
b-actin) (Figure 6d).

Thus, papillary carcinoma with and without
balanced RET expression differ in RET/PTC levels.
Tumors with balanced RET expression are charac-
terized by low expression of exons 12–13 mRNA,
low or no RET/PTC1 mRNA and no RET/PTC3
mRNA. Those with unbalanced RET expression
exhibit higher levels of exons 12–13 and RET/
PTC1 mRNA, and in some cases may also express
RET/PTC3 mRNA. Of note, the two papillary
carcinoma sets identified by examining the relation-
ship between RET exons 10–11 and 12–13, corre-
spond to the two distinct clusters identified
previously as cases with low and high RET/PTC1
mRNA levels. The balanced set corresponds to those

Figure 5 Relationship between exons 10–11 and 12–13 mRNA
expression in normal thyroid and papillary carcinoma (PC) with
balanced and unbalanced RET exons 10–11 vs 12–13 expression.
mRNA levels were normalized to b-actin and expressed as 2�DCt .
Data points represent individual cases. The dotted line represents
the linear regression line for normal thyroid tissue (R2¼ 0.99),
with a slope of 0.98.

Figure 6 Normalized mRNA levels in papillary carcinoma with
balanced and unbalanced RET exons 10–11 vs 12–13 expression.
mRNA levels for exons 10–11 (a), exons 12–13 (b), RET/PTC1 (c)
and RET/PTC3 (d) were normalized to b-actin and expressed as
2�DCt . Points represent individual cases and the bar represents the
median of positive cases.
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cases having 2�DCt RET/PTC1 values lower than
10�3, whereas the unbalanced set corresponds to
those cases having 2�DCt values higher than 10�3.

Effect of Input RNA on the Detection Limit for
RET/PTC1 and RET/PTC3 in Tissue Samples

In order to determine the minimum amount of input
RNA required to detect RET/PTC mRNA in papillary
carcinoma samples, RNA dilutions were prepared
from 10 papillary carcinoma cases with unbalanced
exons 12–13 vs 10–11 expression, that is, cases
displaying high levels of RET/PTC1 mRNA. As
illustrated in Figure 7a, RET/PTC1 mRNA was
detected in 10/10 cases using an input of 1 mg
RNA, 9/10 cases with 100ng input RNA, 7/10 cases
with 10ng input RNA, 4/10 cases with 1ng input
RNA and 1/10 cases with 0.1 ng input RNA. Of the
10 cases examined, four also expressed RET/PTC3
mRNA. RET/PTC3 mRNAwas detected in 4/4 cases
using an input of 1 mg RNA, 1/10 cases with 100ng
input RNA and none at further dilutions (Figure 7b).

Proportion of RET and RET/PTC Producing Cells in
Papillary Carcinoma as TT, TPC1 or RET/PTC3-
Transfected ARO Cell Equivalents

The amount of RET and RET/PTC mRNA in
papillary carcinoma samples was compared to
standard curves (Figure 3) derived by diluting c-
RET-, RET/PTC1- and RET/PTC3-expressing cells (ie
TT cells, TPC1 cells or RET/PTC3-transfected ARO
cells) in a background of nonexpressing cells
(L1210). This allows an estimate of the proportion
of positive cells in tumor samples as TT, TPC1 or
RET/PTC3-transfected ARO cell equivalents. The

expression levels of papillary carcinoma samples in
terms of cell equivalents are shown in Figure 8.
Thus, median cell equivalents are 1:100 000-
TT:L1210 cells for exons 10–11 mRNA, 1:20 000-
TT:L1210 cells for exons 12–13 mRNA, 1:600-
TPC1:L1210 cells for RET/PTC1 mRNA, and
1:1000-RET/PTC3-transfected ARO:L1210 cells for
RET/PTC3 mRNA. However, direct comparisons of
cell equivalents between RET and its rearranged
forms are not possible since each cell line produces
different amounts of target gene. In fact, when
normalized to b-actin levels, RET/PTC3 expression

Figure 7 Effect of input RNA amount on detection of RET/PTC
mRNA expression in PC. mRNA levels of RET/PTC1 (a) and RET/
PTC3 (b) were normalized to b-actin and expressed as 2�DCt .
Points represent individual cases and the bar represents the
median of positive cases. Numbers in brackets represent the
number of cases in which mRNA was detected at each RNA
dilution out of 10 cases analyzed.

Figure 8 Cell equivalents for mRNA expression in papillary
carcinoma with RET/PTC rearrangements. Cell equivalents for
exons 10–11 (a), exons 12–13 (b), RET/PTC1 (c) and RET/PTC3 (d)
are expressed as the ratio of calibrator cells (TT, TPC1 or RET/
PTC3-transfected ARO cells) to L1210 mouse cells. TT, TPC1 or
RET/PTC3-transfected ARO cell equivalents were estimated from
cell dilution standard curves (see Figure 3). Data are represented
as individual data points for all papillary carcinoma cases, and
box and whiskers for papillary carcinomas with balanced (B) and
unbalanced (U) RET exons 10–11 vs 12–13 expression. Boxes
extend from the 25th to 75th percentile, bars within boxes
represent the median, and whiskers reflect the range.
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by transfected ARO cells is B100 times lower than
RET/PTC1 expression by the TPC1 cell line and
B10 000 times lower than c-RET expression by TT
cells (Figure 4).

As seen with the mRNA data normalized to b-
actin (2�DCt values), cell equivalent expression of
RET and RET/PTC also showed wide variability.
RET/PTC1 expression in terms of TPC1 cell equiva-
lents revealed two distinct sets, one with a low
expression of RET/PTC1 mRNA corresponding to a
cell dilution greater than 1:10 000 cells (median
1:60 000-TPC1:L1210 cell equivalents), and the
other with a high expression of RET/PTC1 corre-
sponding to a cell dilution lower than 1:10 000 cells
(median 1:100-TPC1:L1210 cell equivalents)
(Po0.001, Mann–Whitney test). The cases in these
two sets are the same as those in the previously
identified clusters characterized by balanced RET
expression with low RET/PTC1 mRNA levels, and
unbalanced RET expression with high RET/PTC1.

RET and RET/PTC Expression Groups and Correlation
with Clinicopathologic Features in Papillary
Carcinoma

In summary, quantitative analysis of RET and RET/
PTC expression demonstrates four groups of papil-

lary carcinomas of comparable numerical size. One
group is characterized by the lack of RET/PTC
rearrangement, and RET exons 10–11 and 12–13
levels similar to those observed in the normal
samples. This group includes 7/25 cases (28%)
(Table 2). The second group (6/25 cases or 24%,
Table 2) also has RET expression similar to those of
the normal samples, with balanced exons 10–11 and
12–13. However, it expresses RET/PTC1 at a low
level in terms of b-actin normalization (2�DCto10�3,
or RET/PTC1 less than 0.1% of b-actin, Figure 6c) as
well as in terms of TPC1 cell equivalents (RET/PTC1
corresponding to dilutions greater than one TPC1
cell in 10 000 nonrearranged cells Figure 8c). The
third and fourth groups include cases with unba-
lanced RET expression (Figure 5). These cases are
characterized by higher RET/PTC1 in terms of b-
actin normalization (2�DCt410�3, or RET/PTC1
greater than 0.1% of b-actin, Figure 6c) as well as
in terms of TPC1 cell equivalents (RET/PTC1
corresponding to dilutions lower than one TPC1
cell in 10 000 nonrearranged cells Figure 8c). The
third and fourth groups differ only with respect to
RET/PTC3, which is absent in the third but present
in the fourth (Figure 6d). They include 7/25 (28%)
and 5/25 (20%) cases, respectively (Table 2).

All tumors were clinically evident with a median
percentage of neoplastic follicular cells vs stromal

Table 2 Correlation of clinicopathologic features with RET and RET/PTC mRNA expression

Age Sexa Papillary carcinoma type Tumor size
(cm)

Neoplastic
follicular cells

(%)b

Stage at
diagnosisc

Unbalanced
RET expression

RET/PTC1
(2�DCt )d

RET/PTC3
(2�DCt )d

34 F Follicular variant 3.5 85 T2N0M0-I No 0 0
42 M Classic 1.5 80 T3N1bM0-I No 0 0
40 F Follicular variant 1.4 65 T1N0M0-I No 0 0
29 F Follicular variant 3.3 75 T2N0M0-I No 0 0
47 F Classic 1.2 70 T1N0M0-I No 0 0
31 F Classic 3 85 T2N0M0-I No 0 0
25 F Classic 1.8 70 T1N0M0-I No 0 0
44 F Classic 2.4 85 T2N0M0-I No 4.9� 10�6 0
58 M Follicular variant 3.8 80 T3N0M0-III No 5.5� 10�5 0
44 F Follicular variant 1.2 85 T1N0M0-I No 7.2� 10�6 0
47 M Classic 3 75 T2N1bM0-IVA No 3.9� 10�5 0
25 M Classic 4 80 T3N0M0-I No 6.8� 10�5 0
50 F Classic 5 75 T3N1aM0-III No 5� 10�6 0
41 M Follicular variant 2.5 80 T2N0M0-I Yes 6.0� 10�2 0
20 M Follicular variant 3 85 T2N0M0-I Yes 6.4� 10�2 0
9 M Diffuse sclerosing 5 80 T3N1aM0-I Yes 1.2� 10�2 0
26 F Classic 3 75 T2N0M0-I Yes 1.2 0
64 F Classic 4.5 80 T3N1bM0-III Yes 2.1� 10�2 0
75 F Classic 4.2 75 T3N1bM0-III Yes 5.3� 10�2 0
42 F Follicular variant 4.5 80 T3N0M0-I Yes 1.8� 10�3 0
50 F Follicular variant 3.8 85 T3N0M0-III Yes 4.8� 10�2 1.8�10�5

44 F Classic 4.5 65 T3N0M0-I Yes 2.8� 10�3 3.6�10�4

44 F Follicular variant 4.9 85 T3N0M0-I Yes 1.2� 10�1 8.7�10�5

35 F Classic 2.5 80 T3N1aM0-I Yes 8.8� 10�2 5.4�10�5

45 F Classic 1.2 65 T1N0M0-1 Yes 1.6� 10�2 5.2�10�6

a
F, female patient; M, male patient.

b
The proportion of neopalstic follicular cells vs stromal and inflammatory cells was estimated on representative histology sections of the tissue
selected for RNA extraction.
c
AJCC, 2002.

d
RET/PTC1 and RET/PTC3 values are normalized to b-actin and expressed as 2�DCt .
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and inflammatory cells of 80%. Median tumor size
was 3.5 cm in cases with high RET/PTC1 expression
(third and fourth papillary carcinoma groups),
2.7 cm in cases with low RET/PTC1 (second papil-
lary carcinoma group) and 1.5 cm in cases with no
RET/PTC1 (first papillary carcinoma group). This
suggests that tumor sizes may parallel RET/PTC1
expression levels, although the difference did not
reach statistical significance (P¼ 0.063, one-way
ANOVA). Expression levels of RET or of its rear-
ranged forms did not correlate with the papillary
carcinoma type, presence of lymph node metastasis
or tumor stage.

Discussion

The prevalence of RET/PTC1 and RET/PTC3 re-
ported in sporadic papillary carcinoma, varies
broadly and the reason for this variability is unclear.
The existence of a geographic factor is shown by
comparing the prevalence of RET/PTC activation in
different studies of nonradiation-associated papil-
lary carcinomas, all of which have utilized compar-
able techniques (ie RT-PCR followed by
hybridization of the amplified products with RET
specific probes to detect RET/PTC)19–23 and by the
observation of regional variability within one coun-
try in samples analyzed by the same laboratory.24

This points to the putative existence of unknown
environmental agents favoring RET rearrangement
and to the role of genetic susceptibility for papillary
cancer.25 However, much of the difference in the
prevalence of RET/PTC activation appears to be
related to the technique used to detect the rear-
ranged DNA or RNA. The most common techniques
include Southern blotting, direct gel visualization of
the RT-PCR amplicons and hybridization of blotted
RT-PCR products. Meta-analysis of the data pub-
lished worldwide over a greater than 10-year period
(Table 3) demonstrates an average prevalence of
18% for Southern blotting (67/370 cases tested,
range 0–33%),26–31 15% for direct visualization of
the RT-PCR amplicons (47/309 cases tested, range
4–45%)7,32–35 and 48% for hybridization of blotted
RT-PCR products (153/314 cases tested, range
0–85%).4,21–23,36–39 Allowing for the fact that South-
ern blotting permits the identification of all
RET/PTC variants while the cases analyzed by RT-
PCR listed above only screened the tumors for
RET/PTC1, -2 and -3, there is a good correspondence
between the sensitivity of Southern blotting and of
direct gel visualization of RT-PCR products, as also
demonstrated by parallel analysis of the same
samples with the two methods.44 When RT-PCR is
followed by blotting of the amplicons and hybridi-
zation with RET-specific probes the sensitivity
increases dramatically, by at least 100-fold accord-
ing to some investigators.11 This is not only reflected
in the meta-analysis of the world literature but by
the higher rate of RET/PTC detected in the same

laboratory when direct gel visualization was re-
placed by hybridization of blotted RT-PCR products
(5% compared with 61%),23,45 or by the increase in
the proportion of positive cases from 4 to 76% in
two similar series from the same country.7,37 In fact,
even accounting for different amplification efficien-
cies of the PCR primers, technical details that
increase the sensitivity of the methodology such as
blotting larger amounts of RT-PCR product before
hybridization, result in an increased RET/PTC
detection rate.37 Although some increase in RET/
PTC detection rate due to any combination of factors
which affect sensitivity is certainly expected, the
extent of such an increase23,45 is surprising and
points to a wide range of RET/PTC expression in
papillary carcinoma.

A number of studies have noted expression of
c-RET in papillary thyroid carcinoma tumor sam-
ples.7–11 Wild-type RET may coexist with RET/
PTC9,10 and it has been proposed as a marker for
aggressive disease.10 Similar to RET/PTC, c-RET
mRNA has been reported in a variable proportion of
papillary carcinomas with frequencies ranging from
21%10 to 100%.8,9

To address the issue of the expression level of RET
and its rearranged forms in thyroid papillary
carcinoma we have utilized real-time RT-PCR and
quantitatively analyzed high-quality RNA extracted
from frozen samples for the expression of RET/
PTC1, RET/PTC3 and RET exons 10–11 and 12–13,
which are adjacent to the RET/PTC rearrangement
site. RET/PTC1 was detectable in 18/25 (72%)
papillary carcinomas. RET/PTC3 coexisted with
RET/PTC1 in 5/25 (20%) tumors. Exons 10–11
mRNA, indicative of c-RET expression, were detect-
able in all the papillary carcinomas and in 10/12
(83%) normal thyroids. Our results indicate a
remarkable variability in mRNA levels. The varia-
bility is highest for RET/PTC1. It is also significant
for c-RET and RET/PTC3 and it is not accounted for
by the proportion of follicular cells in the samples
analyzed. In fact, the range for the proportion of
neoplastic follicular cells in tumor samples was
within one order of magnitude and overlapped with
that of the normal cases.

Statistical analysis of the quantitative data shows
four groups of papillary carcinomas of similar size.
One lacks RET/PTC rearrangement and has normal-
ized RET exons 10–11 and 12–13 levels similar to
those observed in the non-neoplastic samples. The
second group exhibits minimal expression of RET/
PTC1. RET/PTC1 expression in this group is at least
10 000 times lower as compared with b-actin,
corresponds to a dilution of RET/PTC1 positive
TPC1 cells greater than one in 10 000 nonrearranged
cells, and it is so low that it is not associated with
detectable unbalance between normalized RET
exons 10–11 and 12–13 levels. In the third
and fourth carcinoma groups RET exons 10–11 and
12–13 expression is clearly different from the
normal samples and from the carcinoma groups
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one and two. The RET exons expression pattern is
unbalanced, as expected in the case of RET/PTC
rearrangement. Cases are characterized by high RET/
PTC1 expression compared to the second carcinoma
group both in terms of normalized RET/PTC1 levels
and TPC1 cell equivalents. The third and fourth
groups differ only with respect to RET/PTC3, which
is absent in the third but present in the fourth. Of
note, RET/PTC3 levels in the fourth group are low
and of the same order of magnitude as RET/PTC1
levels in the second carcinoma group.

RET/PTC1 in this study was identified by direct
gel visualization and ethidium bromide staining in
only a proportion of our cases with high-level
expression. The prevalence of RET/PTC1 identified
by direct gel visualization is within the range of that
reported in the literature. However, the majority of
the RET/PTC1 rearranged cases and all of the RET/
PTC3 rearrangements could only be identified with
the TaqMan assay, confirming its superior sensitiv-
ity compared with the conventional solution phase
RT-PCR.42 The overall high prevalence of RET/PTC

Table 3 Prevalence of RET/PTC in sporadic papillary thyroid carcinoma in different series

Country Detection method Positive/tested Reference

Japan Southern blot 0/22 (0%) Namba et al, 199126

Japan Southern blot 1/38 (2.6%) Wajjwalku et al, 199227

USA Southern blot 4/36 (11%) Jhiang et al, 199228

USA Southern blot 11/65 (17%) Santoro et al, 199229

France Southern blot 8/70 (11%) Santoro et al, 199229

Italy Southern blot 14/42 (33%) Santoro et al, 199229

Portugal Southern blot 8/33 (24%) Soares et al, 199830

Italy Southern blot, extra-long PCR transfection
assay, RT-PCR (ethidium bromide staining)

21/64 (33%) Bongarzone et al, 199831

Australia RT-PCR (ethidium bromide staining) and
sequencing

2/47 (4.2%) Learoyd et al, 19987a

Taiwan RT-PCR (ethidium bromide staining) and
sequencing

6/11 (54.5%) Lee et al, 199832a

Germany RT-PCR (ethidium bromide staining) and
sequencing

8/99 (8%) Mayr et al, 199833a

Germany RT-PCR (ethidium bromide staining) and
sequencing

16/119 (13%) Musholt et al, 200034a

USA RT-PCR (Syber Green or silver staining) and
sequencing

15/33 (45%) Fenton et al, 200035a

Japan RT-PCR followed by hybridization of the
amplification products

1/11 (9%) Ishizaka et al, 199119b

Saudi Arabia RT-PCR followed by hybridization of the
amplification products

1/40 (3%) Zou et al, 199420b

USA RT-PCR followed by hybridization of the
amplification products

11/17 (65%) Nikiforov et al, 19974a

USA RT-PCR followed by hybridization of the
amplification products

16/28 (57.1%) Tallini et al, 199822a

Canada RT-PCR followed by hybridization of the
amplification products

51/84 (61%) Sugg et al, 199823a

Japan RT-PCR followed by hybridization of the
amplification products

7/19 (37%) Motomura et al, 199821a

Korea RT-PCR followed by hybridization of the
amplification products

0/24 (0%) Park et al, 199836a

Australia RT-PCR followed by hybridization of the
amplification products

17/20 (85%) Chua et al, 200037a

New Caledonia RT-PCR followed by hybridization of the
amplification products

19/27 (70%) Chua et al, 200037a

Italy RT-PCR followed by hybridization of the
amplification products

19/47 (40%) Elisei et al, 200138a

Italy RT-PCR followed by hybridization of the
amplification products

13/48 (27%) Puxeddu et al, 200339a

UK Nested RT-PCR 23/43 (54%) Williams et al, 199640c

Italy, France Interphase FISH 13/69 (19%) Cinti et al, 200041

Ireland TaqMan RT-PCR 12/50 (24%) Sheils et al, 200042b

Ireland TaqMan RT-PCR after laser capture
microdissection

18/28 (64%) Finn et al, 200343d

a
RET/PTC-1, -2, -3.

b
RET/PTC1 only.

c
Nested RT-PCR for the RET tyrosine kinase domain only.

d
RET/PTC-1, and -3.

Note: radiation-associated tumors present in some of the series have been excluded from the computation.
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in this study is thus consistent with the use of real-
time RT-PCR technology, of high-quality RNA
extracted from frozen tissue and accurately quanti-
fied, and with the high median proportion of
neoplastic follicular cells in the samples analyzed.
It is also in line with results obtained after
hybridization of blotted RT-PCR products, although
papillary carcinomas with low RET/PTC levels may
escape detection even after RET hybridization of
blotted RET/PTC amplicons.37

The highly variable expression of RET/PTC in
tumor samples explains the increase in RET/PTC1
detection rate which parallels modifications to
enhance the sensitivity of the methodology used
for its detection.23,37,43 It is also consistent with the
drop in the RET/PTC detection rate that occurs as
the amount of input RNA is decreased.

The existence of papillary carcinomas with very
low RET/PTC expression, the identification of
which is highly dependent on any combination of
factors that affect sensitivity, explains to a great
extent the variation in RET/PTC prevalence rates.
Furthermore, the existence of quantitative variation
in the expression levels should be taken into
account to investigate the correlation of RET/PTC
with clinical findings. Critical review of the data
available in the literature still indicates that RET/
PTC has no definite role in the progression of
thyroid carcinoma to aggressive forms of cancer
and may indeed identify a subset of tumors with
better outcome.34 However, it is possible that
quantitative analysis may disclose new correlations
with clinical or pathologic features, as suggested by
the association trend between high RET/PTC1 levels
and tumor size in this small series. The biological
relevance of RET/PTC rearrangements expressed at
very low levels is also unclear. It is possible that in
certain tumors the rearranged RET forms are
particularly unstable or that the rearrangement is
only present in a subset of the neoplastic cells.
Regardless, it is reasonable to question the relevance
of RET/PTC1 when the rearrangement is present at
levels equivalent to less than one RET/PTC1-
positive TPC1 cell in 10 000 nonrearranged cells.

The presence of low-level RET/PTC3 mRNA was
identified in a subset of cases. The coexistence of
RET/PTC1 and RET/PTC3 rearrangements is known
to occur in papillary carcinoma.22,23,37,43 In fact, the
presence of more than two different RET rearrange-
ments in a single tumor indicates multiple RET/PTC
rearranged clones in at least some papillary carci-
nomas.37 Since RET/PTC3 is only expressed at low
levels in tumor cases with high RET/PTC1 expres-
sion, RET/PTC3 rearrangement appears to be a
secondary phenomenon possibly due to the pre-
sence of minor neoplastic cell clones. Given the
association, it is tempting to speculate that RET/
PTC1 may even predispose the neoplastic cell to
acquire the second RET rearrangement. RET/PTC3
without RET/PTC1 coexpression is frequently de-
tected in tall cell papillary carcinoma, but it is

uncommon in other types of papillary cancer. Tall
cell papillary carcinoma is a rare but aggressive
papillary carcinoma variant.12 The higher mitogenic
effects of RET/PTC3 compared with RET/PTC1 have
indeed been postulated as the molecular basis for
the aggressive biologic behavior of tall cell papillary
carcinoma.46 However, none of our cases had
morphologic findings to justify such a diagnosis
and none expressed high RET/PTC3 levels. In fact,
tumors with both RET/PTC3 and RET/PTC1 rear-
rangements did not exhibit any particular clinico-
pathologic feature.

Our study demonstrates that c-RET is detectable
in all papillary carcinomas to a level comparable
with that of normal thyroid parenchyma. The
expression level is variable, particularly among
tumor samples, explaining the apparent inconsis-
tency of the reported detection rates.8–10 The levels
of c-RET expression are in any case B1000 times
lower when compared to the control TT medullary
carcinoma cell line. The expression level of RET
exons 12–13 in individual cases is statistically
higher relative to that of exons 10–11 only in those
cases which express high levels of rearranged RET.
This fully validates the use of methodologies that
rely on the unbalance in the expression of RET
exons adjacent to the RET/PTC breakpoint in c-RET
intron 11, although the variability in the relative
RET exon unbalance calls for great caution in the
visual interpretation of gels or of hybridized of blots
of RT-PCR products. The presence of detectable
exons 10–11 mRNA even in those cases with high
RET/PTC1 expression indicates that both c-RET and
rearranged RET forms coexist in papillary carcinoma
samples. The source of c-RET in such samples is
debated and challenges the notion that c-RET is
expressed by thyroid follicular cells only as a
consequence of RET/PTC rearrangements. c-RET
mRNA in papillary carcinoma may be the result of
contaminating C-cells or more likely neutrophils
and macrophages that express both mRNA and wild-
type RET protein.47 However, low-level mRNA
expression by thyroid follicular cells is a likely
possibility.8,9,11 This is supported in our study by the
lack of C-cell contamination in tumor samples as
indicated by negative results for calcitonin immu-
nohistochemistry (data not shown) and by the
identification of low-level exons 10–11 in the RET/
PTC1 positive TPC1 thyroid follicular cell line and
in the RET/PTC3-transfected ARO cells. Interest-
ingly, among papillary carcinomas with high-level
RET/PTC1 expression there is a trend for lower RET
exon 10–11 levels compared to those tumors with
low-level RET/PTC1 or no rearrangement. If c-RET is
indeed expressed by follicular cells, the reduction in
RET exon 10–11 levels may suggest the existence of
molecular mechanisms that allow RET/PTC to
downregulate c-RET expression.

In summary, this is the first report of quantitative
expression analysis of RET and its rearranged forms
in papillary thyroid carcinoma. Our results indicate
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that c-RET and RET/PTC levels are highly variable.
This variability contributes to the apparent incon-
sistencies in their reported detection rates and
should be taken into account not only for diagnostic
purposes but also to better understand the role
of RET activation in thyroid follicular cell tumor-
igenesis.
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