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Several lines of evidence suggest that follicular cell-
derived thyroid cancers represent a continuum of
disease that progresses from the highly curable well-
differentiated thyroid cancers to the universally fatal
anaplastic cancers. However, the genetic mechanisms
underlying thyroid cancer progression remain ill de-
fined. We compared the molecular-cytogenetic pro-
files derived from comparative genomic hybridiza-
tion (CGH) analysis of major histological variants of
thyroid cancer to define genetic variables associated
with progression. Overall , a sequential increase in
chromosomal complexity was observed from well-
differentiated papillary thyroid cancer to poorly dif-
ferentiated and anaplastic carcinomas, both in terms
of the presence of CGH detectable abnormalities (P �
0.003) and the median number of abnormalities per
case (P < 0.001). The presence of multiple abnormal-
ities common to all thyroid cancer variants, including
gains of 5p15, 5q11–13, 19p, and 19q and loss of 8p,
suggests that these tumors are derived from a com-
mon genetic pathway. Gains of 1p34–36, 6p21, 9q34,
17q25, and 20q and losses of 1p11-p31, 2q32–33,
4q11–13, 6q21, and 13q21–31 may represent second-
ary events in progression, as they were only detected
in poorly differentiated and anaplastic carcinomas.
Finally, recurrent gains at 3p13–14 and 11q13, and
loss of 5q11–31 were unique to anaplastic carcino-
mas, suggesting they may be markers for anaplastic
transformation. Our data suggests that the develop-
ment of chromosomal instability underlies the pro-
gression to more aggressive phenotypes of thyroid

cancer and sheds light on the possible genomic aber-
rations that may be selected for during this process.
(Am J Pathol 2002, 161:1549–1556)

Cancer is a progressive genetic disorder that may ad-
vance through well-defined clinicopathological stages.
Accumulating evidence indicates that follicular cell de-
rived thyroid cancer constitutes a biological continuum
progressing from the highly curable well-differentiated
carcinomas (WDTC) to the universally fatal anaplastic
carcinomas (ATC).1,2 Poorly differentiated carcinomas
(PDTC) occupy an intermediate position in this progres-
sion concept.3,4 Morphological support for this model
includes the gradual loss of papillary and follicular growth
patterns and simultaneous increase in the presence of
solid growth, mitoses, necrosis, and nuclear pleomor-
phism that is observed from WDTC to ATC.5 Moreover,
the majority of ATC exhibit “residual” foci of differentiated
thyroid carcinoma.6 Although this admixture can be seen
in the initial pathological specimen, it is also observed
that poorly differentiated or undifferentiated thyroid car-
cinomas develop as a recurrence months or years after
the removal of a well-differentiated neoplasm.6–8 Al-
though these clinicopathological features strongly sup-
port a progression concept, little is known regarding the
possible mechanisms underlying this process. It is im-
portant to decipher these mechanisms, since poorly dif-
ferentiated and anaplastic carcinomas account for the
majority of thyroid cancer-related deaths.

As a result of a prevailing genomic instability, cancer
development and progression are characterized by a
random accumulation of genetic abnormalities.9 This trait
allows for a Darwinian selection of cells that have ac-
quired the crucial genetic changes capable of driving
development and progression of malignant disease.10 If
WDTC, PDTC, and ATC are linked in a progressive rela-
tionship, a sequential increase in genomic complexity is
anticipated from WDTC to ATC. Specific abnormalities
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that may have occurred at different stages of the pro-
gression may be present at different frequency in WDTC,
PDTC, and ATC. Accordingly, one approach for deci-
phering molecular factors associated with thyroid tumor
progression is the direct genetic comparison of WDTC,
PDTC, and ATC.

Although several types of genomic instability have
been investigated, recent studies indicate that papillary,
follicular, and anaplastic thyroid cancers are predomi-
nantly characterized by chromosomal instability.11–17

However, since none of these studies have meticulously
categorized the morphological phenotypes of the inves-
tigated specimens, a comparison of the chromosomal
constitution of WDTC, PDTC, and ATC is currently un-
available. Comparative genomic hybridization (CGH),
known for its genome-wide detection of chromosomal
gains, losses, and amplifications, is a particularly attrac-
tive method to study chromosomal abnormalities.18 Our
previous work and that of others indicates that the inde-
pendent utilization of CGH is sufficient for a chromosomal
instability assessment.19–21 Using CGH, we show here that
the chromosomal complexity sequentially increases in a
well-characterized panel from WDTC, PDTC, and ATC.

Materials and Methods

Tissue Samples

All patients treated at the Memorial Sloan-Kettering Can-
cer Center for PDTC and ATC between 1940 and 1999
were identified from a search of the Department of Pa-
thology database. Cases of WDTC were randomly se-
lected from the institutional tissue bank. To assemble a
uniform group, only papillary carcinomas of follicular or
classical variant were included.

Histological Classification

Critical histopathological review of all specimens was
performed by at least two pathologists based on the
criteria described in the Armed Forces Institute of Pathol-
ogy (AFIP) fascicle and all of the pathological findings
were subsequently confirmed by an independent review-
er.6 Briefly, WDTC included papillary thyroid cancers dis-
playing “ground glass” nuclei (“Orphan Annie eyed nu-
clei”) without a significant degree of mitotic activity,

necrosis, or nuclear pleomorphism. PDTC were identified
by the presence of marked mitosis, necrosis and/or nu-
clear pleomorphism and displaying a definite degree of
thyroid follicular cell differentiation at the morphological
level. ATC were defined as thyroid-based highly undiffer-
entiated neoplasms with extensive mitotic rate, necrosis,
and nuclear pleomorphism and some degree of epithelial
differentiation. ATC did not show any follicular thyroid cell
differentiation at the morphological level. In more than
half of the ATC, residual areas of WDTC and sometimes
PDTC were identified. PDTC and ATC were only included
if a minimum of 70% of the specimen contained a poorly
differentiated or anaplastic phenotype. Based on these
criteria, we obtained tissue from 12 PDTC (paraffin-em-
bedded, n � 5) and 15 ATC (paraffin-embedded, n �
12). Fifteen cases of WDTC with available frozen tissue
were randomly chosen for inclusion in this study. All 42
cases were represented by tissue from primary tumors.
Table 1 summarizes the clinicopathological features of
these cases.

Comparative Genomic Hybridization Analysis

DNA extraction of frozen and formalin-fixed, paraffin-em-
bedded samples was performed as described previous-
ly.22 Tumor DNA was labeled by nick translation (Life
Technologies, Inc., Rockville, MD) with fluorescein-12-
dUTP (FITC) (New England Nuclear-DuPont, Boston,
MA). Reference DNA was extracted from normal placenta
and labeled with Texas red-5-dUTP (New England Nu-
clear-DuPont). CGH was performed using previously
published methods.18,19 For analysis, 7 to 10 separate
metaphases were captured and processed using the
Quantitative Image Processing System (Quips Pathvy-
sion System; Applied Imaging, Santa Clara, CA). Red,
green, and blue fluorescence intensities were analyzed
for all metaphase spreads, normalized to a standard
length, and statistically combined to show the red/green
signal ratio and 95% confidence intervals for the entire
chromosome. Copy number changes were detected based
on the variance of the red/green ratio profile from the stan-
dard of 1. Ratio values of 1.2 and 2.0 were defined as
thresholds for gains and amplifications, respectively, and
losses were defined as a ratio value of 0.8 or less.

Table 1. Comparison of Clinical Characteristics of Well-differentiated-(WDTC), Poorly Differentiated-(PDTC), and Anaplastic Thyroid
Carcinomas (ATC) at a Median Follow-up of 43 Months

Clinical factor WDTC (n � 15) PDTC (n � 12) ATC (n � 15) p-value

Female sex 6 (40%) 9 (75%) 9 (60%) 0.1
Age less than 45 years 4 (27%) 0 (0%) 1 (7%) 0.05
Extrathyroidal extension 5 (33%) 8 (73%) 15 (100%) �0.0001
Tumor size � 4.0 cm 2 (13%) 8 (73%) 9 (69%) 0.0001
Lymph node metastasis 7 (47%) 7 (64%) 15 (100%) 0.0007
Distant metastasis 0 (0%) 6 (50%) 13 (87%) �0.0001
5-years disease-free survival 91% 51% 0% �0.0001
5-years cause-specific survival 100% 70% 0% �0.0001
Overall survival 100% 70% 0% �0.0001
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Fluorescent in Situ Hybridization

Dual color probe CEP 17 (green) and HER-2 (red) was
obtained from Vysis (Downer’s Grove, IL) and used to
asses 17q copy number in two well-differentiated thyroid
carcinoma samples with normal 17q copy number by
CGH and four cases of poorly differentiated or anaplastic
thyroid cancer known to harbor 17q copy number
changes (PD5, PD12, ATC11, and ATC6). The BAC clone
from chromosome 13q12 (RP11–556N21) was labeled
with spectrum red dUTP by nick translation and used to
assess chromosome 13 copy number in two well-differ-
entiated thyroid carcinoma samples with normal chromo-
some 13 copy number by CGH and 4 poorly differenti-
ated or anaplastic thyroid cancer cases known to harbor
chromosome 13 copy number changes (PD2, PD6,
ATC11, and ATC12). In these experiments CEP 10 (Vysis)
was used as a control. FISH was performed on paraffin
sections as described previously.23

Statistical Analysis

Statistical analyses were performed using the JMP4 sta-
tistical software package (SAS Institute Inc, Cary, NC.).
Statistical significance was defined as a two-tailed
P � 0.05. Qualitative and quantitative differences be-
tween the histopathological variants of thyroid carcino-
mas were assessed using the �2 test and Kruskal-Wallis
analysis of variance, respectively.

Results

Validation of CGH Findings

Our own experience and that of others indicates that
CGH is a reliable technique for the detection of DNA copy
number changes not only in fresh frozen tissue speci-
mens but also on formalin-fixed, paraffin-embedded
tissue specimens.22,24 To validate the use of paraffin-
embedded cases we performed several control experi-
ments. Firstly, we hybridized FITC-labeled DNA extracted
from fresh frozen normal placenta against Texas-red la-
beled DNAs extracted from several formalin-fixed, paraf-
fin-embedded normal lymph nodes that were pathologi-
cally confirmed. As expected, these experiments
generated clean hybridizations of which the ratio profiles
were within the normal limits. Second, 10 tumor cases
were selected and CGH profiles from corresponding fro-
zen and paraffin-embedded tissues were compared. In
these experiments, only one case featured a single ab-
normality discrepancy in the ratio profiles from the frozen
sample relative to that of the paraffin-embedded tissue.
In the frozen sample of this case, a gain of 17q and
losses of 16q and 17p were detected. However, in the
corresponding paraffin-embedded sample only the chro-
mosome 17 abnormalities were detected. We believe that
this discrepancy may have been a result of intratumoral
heterogeneity that is common in neoplasia. In addition,
we used FISH to corroborate some of the CGH findings in
cases from the present study of which only paraffin-

embedded tissue was available. We analyzed gain of
chromosome 17q in 2 well-differentiated thyroid carci-
noma samples and some of our poorly differentiated and
anaplastic thyroid cancer cases (Cases PD5, PD12,
ATC11, and ATC6). FISH confirmed CGH results with
normal copy numbers detected in paraffin-embedded
well-differentiated carcinomas and increased copy num-
bers in all investigated poorly differentiated and anaplas-
tic tumor samples (PD5, PD12, ATC11, and ATC6), rang-
ing from 3 to 6 copies (Figure 1). Similarly, FISH
confirmed normal 13q copy number in well-differentiated
thyroid cancer samples and 13q deletion in poorly differ-
entiated and anaplastic thyroid cancer samples (PD2,
PD6, ATC11, and ATC12) as detected by CGH.

Comparison of Chromosomal Instability in
WDTC, PDTC, and ATC

To determine whether the sequential deterioration in clin-
ical behavior and loss of pathological differentiation from
WDTC to ATC is accompanied by a progressive accu-
mulation of genetic abnormalities, we compared WDTC,
PDTC, and ATC for the presence of CGH detectable
abnormalities and the median number of abnormalities
per case (Figure 2). Both PDTC (83%) and ATC (80%)
displayed a higher proportion of cases with CGH-detect-
able chromosomal abnormalities as compared to WDTC
(30%) (P � 0.003). Moreover, the median number of
chromosomal abnormalities sequentially increased from
WDTC1 to PDTC (5.5) and ATC10 (P � 0.001).

Comparison of Molecular-Cytogenetic Profile of
WDTC, PDTC, and ATC

Figure 3 details a compilation of all chromosomal abnor-
malities detected in WDTC, PDTC, and ATC. To identify
possible chromosomal alterations associated with pro-
gression, we compared the frequency distribution of in-
dividual abnormalities among WDTC, PDTC, and ATC.
This comparison showed a significant overlap in the chro-
mosomal profiles among the three subtypes of thyroid
cancer. Of the 11 different copy number changes de-
tected in WDTC, 8 showed overlap with recurrent abnor-
malities in PDTC and 7 showed overlap with abnormali-
ties detected in ATC. Of the 34 different abnormalities
detected in PDTC, 28 showed overlap with ATC. How-
ever, several genetic differences among WDTC, PDTC,
and ATC were present. Figure 4 details the frequency
distribution of the most common abnormalities among
WDTC, PDTC, and ATC. The most common abnormalities
detectable in all three subtypes included gains at 5p, 5q,
19p, and 19q, and losses of 8p. Also, the two recurrent
abnormalities detected in WDTC, loss of 22 and gain of
8q were detected in PDTC and ATC, respectively. Com-
mon abnormalities restricted to PDTC and ATC included
gains of 1p, 3q, 6p, 7p, 7q, 9q, 12q, 16q, 17p, 17q, and
20q and losses of 1p11–31, 2q, 4p, 4q, 6q, 9p, 11q, 12q,
13q, and 18. Abnormalities exclusively detectable in ATC
included gains of 3p, 11p, and 11q and losses of 5q.
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Discussion

Well-differentiated papillary carcinoma accounts for 80%
of thyroid cancers and is characterized by indolent clin-
ical behavior and an excellent overall prognosis.25 How-
ever, strong circumstantial evidence indicates that indi-
vidual cases may be capable of progressing to the highly
malignant ATC, a transition associated with devastating
consequences.6 The identification of poorly differentiated
thyroid carcinomas has reinforced the progression hy-
pothesis by providing a “clinicopathological bridge” be-
tween WDTC and ATC.3

As a first step to decipher possible underlying mech-
anisms of thyroid tumor progression, we have compared
the molecular-cytogenetic profile of WDTC, PDTC, and
ATC using CGH. This analysis has shown a sequential
accumulation of chromosomal abnormalities from WDTC
to ATC. Previous studies have addressed papillary, fol-
licular, and anaplastic thyroid carcinomas individually for
the presence of genome-wide abnormalities and confirm
that thyroid cancers are commonly characterized by
chromosomal instability.11–17 However, these reports
show a wide variation in the detection rate of abnormal-
ities and suggest that rates of chromosomal complexity
are similar between papillary, follicular, and anaplastic
carcinomas. Since none of these studies performed a

detailed histopathological appraisal, the inclusion of mor-
phologically heterogeneous study populations likely con-
founds the data presented. Our data clearly demonstrate
the need for strict morphological characterization of thy-
roid cancer specimens in molecular genetic studies. In
our study, the increase in the presence of DNA copy
number abnormalities was most pronounced from WDTC
to PDTC. This was evident from both the percentage of
cases with abnormalities as well as the median number of
accumulated abnormalities per case (Figure 2). These
data suggest that the development of chromosomal in-
stability underlies the progression to more aggressive
phenotypes of thyroid cancer. Interestingly, recent stud-
ies report that deregulation of the p53 and Wnt pathways
follow a similar trend, rarely present in WDTC, but com-
mon in poorly differentiated and ATC.26,27 It remains to
be elucidated whether abnormalities in p53 and Wnt
pathways, both of which may promote genetic instabili-
ty,28,29 are a cause rather than a result of the observed
chromosomal instability in thyroid cancer.

Although chromosomal instability is most likely a non-
specific process, WDTC, PDTC, and ATC are character-
ized by a non-random pattern of chromosomal abnormal-
ities. This suggests that tumor cells that harbor the
presently reported abnormalities are selected during the

Figure 1. Fluorescent in situ hybridization analysis of poorly differentiated (A, C) and anaplastic thyroid cancer (B, D). Spectrum red-labeled 13q12 BAC clone
and spectrum green-labeled CEP 10 probes hybridized to the 5-�m section confirming decreased copy numbers in chromosome 13 identified by comparative genomic
hybridization in these cases, as depicted by arrows identifying the signals (A, B). Spectrum red-labeled HER-2 probe and spectrum green-labeled CEP 17 probes
hybridized to the 5-�m section confirming increased numbers in chromosome 17 identified by comparative genomic hybridization in these cases (C, D).
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progression because these abnormalities may impart
survival advantages. Analogous to previous studies of
tumor progression in other tumor systems,30,31 we can
speculate the relative oncogenic time frame where chro-
mosomal abnormalities occur by assessing their preva-
lence among the different histopathological subtypes
(Figure 4). For example, gains of 5p15, 5q11–13, 19p,
19q, and losses of 8p were detectable in all three sub-
types, suggesting that they may be early events in the
development of thyroid cancer. Additional support for an
early role for abnormalities of chromosomes 5 and 19 in
thyroid tumorigenesis comes from the observation that
these abnormalities are among the most common genetic
abnormalities occurring in benign thyroid nodules, in-
cluding nodular goiters and follicular adenomas.32

Recently, Rippe and colleagues33 have identified in-
volvement of a novel KRAB zinc finger protein gene,
designated ZNF331, at one of these sites (19q13.4) in
follicular adenomas. This gene constitutes a potential
candidate gene involved in thyroid tumorigenesis and
merits further investigation. Additional abnormalities de-
tected in our analysis that may represent early events in
thyroid carcinogenesis include recurrent gains of 8q23
and losses of 22. Loss of 22 was common in our WDTC

and PDTC. Deletions and translocations involving this
chromosome have been commonly reported in goiters,
follicular adenomas, and follicular carcinomas,13,32 sug-
gesting that this chromosome harbors a tumor suppres-
sor gene that is inactivated early in thyroid tumorigenesis.
Although chromosome 22 deletions were not detected in
our ATC, Kitamura and colleagues34 have shown that a
significant number of ATCs exhibit small deletions on
chromosome 22 that may be below the detection level of
CGH, suggesting that this abnormality is relevant
throughout the progression. Gain of 8q23 was very com-
mon in ATC but also recurrently detected in WDTC, sug-
gesting that this abnormality may be an early event in
thyroid carcinogenesis. However, work by Wilkens and
colleagues15 suggests that gains of 8q are involved in
anaplastic transformation. The apparent paradoxical
presence of this abnormality in two of our WDTC may be
explained by the concept proposed by Vogelstein and
colleagues35 that it is not necessarily the order but rather
the accumulation of particular events that drives cancer
development and progression.

Several chromosomal abnormalities were exclusively
detected in PDTC and ATC suggesting that they are
transition events in the progression of WDTC to PDTC.

Figure 2. Comparison of chromosomal instability of WDTC, PDTC, and
ATC. Both PDTC and ATC displayed a significantly higher percentage of cases
with CGH detectable abnormalities as compared to WDTC (A). The median
number of chromosomal abnormalities in cases with abnormalities increased
sequentially and significantly from WDTC to PDTC and finally ATC (B).

Figure 3. Ideogram showing DNA copy number changes identified by CGH
in WDTC (A), PDTC (B), and ATC (C). Thin vertical lines on either side of
the ideogram indicate losses (left) and gains (right) of the chromosomal
region. The chromosomal regions of the high-level amplification are shown
by thick lines (right).
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Most commonly these included gains of 1p34–36, 17q25,
and 20q and deletions of 1p11–31, 6q21, and 13q21–31.
Several recent genetic studies confirm that these abnor-
malities are associated with aggressive thyroid can-

cers.15,34,36,37 In addition, it is of particular interest that
losses of 1p11–31, 6q, and 13q have been commonly
described in development and progression of a broad
range of endocrine tumors including familial and spo-

Figure 4. Representative histological sections of well differentiated, poorly differentiated, and anaplastic carcinomas analyzed in this study and frequency
distribution of most commonly detected chromosomal abnormalities among the three groups. The well-differentiated papillary carcinoma (left) is of the classical
type. In addition to the presence of well-defined papillae seen at this power, the tumor nuclei are clear (“ground glass”) with nuclear grooves and
pseudoinclusions (H&E; magnification, �100). In contrast, the poorly differentiated tumor (center) features a solid growth pattern and has many areas of tumor
necrosis (lower left corner) with increased mitotic activity (H&E; magnification, �100). The highly undifferentiated anaplastic carcinoma (right) exhibits
marked nuclear enlargement, pleomorphism with hyperchromasia and very coarse chromatin. The degree of nuclear atypia is substantially higher than that seen
in poorly differentiated thyroid carcinomas (H&E; magnification, �200). Chromosomal abnormalities detectable in all three thyroid cancer subtypes may be early
events in thyroid tumorigenesis. Chromosomal abnormalities solely present in poorly differentiated and anaplastic carcinomas may be intermediate events in the
progression from well-differentiated to poorly differentiated subtypes. Finally, chromosomal abnormalities exclusively detectable in anaplastic carcinomas may
be late events in anaplastic transformation.
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radic pheochromocytomas, pituitary adenomas, parathy-
roid tumors, and endocrine pancreatic tumors.38–43 This
suggests that common tumor suppressor genes are in-
volved in the development and progression of various
types of endocrine neoplasia.

Chromosomal abnormalities of 3p11–14 and 11q13
and deletion of 5q11–31 were exclusively associated with
ATC. This suggests that these regions harbor genes that
may drive the transformation from PDTC to ATC.

Several known genes may drive the selection for the
aforementioned chromosomal abnormalities. Chromo-
somal regions 17q and 20q harbor multiple known genes
that are associated with invasion and metastasis, includ-
ing the matrix metalloproteinase genes MMP-9 and
MMP-24 (20q), LAMBA5 (20q), Syndecan-4 (20q), and
LGALS3BP (17q25). In addition, Fusco and colleagues44

recently demonstrated that the SIR-T8 gene is located
within 17q25 and highly overexpressed in thyroid cancer.
Since aggressive thyroid cancer is commonly character-
ized by a loss of expression of thyroid-specific genes,45

the chromosomal deletions at 1p, 6q, and 13q may target
the thyroid-specific genes located in these regions in-
cluding DIO1 (deiodinase, iodothyronine, Type 1), TSH�

and TSH� (thyroid stimulating hormone � and � sub-
units). This would help explain the phenotypic changes
that are observed in the progression of WDTC. Another
possible candidate gene located at 1p13 constitutes
HTIF1, a gene that was recently identified as a novel
translocation partner of RET (RET/PTC7) in radiation-in-
duced thyroid cancers.46 In addition to the abnormalities
that were detected in PDTC and ATC, the abnormalities
exclusively detectable in ATC harbor various interesting
candidate genes. For example, intermediates of the Wnt
signaling pathway (Wnt 11 at 11q13, Wnt 5A at 3p11–14,
and APC at 5q), which is involved in aggressive thyroid
cancer,27 are located within these regions. Moreover,
targets of 11q13 amplification may include cyclin D1 and
FRA-1 since over expression of both is common in ag-
gressive thyroid cancer.47,48

Based on the frequency distribution of chromosomal
abnormalities among WDTC, PDTC, and ATC, we identi-
fied abnormalities potentially involved in the progression
of thyroid cancer. Although the majority of the most com-
mon abnormalities increase in frequency from WDTC to
ATC, several abnormalities do not follow the classical
models of genetic progression.49 For example, gain of 1q
was a common abnormality that was uniquely detected in
PDTC. Some of these abnormalities may represent
“noise” due to generalized chromosomal instability or
may be representative of unique properties of the indi-
vidual cases. Alternatively, the pattern of detection of
these abnormalities may be influenced by the boundaries
of the CGH resolution.

In conclusion, we report genetic differences among
well-differentiated, poorly differentiated, and anaplastic
carcinomas that may play a role in aggressive tumor
behavior and potential tumor progression. The present
report constitutes a starting point toward the identification
of genes involved in this process.
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