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ABSTRACT 

Purpose: The incidence of hyperplastic thyroid nodular disease has been consistently rising over the last decades. In 
addition, unsuspected papillary thyroid carcinoma (PTC) can be found in up to 34% of patients operated for benign 
thyroid lesions. PTC tends to occur multi-focally and is commonly of polyclonal origin. We set out to test the hypothe- 
sis that in benign thyroid disease, a unique genetic signature can already be identified in the benign pathology, which is 
associated with a susceptibility of the thyroid tissue to neoplastic transformation in the context of additional growth 
promoting stimuli. Patients and Methods: We obtained a set of 23 samples from patients with multinodular goiter 
(MNG), 12 of whom also harbored an unsuspected PTC. We used global gene expression analysis to evaluate for dis- 
similarities in the gene expression patterns between these two groups. We also compared these patterns to the profiles of 
3 normal thyroid and 7 PTC samples. Results: We were able to accurately distinguish between hyperplastic nodules of 
patients with multinodular goiter and those that were associated with a PTC. One of the strongest differentially ex- 
pressed genes, CDC42, has been implicated to respond to environmental factors such as UVB radiation and might point 
to novel factors contributing to PTC genesis in the setting of pre-existing benign proliferative disease. Conclusion: 
While the comparison between histologically identical samples cannot distinguish the two groups of goiters, unsuper- 
vised or supervised approaches allowed us to identify a molecular signature associated with PTC susceptibility in mul- 
tinodular goiter. 
 
Keywords: Multinodular Goiter; Cancer Suceptibility; Gene Expression; Papillary Thyroid Carcinoma 

1. Introduction 

The incidence of hyperplastic thyroid nodular disease 
(HN) such as multinodular goiter (MNG) has been con- 
sistently rising over the last decades. The frequency of 
thyroid nodules increases with age, and it is estimated 
that about 50% of all people over 60 years of age have 
thyroid nodules [1]. The prevalence of papillary thyroid 
carcinoma (PTC) and papillary microcarcinoma (PMC), 
the latter defined as measuring <1 cm in diameter, in 
autopsy series also increases with age and ranges from 
1% to 35.6% [2]. In addition, unsuspected PTC or PMC 
are frequently (up to 34%) discovered after thyroidec- 
tomy for apparently benign nodular disease [2-4]. Fur- 
thermore, it is known that PTC often occurs as multifocal 
disease [2]. Shattuck et al. showed that multifocal PTC is, 
in general, a polyclonal disease and discussed the poten- 
tial influence of environmental factors on the genesis of 
PTC [5]. It has been suggested previously that structural 
aberrations might not be the initiating events in tumori- 
genesis but may well be subsequent phenomena in pro- 
liferating tissue [6]. If environmental or other factors  

influence PTC-genesis, then it would be predicted that 
these factors could interact with existing genetic factors 
in the thyroid to result in a unique gene expression pro- 
file that would predispose to PTC. We sought to address 
this hypothesis in the context of multinodular goitre and 
unsuspected PTC. We identified a set of patients with 
apparently benign hyperplastic nodular disease but that 
harbored occult PTC and those without evidence of thy- 
roid malignancy. If this hypothesis is true, then a distinct 
genetic signature might be identified already within the 
entire thyroid gland and/or within the hyperplastic tissue 
associated with unsuspected PTC. This eventually could 
be of great importance for the clinical management of 
patients with nodular thyroid disease. 

2. Patients and Methods 

2.1. Tissue Specimens  

In total, 23 hyperplastic thyroid (MNG) tissue samples 
(11 from patients with multinodular goiter [MG] and 12 
from patients with hyperplastic thyroid nodular dis and 
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unsuspected PTC [HN + PTC]) were independently ac- 
quired for gene expression analysis in our training and 
validation set described below. Final histological classi- 
fication for these samples was obtained from paraffin- 
embedded tissue and evaluated by an experienced pa- 
thologist. All of these tissue sections showed hyperplas- 
tic thyroid tissue. For the samples derived from the HN + 
PTC group, we verified that we were only analyzing the 
regions that did not, by chance, contain PTC/PMC. In 
addition, a panel of 3 normal thyroid tissues and 7 inva- 
sive PTC was obtained. RNA extraction of all samples 
was performed for GeneChip® analysis and quantitative 
reverse transcription (RT)-PCR as described previously 
[7]. All samples were obtained as anonymized materials 
without linked identifiers, with the approval of the Insti- 
tutional Review Board for Human Subjects’ Protection. 

2.2. RNA Extraction and Oligonucleotide  
Expression Micro-Array Analysis  

RNA extraction and Micro-Array analysis were perform- 
ed according to the protocols previously described by us 
in detail [7]. In short, total RNA was isolated from 0.2 g 
of snap frozen tissue using the TRIzol Reagent (Invitro- 
gen, Carlsbad, CA), purified with the RNeasy Kit (Qia- 
gen, Valencia, CA) and reverse transcribed using the 
SuperScript II System (Invitrogen, Carlsbad, CA) and a 
random hexamer anchored primer (Roche, Indianapolis, 
IN). Samples were than hybridized to the Affymetrix 
HG-U133A GeneChips®, which contain 22,283 probe 
sets. The cell intensity files (CEL) were interrogated us- 
ing the Affymetrix Microarray Suite 5.0 software and 
BRB ArrayTools. All quality control steps have been 
performed as previously described [7]. 

2.3. Statistical Methods  

For data analysis, we utilized the BRB-ArrayTools Ver- 
sion 3.6, an integrated software package for the analysis 
of DNA microarray data that was developed by Richard 
Simon and Amy Peng. We identified genes that were 
differentially expressed between the two classes using a 
random-variance model [8]. Genes were considered sta-
tistically significantly differentially expressed if their p 
value was less than 0.005. We also performed a global 
test of whether the expression profiles differed between 
the classes by permuting the labels of which arrays cor- 
responded to which classes. For each permutation, the p 
values were re-computed and the number of genes sig- 
nificant at the 0.005 level was noted. We performed su- 
pervised and unsupervised cluster analysis. On super- 
vised approaches, we assigned each sample to a group 
according to its clinical/histological features (i.e. MNG 
and HN + PTC group). Based on the identified set of 
genes that showed the most significant differential ex-  

pression between these two groups, hierarchical cluster- 
ing was performed. In contrast, for the unsupervised 
cluster analysis, the samples are not pre-assigned to any 
one group. In this manner, even unknown associations 
between samples might be identified. For this approach, 
the gene set is narrowed down based on the overall vari- 
ance of one gene (i.e. genes that showed less than 1.5- 
fold change from the mean in less than 30% of samples 
are excluded). After clustering of the samples, we used 
the R (reproducibility) measure described by Mc-Shane 
et al. to evaluate the robustness of the clusters [9]. The R 
measure is based on perturbing the expression data with 
Gaussian noise, re-clustering, and measuring the similar- 
ity of the new clusters to the original clusters. For a de- 
tailed description of the BRB-ArrayTools software pack- 
age, visit http://linus.nci.nih.gov/BRB-ArrayTools.html. 

3. Results 

In order to determine whether the hyperplastic tissue from 
multinodular goiter with unsuspected PTC (HN + PTC) 
carried an expression profile that could differentiate it 
from MG without PTC, we characterized a defined set of 
samples. The “MG” group contains 11 non-functioning, 
multinodular hyperplasic thyroid tissues from euthyroid 
patients without signs of thyroid neoplasia, while the 
“HN + PTC” group is comprised of 12 non-functioning 
multinodular hyperplasic thyroid tissue from euthyroid 
patients who harbored an unsuspected PTC, the latter 
only revealed on final histology. There was no significant 
difference in mean age (54.5 and 60.4 years) or gender 
distribution between the two groups (Table 1). None of 
these patients had a history of external beam radiation to 
the head and neck for malignant disease or exposure to 
radiation. We identified a set of 359 genes that were dif- 
ferentially expressed (p < 0.005) between the two groups 
(MNG and HN + PTC) at a statistically significant level. 
This estimated probability of randomness provided by 
the global test obtained a p-value of 0.011 and is thus 
sufficient to establish that expression profiles between 
two classes were different and not due to chance. Based 
on this set of 359 genes, the two groups (MG and HN + 
PTC) were accurately separated by supervised cluster 
analysis (Figure 1). In order to further elucidate the gene 
expression pattern of the 2 groups (MNG and MNG + 
PTC), we included the data from 7 PTC and 3 normal 
thyroid samples in our analysis. This way, we were able 
to assess if either group was more similar to normal thy- 
roid tissue or to thyroid cancer. Based on the set of 359 
genes, the 3 normal thyroid samples grouped with the 
benign sample group (MG) (Figure 2(a)). Similarly, 
clustering of an additional 7 malignant samples (PTC) 
showed that the HN + PTC group is more similar to the  
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Table 1. Clinical description of patients with goitre and 
PTC. 

Sample Age Gender Size (cm) Histology

MNG + PTC_1 na na 1.5 
Classic 

PTC 

MNG + PTC_2 
72 

years 
Male 1.1 FV-PTC

MNG + PTC_3 
65 

years 
Female 0.1 

Classic 
PTC 

MNG + PTC_4 
58 

years 
na 0.3  FV-PTC

MNG + PTC_5 
69 

years 
Male 0.4 TCV 

MNG + PTC_6 
52 

years 
Female 0.1 

Classic 
PTC 

MNG + PTC_7 
69 

years 
na 

0.5  
(multifocal) 

Classic 
PTC 

MNG + PTC_8 
42 

years 
Female 0.5 

Classic 
PTC 

MNG + PTC_9 
65 

years 
Male 

0.3  
(multifocal) 

Classic 
PTC 

MNG + PTC_10 
62 

years 
Female 1.0 

Classic 
PTC 

MNG + PTC_11 
57 

years 
Female 1.4 FV-PTC

MNG + PTC 12 
53 

years 
na 

0.5  
(multifocal) 

Classic 
PTC 

TCV, tall cell variant of PTC; FV-PTC, follicular variant of PTC; na, not 
available. 

 
malignant tissue (PTC) than the other benign samples 
(MG) (Figures 2(b) and (c)). The supervised cluster ana- 
lysis of all 33 samples using the 359-gene set separated 
the apparently “benign” and “malignant” samples with 
strong cluster robustness (0.991 for the “benign samples” 
cluster and 0.986 for the “malignant samples” cluster, R 
index 0.987) (Figure 2(c)). No differences were seen 
between hyperplastic thyroid samples derived from pa- 
tients with classic PTC and those with PMC. 

Evaluating these 359 genes, we identified only a lim- 
ited set of 30 genes more than 2-fold differentially ex- 
pressed between the two groups. Among these, CDC42 
(3.49-fold, p = 0.0014), GADD45B (4.01-fold, p = 0.0029), 
KLF9 (3.33-fold, p = 0.0028), PBX3 (3.32-fold, p = 
0.0038) and SLC34A2 (3.11-fold, p = 0.0011) were the 
most strongly over-expressed in the HN + PTC group 
compared to the MNG group.  

4. Discussion 

In general, thyroid hyperplasia is believed to be poly- 
clonal while neoplastic thyroid diseases are monoclonal. 
However, it is known that papillary thyroid carcinoma 
occurs frequently as multifocal disease and Shattuck et al. 
showed that these multiple foci PTC’s are of different  

 

Figure 1. Supervised cluster analysis of expression data 
from non-malignant hyperplastic thyroid cells from multi- 
nodular goitre samples (MNG) and those from HN + PTC 
samples (HN + PTC) based on a set of 359 genes most sig- 
nificantly differentially regulated between those two groups. 
Each row in the heat map represents one gene, with red 
indicating relative over- and blue under-expression for the 
individual sample (columns). 
 
clonal origin [5], similar to non-neoplastic thyroid hy- 
perplasia [6]. This might indicate that the whole thyroid 
gland, as a field, might be influenced by factors promot- 
ing neoplastic transformation, which becomes enhanced 
when additional growth stimulating factors are present. If 
such a field defect existed, t en we would expect to find h 
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(a)                                                           (b) 

 
(c) 

Figure 2. Supervised cluster analysis utilizing a series of 359 genes found differentially expressed between the MNG and HN 
+ PTC groups. New samples, 3 normal thyroid samples (a) or 7 PTC samples (b) clustered according to their similarities to 
the HN + PTC or MG group. Clustering of all 33 samples according to the set of 359 genes that best differentiated the two 
goiter groups (MG and HN + PTC) separated the samples into “benign” (MG and normal) and “malignant” (PTC and HN + 
PTC) samples (c). 
 

Considering the overlap between the MNG and HN + 
PTC groups in unsupervised clustering approaches (data 
not shown) and the limited set of genes that showed high 
differential expression (i.e. more than 2-fold), another 
hypothesis might be that the neoplastic transformation is 
a “normal” process of the aging thyroid epithelial cell, 
promoted by the growth stimulating factors associated 
with thyroid hyperplasia. Interestingly, our HN + PTC 
group was, on average, almost 6 years older than the 
MNG group, although this difference does not reach sta- 
tistical significance. If this is true, it is tantalizing to pos- 
tulate that in all patients with MG, this field defect may 
exist and that the hyperplastic thyroid epithelial cells will 
eventually transform given infinite time. As for the 
clinical consequence, we would have to propose that at 
some point, potentially all patients with a multi-nodular 
thyroid disease will develop thyroid cancer, if they lived 
an infinite time. 

a unique gene expression profile already existing in the 
non-malignant thyroid tissue that differentiates the hy- 
perplastic thyroid epithelial cells of MG with unsus- 
pected PTC from MG without PTC [10-12]. Our global 
gene expression analysis of these two groups of goiters 
(MNG and HN + PTC) suggested that indeed environ- 
mental or genetic factors exist that might alter the overall 
gene expression profile in the thyroid epithelial cells 
making them susceptible to further transformation. To 
this end, CDC42 that showed very high over-expression 
in HN + PTC compared to MNG merits further discus- 
sion. CDC42 is activated by some environmental factors 
such as gamma-radiation or UVB-light [13,14]. None of 
our patients had a documented history of medical or ob- 
vious environmental exposure to radiation. However, in 
this regard, it is important to acknowledge that, for this 
study, we cannot account for all environmental factors, 
like exposure to terrestrial radiation (radon) or medical 
x-rays. The association between UVB-irradiation and 
thyroid cancer susceptibility is purely hypothetical but 
intriguing. Grant et al. recently showed that thyroid can- 
cer is among the set of 9 cancers with mortality rates 
significantly correlated with residence at a particular 
latitude, an index of solar UVB levels [15].  

Taken together, our observations suggest that several 
genes, while already dysregulated in non-malignant tis- 
sue, might somehow predispose to PTC formation given 
the “right” downstream genetic/epigenetic alterations 
and/or environmental exposures. While further research 
is required to clarify the mechanism and functional rele- 
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vance, we believe that the elucidation of these concepts 
of field defect/effect and field cancerization in thyroid 
disease warrants further research since the outcome 
might have substantial impact on our interventional ap- 
proach for multinodular goiter. 
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