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The current classification of sporadic parathyroid
neoplasia, specifically the distinction of adenoma
from multiple gland neoplasia (double adenoma and
nonfamilial primary hyperplasia) is problematic and
results in a relatively high rate of clinical error. Oli-
gonucleotide microarrays (Affymetrix U133A) were
used to evaluate parathyroid samples from 61 pa-
tients; 35 adenomas, 10 nonfamilial multiple gland
neoplasia, 3 familial primary hyperplasia, 8 renal-
induced hyperplasia, and 5 from patients without
parathyroid disease (normals). A multiclass compar-
ison using supervised clustering identified distinct
gene signatures for each class of parathyroid samples.
We developed a predictor model that correctly iden-
tified 34 of 35 cases of adenoma, 9 of 10 cases of
nonfamilial multiple gland neoplasia, and identified a
minimum set of 11 genes for the distinction of ade-
noma versus multiple gland neoplasia. All methods of
unsupervised clustering showed two related but dif-
ferent types of parathyroid adenomas that we have
arbitrarily designated as type 1 and type 2 adenomas.
Multiple gland parathyroid neoplasia, which repre-
sents either synchronous or asynchronous autono-
mous growth in two, three, or all four parathyroid
glands, is a distinct molecular entity and does not
represent the molecular pathogenesis of adenoma
occurring in multiple glands. (Am J Pathol 2004,
165:565–576)

The challenge of cancer pathology has always been to
further define meaningful subsets of tumors to maximize
treatment strategies. Virtually all classes of tumors, both
benign and malignant, have seen dramatic changes in

their pathological classification throughout the past 10 to
20 years. One exception to this is parathyroid neoplasia,
which still defies to a large extent, the most basic patho-
logical classification of adenoma (single gland neoplasia)
versus neoplasia occurring in multiple glands either syn-
chronously or asynchronously (double adenoma and
nonfamilial primary hyperplasia). The development of
new high-throughput measurements of gene expression,
such as gene chips, have provided a powerful tool for
functional genomic analysis in the context of tumor clas-
sification. This technology has been applied to other
classes of tumors and the results have been rewarding in
the context of both class discovery and class prediction
in regards to pathological classification.1–14

The distinction of parathyroid adenoma (single gland
neoplasia) from hyperplasia (multiple gland neoplasia) is
extremely problematic and generally unreliable with the
current standards of practice in pathology and many
pathologists refuse to make this distinction because of
the known high rate of clinical error. This distinction is
important because the former diagnosis is cured by re-
moval of a single gland while the latter requires the ex-
cision of multiple glands for equal results. This error in
pathological classification is often discovered only when
recurrent hyperparathyroidism occurs in a case originally
designated as parathyroid adenoma, for which the initial
treatment was less than a three and one-half gland par-
athyroidectomy. To add another level of complexity to this
issue, some patients with multiple gland neoplasia
present with an asynchronous pattern of growth in the
four parathyroid glands or as double adenomas.

Using gene expression profiling, we have evaluated a
large group of parathyroid samples for both class pre-
diction and class discovery in the context of a molecular
classification of parathyroid neoplasia. The primary goal
of this study was to distinguish single from multiple gland
neoplasia and to predict cases of recurrent hyperpara-
thyroidism. To refine this process we sought to define the
minimum number of genes that effectively allows for the
separation of single from multiple gland neoplasia. In
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addition, we evaluated cases of sporadic parathyroid
neoplasia for class discovery of previously unrecognized
subsets of parathyroid neoplasia as defined by the cur-
rent standards of pathological classification.

Materials and Methods

A more in-depth description of all methods and results
are available as Morr�et�al�Supplementary�Info.doc at
http://ajp.amjpathol.org. The online details are intended to
meet the guidelines put forth by the Microarray Gene
Expression Data Society (www.mged.org/miame) for the
necessary requirements for publication as published in
the Minimum Information about a Microarray Experi-
ment (MIAME) (www.mged.org/Workgroups/MIAME).

Patients

Tissue samples were obtained from 61 patients: 35 spo-
radic parathyroid adenomas with no evidence of recur-
rent disease, 5 recurrent hyperparathyroidism initially di-
agnosed as adenoma and subsequently classified as
double adenoma (4 cases) or primary hyperplasia (1
case), 5 nonfamilial primary hyperplasia, 3 familial pri-
mary hyperplasia, 8 renal-induced hyperplasia, and 5
from patients without parathyroid disease (normals). The
latter were collected as remnant specimens attached to
total thyroidectomies for benign disease and from pa-
tients with no evidence of hyperparathyroidism. Clinical
follow-up ranged from 12 to 24 months with an average of
17.5 months. This study was part of an institutional review
board-approved protocol at the Ohio State University
College of Medicine.

Pathological Evaluation

The 35 sporadic parathyroid adenomas all showed a
single enlarged (�0.7 cm) hypercellular parathyroid
gland with or without a rim of normal parathyroid tissue
and a biopsy of at least one other parathyroid gland with
findings consistent with normal parathyroid tissue. The
five nonfamilial hyperplasias, three familial hyperplasias,
and eight renal-induced hyperplasias all showed hyper-
cellular parathyroid tissue involving three or more glands,
with the exception of one case of nonfamilial hyperplasia
that showed only a modest increase in cellularity in all
four glands. For the five cases of recurrent hyperparathy-
roidism the initial surgery showed a single enlarged hyper-
cellular parathyroid gland without a rim of normal parathy-
roid tissue and a biopsy of at least one other parathyroid
gland with findings consistent with normal parathyroid tis-
sue. A second surgery at the time of recurrent hyperpara-
thyroidism in four of these cases revealed a second
enlarged hypercellular gland, that would at least meet the
criteria of double adenomas by the traditional standards of
classification. For the fifth case, the remaining glands show
mild enlargement and hypercellularity beyond the expected
limits of normal meeting the minimal criteria for the diagno-
sis of nonfamilial primary hyperplasia. For all five cases of

recurrent hyperparathyroidism the second surgical inter-
vention resulted in a resolution of hyperparathyroidism.

RNA Extraction, Amplification, and Hybridization

Total RNA was extracted by standard methods (Trizol;
Life Technologies, Grand Island, NY) and then purified
using the Qiagen RNeasy method according to the man-
ufacturer’s directions (Qiagen, Valencia, CA). cRNA was
synthesized and labeled according to the Affymetrix pro-
tocol (Affymetrix Inc., Santa Clara, CA) for GeneChip
experiments. For microarray analysis, each sample was
hybridized to U133A GeneChips (Affymetrix Inc.) follow-
ing the manufacturer’s protocols. For the five cases of
recurrent hyperparathyroidism tissue was used from the
initial parathyroid surgery.

Data Analysis

Normalization of the absolute expression values for a
single sample compared to all samples was done and
quality control measurements were performed using the
Affymetrix platform (GeneChip Software). The normalized
microarray expression data were then evaluated using
GeneCluster (version 2.1.6 �, http://www-genome.wi.
mit.edu/cancer/), BRB-ArrayTools Version 3.1 (http://linus.
nci.nih.gov/BRB-ArrayTools.html), and Spotfire Decision
Site for Functional Genomics (Spotfire, Inc., Somerville,
MA). Data filtering for supervised analysis of differentially
expressed genes was done using GeneCluster, and the
following parameters were used for the final analysis
applied in sequential order: a maximum normalized sig-
nal intensity value of 20,000 units and a minimum value of
20 units, a Max/Min fold change of 3 or 20, and a 1000
units Max-Min absolute variation across the data set.
Each data set was then normalized by standardizing
each row (gene) to mean � 0 and variance � 1. Unless
specified as otherwise, all results are reported using the
above parameters with a Max/Min fold change of 20.
Data filtering for class prediction was done using BRB-
ArrayTools using a univariate t-test at an � of 0.0001.

Supervised Analysis

All parathyroid samples were initially divided into one of
six groups: adenoma (35 samples), familial hyperplasia
(3 samples), nonfamilial primary hyperplasia (5 samples),
recurrent hyperparathyroidism (5 samples), renal-in-
duced hyperplasia (8 samples), and normal parathyroids
(5 samples). The five cases of recurrent hyperparathy-
roidism were compared to the five cases of nonfamilial
primary hyperplasia by supervised clustering, and be-
cause of a lack of significant difference and the unequiv-
ocal clinicopathological evidence of multiple gland in-
volvement, were subsequently grouped together and
referred to as nonfamilial multiple gland neoplasia for a
comparison to the other groups. Genes were ranked
according to their differential expression in a supervised
multiclass analysis by using a signal-to-noise feature15

that looks at the means in each class scaled by the sum
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of the standard deviations. Permutations of each sample
(500 each) according to class distinction were then per-
formed to compare these correlations to what would be
expected by chance alone.

Prediction of Class Distinction

To assess whether the gene expression signatures for
adenoma (single gland neoplasia) and nonfamilial hyper-
plasia (multiple gland neoplasia) were robust enough by
supervised clustering to predict the class label of an
unknown sample, we developed a multivariate predictor
implementing a compound covariate prediction method
as developed by Radmacher and colleagues.16 Because
of the absence of an independent data set for validation,
we used a leave-one-out cross validation method. The
approach involved selecting differentially expressed
genes using a univariate t-test on the original data set,
and then constructing a multivariate predictor using a
linear combination of the selected gene log ratios
weighted by the t-statistic obtained from the univariate
analysis. Various leave-one-out cross validation algo-
rithms were constructed at different levels of data filtering
to test for the minimal number of genes that gave the least
number of errors. For each algorithm a cross-validated
estimate of prediction error was developed using a uni-
variate t-test at an � of 0.0001 to select for the most highly
significant differentially expressed genes in regards to
class prediction, but not necessarily biological impor-
tance. Each algorithm involved gene selection from the
test data set of all of the samples excluding one, followed
by construction of the multivariate predictor using the test
data set, and then prediction of the tumor class of the
sample left out of the training. To avoid overestimating the
prediction accuracy we did 2000 random permutations of
the class labels to simulate a purely coincidental relation-
ship for each algorithm that allowed for the evaluation of
the probability of obtaining a similar or smaller cross-
validated error rate.17 The proportion of misclassifica-
tions by random permutation testing to the observed rate
can then be calculated to estimate any bias in the original
classification of the class labels. If the proportion of mis-
classifications is larger than the observed rate this will
result in a large P value, and an indication that the ob-
served occurred with a high probability by chance. Con-
versely, if the proportion of misclassifications is smaller
than the observed rate this will result in a small P value,
and an indication that the observed occurred with a low
probability by chance. The errors and proportion of mis-
classifications to the observed rate for each predictor
model were then summarized, and compared to produce
the predictor model with the lowest leave-one-out cross-
validated error rate and total number of genes used for
prediction.

Unsupervised Clustering

Unsupervised clustering refers to clustering of the data
set without a priori knowledge of the individual clinico-
pathological patient data and implies that the analyst

does not impose any structure to the classification, but
rather allows the data to provide the classification. There
are many methods of unsupervised clustering, both hier-
archical and nonhierarchical, and we chose to compare
three different methods including classical agglomerative
hierarchical clustering, self-organizing maps (SOMs),
and principle component analysis.18–20 Because the clin-
ical distinction of importance is that of single versus non-
familial multiple gland neoplasia, we restricted our anal-
ysis of unsupervised clustering to these groups.

Real-Time Semiquantitative Reverse
Transcriptase-Polymerase Chain Reaction
(PCR)

Real-time semiquantitative PCR was done on all cases
using the SYBR Green I dye chemistry using an ABI Prism
7700 Sequence Detection System (PE Applied Biosys-
tems, Weiterstadt, Germany) per the manufacturer’s pro-
tocol for 2 of the discriminator genes identified in the 11
gene predictor model, neurotrimin (NTM) and ectodermal
neural cortex (ENC-1). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal am-
plification control and complete details of the PCR
conditions, primers, and analysis are available in the
online supplemental files (Morr�et�al�Supplementary�Info
at http://ajp.amjpathol.org). The real-time PCR results
were evaluated by the delta-delta CT (��CT) method that
allows for the determination of transcription difference for
an individual case (Pfaffl MW, Gene Quantification web
page. http://www.wzw.tum.de/gene-quantification/.). To
determine the transcription difference between all
samples in a group wise comparison the Relative Ex-
pression Software Tool (REST) was used, to produce a
factor of up-regulation (UF) or down-regulation (DF)
(Pfaffl MW, Gene Quantification web page. http://
www.wzw.tum.de/gene-quantification/.). Where appropri-
ate Fisher’s (two-tailed) unpaired exact test was used,
and P values less than 0.05 were considered to indi-
cate statistical significance.

Results

Clinical

There were five cases of recurrent hyperparathyroidism,
all of which were previously diagnosed as parathyroid
adenoma. These five cases recurred from a time period
of 3 to 12 months after an initial one and one-half gland
parathyroidectomy. For two of these cases, there was a
less than complete correction of the hypercalcemia and
elevated parathyroid hormone levels in the immediate
postoperative period after the initial surgery, whereas for
the other three cases, there was a complete return to
normal levels for both of these measurements. Clinically,
these five cases were recognized on recurrence as
cases for which the initial diagnosis of parathyroid ade-
noma was incorrect.
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Supervised Analysis

Because the five cases of recurrent hyperparathyroidism
by the current standards of pathological classification
would be classified as multiple gland neoplasia we first
sought to determine whether there were any differences
between this group and those cases identified as nonfa-
milial hyperplasia at the initial surgery. As seen in Figure
1a, no distinct gene signature was identified in the com-
parison of these two groups of samples. Only 11 differ-
entially expressed genes with a P value �0.05 were
identified in this comparison. The five cases of recurrent
hyperparathyroidism and the five cases of nonfamilial
hyperplasia were then grouped and compared to an
equal number of adenomas randomly chosen. In this
manner there is a distinct gene signature for the adeno-
mas and combined groups of multiple gland neoplasia as
shown in Figure 1b. There were 100 differentially ex-

pressed genes with a P value �0.05 by this comparison.
Likewise (Figure 1, c and d), both groups of multiple
gland neoplasia showed a distinct gene signature in
comparison to the entire group of adenomas. These re-
sults show that any type of multiple gland parathyroid
neoplasia, regardless of pathologically recognized in-
volvement of two, three, or all four glands is uniquely
different from parathyroid adenoma (single gland neopla-
sia), and consistent with the clinical interpretation and
outcome. Because of these results we then grouped the
five cases of recurrent hyperparathyroidism with the five
cases of nonfamilial hyperplasia for comparison to all
groups by supervised clustering, and refer to these cases
collectively as nonfamilial multiple gland neoplasia.

By multiclass supervised clustering with all classes of
parathyroid samples (adenoma, nonfamilial multiple
gland neoplasia, familial hyperplasia, renal-induced hy-

Figure 1. Supervised analysis. Results of supervised clustering with gene ranking by differential expression using a signal-to-noise feature in a comparison of cases
of recurrent hyperparathyroidism versus cases initially diagnosed as nonfamilial primary parathyroid hyperplasia. Individual gene expression values are shown
as rows and individual patients as columns. The color of each square in the color matrix represents the mean centered value normalized to zero across all
samples with red indicating relative overexpression and blue relative underexpression. The ranking of each gene from top to bottom within a given gene
signature reflects the level of confidence for overexpression of this gene in comparison to random permutation testing. The color scale at the bottom indicates
relative expression in standard deviations from the mean. Supervised clustering shows the top 50 overexpressed genes for each group of samples. a: The five cases
of recurrent hyperparathyroidism, all of which were originally assigned erroneously to the adenoma group, failed to show a distinct gene signature in comparison
to the cases initially diagnosed as primary parathyroid hyperplasia. b: The five cases of recurrent hyperparathyroidism are grouped with the five cases of
nonfamilial hyperplasia and in comparison to an equal number of adenomas show a distinct gene signature for each group. c: The five cases of recurrent
hyperparathyroidism show a distinct gene signature in comparison to the entire group of adenomas. d: In a similar manner the five cases initially diagnosed as
primary parathyroid hyperplasia show a distinct gene signature in comparison to all cases of adenoma.
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perplasia, and normals), there were obvious gene signa-
tures for each class. These results are displayed in Figure
2 for the top 50 overexpressed genes in each class of
samples. Gene ranking by random permutation testing
showed a large number of statistically significant overex-
pressed genes for each class (P � 0.05) with the excep-
tion of familial hyperplasia, for which the signal-to-noise
scores were never greater than the 1% permutation val-
ues because of the small number of cases (n � 3). Table
1 summarizes the results for the number of significantly
overexpressed genes (P � 0.05) in each class of sam-
ples. As shown in Table 1 there were far fewer statistically
significant differentially expressed genes for the compar-
ison of the cases of recurrent hyperparathyroidism versus
the cases of nonfamilial hyperplasia (11 versus average
296, P � 0.001), in contrast to the remaining compari-
sons. The complete details of this list can be viewed as
Permutation Files at http://ajp.amjpathol.org.

In consideration of the fact that normal parathyroids
contain a considerable amount of adipose tissue that is
generally not present in more than minimal amounts in the
other classes of parathyroid samples, the above analysis
was done excluding this group of samples. Supervised
clustering by the same analysis with the remaining
classes of parathyroid samples excluding the normals
(adenoma, familial hyperplasia, nonfamilial multiple
gland neoplasia, and renal-induced hyperplasia) showed
a similar distinct gene signature for each group of samples
(see Supplemental�Figure1.ppt at http://ajp.amjpathol.org)

and likewise, a large number of significantly overex-
pressed genes (P � 0.05) for each class.

Class Prediction
The results for multiple leave-one-out cross-validation
predictor models for the distinction of single versus mul-
tiple gland neoplasia are summarized in Table 2. Figure 3
shows that as few as two genes make relatively few errors
in this group of 45 cases (total errors � 5), but the most

Figure 3. Class distinction prediction models. The error rate of various
predictor models by a leave-one-out cross validation for the class distinction
of single versus multiple gland neoplasia is depicted for each group classi-
fication as well as the sum of errors for both groups. The predictor models
illustrated used from 2 to 36 genes for classification. Shown are the number
of errors for the 45 cases of sporadic parathyroid neoplasia (35 single and 10
multiple gland neoplasia). Note that whereas as few as two genes used in the
model resulted in as few as five total errors, the best predictor model using
11 genes made only two errors.

Figure 2. Supervised analysis. Results of supervised clustering with gene
ranking by differential expression using a signal-to-noise feature in a multi-
class comparison of all parathyroid classes with the cases of recurrent hy-
perparathyroidism grouped with the cases of nonfamilial hyperplasia and
represented as nonfamilial multiple gland neoplasia. Each class of samples is
assigned a set of random colors for easier visualization of the data. The data
are presented as the same format as described in Figure 1. Results represent
the top 50 overexpressed genes (gene signature) for each class. Note that
cases of recurrent hyperparathyroidism grouped with the cases of nonfamil-
ial hyperplasia show a distinct gene signature similar to their individual
representation in Figure 1.

Expression Profiling in Parathyroid Neoplasia 569
AJP August 2004, Vol. 165, No. 2



accurate class predictor model using the minimal number
of genes to distinguish single from multiple gland neoplasia
used a total of 11 transcripts representing 10 genes (Table
3). With this set of genes (Figure 4), the distinction was
correctly made in 9 of 10 cases of nonfamilial multiple
gland neoplasia (90%), and in 34 of 35 cases of single gland
neoplasia (97%) (P � 0.0001). The one case of single
gland neoplasia incorrectly classified using this model
was incorrectly predicted with every model constructed.
Importantly, as summarized by the different P values of
the compound covariate predictor listed in Table 2, per-
mutation analysis for each model constructed was highly
significant. Thus, the null hypothesis that there is no
difference in single and multiple gland neoplasia can be
rejected, and there is no evidence of overfitting of the
data. The complete results for each model can be viewed
as Class Prediction Files at http://ajp.amjpathol.org. There
was no difference in age (P � 0.81), race (P � 0.52), or
sex (P � 0.69) between the cases of single versus mul-
tiple gland neoplasia.

Unsupervised Clustering

We then clustered all cases of sporadic parathyroid
neoplasia (adenomas and nonfamilial multiple gland neo-
plasia) because this is the clinical distinction of most
importance, by SOMs. Regardless of the number of
SOMs used for clustering there was a separation of para-
thyroid adenoma into at least two groups (Figure 4a) (for
complete details see Cluster�SOM.xls at http://ajp.
amjpathol.org). There was no clear separation of multiple
gland neoplasia from the entire group of adenomas. For
all clusters the variance within the clusters was less than
the minimum between cluster variance (0.125 versus
0.3269 and 0.178 versus 0.291 for two and three clusters,
respectively). At the present time, we have arbitrarily
designated these two groups of parathyroid adenoma as
simply type 1 and type 2 adenoma. There was no differ-
ence in age (P � 0.37), race (P � 0.77), or sex (P � 0.85)
between the cases of type 1 and type 2 adenoma.

Table 1. Results of Number of Significantly Overexpressed Transcripts (P � 0.05) for Each Class of Parathyroid Samples in a
Multi-Class Supervised Comparison

Comparison

RecHPT
versus
NFH

Adenoma
versus all

others

FH
versus all

others

Nonfamilial
MGN

versus all
others

Renal-induced
hyperplasia
versus all

others

Normals
versus all

others

No. of transcripts �5%
permutation level for
each class designation

11 313 250* 362 56 �500

RecHPT � five cases of recurrent hyperparathyroidism; NFH � five cases initially diagnosed as primary parathyroid hyperplasia (nonfamilial
hyperplasia); nonfamilial MGN � cases of recurrent hyperparathyroidism and nonfamilial hyperplasia grouped together; FH � three cases of MEN1 �
related hyperparathyroidism.

Table 2. Summary of Results for Various Predictor Models Using a Compound Covariate Prediction Method with a Leave-One-Out
Cross Validation

No. genes
passing filter

No. genes
in classifier

Compound covariate
predictor, P value

Correct all
samples

No. correct single
gland neoplasia

No. correct multiple
gland neoplasia

3629 36 0.001 96% 34/35 9/10
1912 28 0.001 96% 34/35 9/10
973 22 �0.0005 96% 34/35 9/10
192 11 �0.0005 96% 34/35 9/10
78 7 �0.0005 93% 33/35 9/10
12 2 �0.0005 89% 31/35 9/10

Table 3. Eleven Transcripts Represented in Predictor Model with Highest Degree of Accuracy and Least Number of Genes Used
in Model

Probe set Description Gene symbol

206018_at Forkhead box G1B FOXG1B
218087_s_at Sorbin and SH3 domain containing 1 SORBS1
205478_at Protein phosphatase 1, regulatory (inhibitor) subunit 1A PPP1R1A
205795_at Neurexin 3 NRXN3
220794_at Hypothetical protein FLJ21195 similar to protein related

to DAC and cerberus
FLJ21195

201341_at Ectodermal-neural cortex (with BTB-like domain) ENC1
222020_s_at Neurotrimin HNT
206193_s_at Corneodesmosin CDSN
206192_at Corneodesmosin CDSN
206258_at Sialyltransferase 8E (alpha-2, 8-polysialyltransferase) SIAT8E
213808_at Homo sapiens clone 23688 mRNA sequence
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A similar analysis by agglomerative hierarchical clus-
tering (Figure 4b), done with 1736 transcripts, showed
results similar to those by SOMs in regards to the distri-
bution of samples. The dendrogram of samples again
shows a division of the adenomas into two groups, with a
distinction of type 1 and type 2 adenomas. The cases of
nonfamilial multiple gland neoplasia tended to cluster
together and with the type 2 adenoma samples. From this
analysis there were two obvious gene clusters. One clus-
ter consisting of 320 genes is dominated by genes in-
volved in development and morphogenesis and is over-
expressed in type 1 adenomas and underexpressed in
type 2 adenomas and nonfamilial multiple gland neopla-
sia. The other cluster consisting of 332 genes is domi-
nated by genes involved in DNA/RNA binding and is
underexpressed in the type 1 adenomas and overex-
pressed in type 2 adenomas and nonfamilial multiple
gland neoplasia. Additional details of these gene clusters
are available as supplemental data Hier�clus�devmorph.xls
and Hier�clus�DRNAbinding.xls at http://ajp.amjpathol.org.

The results of PCA are displayed in Figure 5 and shows
three clusters by this analysis that are consistent with dis-

tribution of samples by SOMs and agglomerative hierarchi-
cal clustering, but with a more clear distinction of the cases
of nonfamilial multiple gland neoplasia from the adenoma
groups. There is a separation of type 1 and type 2 adenoma
and note that much like the results of agglomerative hierar-
chical clustering, the type 2 adenoma cases are more
closely related to the nonfamilial multiple gland neoplasia
cases than are the type 1 adenoma cases. The distinction of
the cases of nonfamilial multiple gland neoplasia from the
adenoma groups is consistent with the results of supervised
clustering and confirm that single gland neoplasia (ade-
noma) has a different molecular profile from nonfamilial
multiple gland neoplasia.

Supervised Clustering of Type 1 and Type 2
Parathyroid Adenomas
Using this information of two types of parathyroid adeno-
mas, we then reclassified the adenoma group of para-
thyroid samples into type 1 and type 2 and repeated our
previous supervised clustering by the nearest neighbor
analysis (Figure 6). By this analysis, parathyroid ade-

Figure 4. Unsupervised clustering by hierarchical clustering and SOMs. Re-
sults of unsupervised analysis by hierarchical clustering and SOMs of the
cases of sporadic parathyroid neoplasia. All methods of clustering were done
at a 20-fold maximum/minimum variation of gene expression that included
slightly more than 2000 genes in the comparison. Results of clustering by
SOMs (a) identified two groups of parathyroid adenoma (for complete
details see supplemental data Cluster�SOM.xls at http://pathology.osu.edu/
parathyroid) that we have designated type 1 and type 2 adenoma. There was
no distinct separation of the cases of multiple gland neoplasia from the cases
of adenoma when the latter were considered one group. b: Agglomerative
hierarchical clustering showed results similar to those by SOMs in regards to
the distribution of samples. The dendrogram of samples again shows a
division of the adenomas into two groups, with a distinction of type 1 and
type 2 adenomas. The cases of nonfamilial multiple gland neoplasia tended
to cluster together and with the type 2 adenoma samples. Two gene clusters
were identified that showed differential expression in type 1 adenoma versus
type 2 adenomas and multiple gland neoplasia.
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noma is comprised of two distinct classes of tumors with
distinct gene signatures. In this multiclass comparison of
all parathyroid class labels and with two classes of ade-
nomas (type 1 adenoma, type 2 adenoma, nonfamilial
multiple gland neoplasia, familial hyperplasia, renal-in-
duced hyperplasia), there were more than 500 genes for
both types of adenomas that were strongly and distinctly
overexpressed (P � 0.01). Complete details of these results
can be reviewed as PERM�AdT1�allclass�500probelist and
PERM�AdT2�allclass�500probelist at http://ajp.amjpathol.org.

Clinically or pathologically, there were no distinguish-
ing features of either group of parathyroid adenomas, but
this is not a surprising finding because parathyroid neo-
plasia in general is an extremely homogenous group of
tumors. In the context of molecular classification of para-
thyroid neoplasia, the identification of two types of para-
thyroid adenomas was a completely unexpected finding
and displays how class discovery will most likely be an
important part of any future molecular classification of
parathyroid neoplasia.

Real-Time Semiquantitative Reverse
Transcriptase-PCR

As a group the parathyroid adenomas showed a signifi-
cant overexpression of ENC-1 and NTM, two of the genes
identified in the 11 gene predictor model, in comparison
to nonfamilial multiple gland neoplasia (11- and 19-fold,
respectively; P � 0.001; Figure 7), or renal-induced hy-
perplasia and normals (11- and 6-fold, respectively; P �
0.001). Using the ��CT method to compare individual
case results there was a significant overexpression in
parathyroid adenomas for ENC-1 (P � 0.001) and NTM
(P � 0.001) compared to nonfamilial multiple gland neo-
plasia, or renal-induced hyperplasia and normals. There
was no difference in expression of ENC-1 (P � 0.177) or
NTM (P � 0.477) for the comparison of recurrent hyper-

parathyroidism to nonfamilial hyperplasia, confirming that
the original classification of these cases as adenomas
was incorrect and consistent with the expected clinical
outcome for this error.

Renal-Induced Parathyroid Hyperplasia

Renal-induced parathyroid hyperplasia showed a rec-
ognizable gene signature by supervised clustering
(Figure 1a or Figure 6), but in both instances there
seemed to be more heterogeneity within the signature
compared to the other groups. Likewise, there were far
fewer statistically significant overexpressed genes (56
versus average 356, P � 0.001), for this category of
parathyroid samples in a multiclass comparison irre-
spective of whether or not the normal parathyroids
were included in the comparison (full details are avail-
able as Gene Ranking and Permutation Testing by
Supervised Clustering in Morr�et�al�Supplementary�Info.doc
at http://ajp.amjpathol.org). It is quite possible, in fact even
likely, that the samples classified as renal-induced hyper-
plasia in this study are a mixture of physiological hyper-
plastic glands and neoplastic glands.

Biologically Relevant Differentially Expressed
Genes

There were many overexpressed genes in each category
of parathyroid neoplasia, but the list presented here is
that for sporadic parathyroid neoplasia (adenoma and
nonfamilial multiple gland neoplasia) because these were
the largest groups examined. As shown in Table 4 para-
thyroid adenoma over- or underexpressed a number of
genes involved in DNA repair or cell cycle progression.
Most notable among this group was the down-regulation
of BRCA1 (OMIM: 113705), BRCA2 (OMIM: 600185), and

Figure 5. Unsupervised clustering by principle com-
ponent analysis. Results of unsupervised analysis by
principle component analysis (PCA) for all cases of
sporadic parathyroid neoplasia. There is a clear dis-
tinction of the cases of multiple gland neoplasia from
the cases of parathyroid adenoma, with the latter
group again showing what appear to be two differ-
ent groups of samples.
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p95 (NBS1; OMIM: 602667). Sporadic multiple gland
parathyroid neoplasia showed a remarkable overexpres-
sion of a number of genes related to central nervous
central development or disease. The majority of these
genes have previously only been described as being
expressed in the central nervous system, and remarkably
the majority of this list has been previously implicated in
some type of an inherited neurodegenerative disorder.

Discussion

Undoubtedly the most important aspect of this study is
the molecular classification of parathyroid adenoma (sin-

gle gland neoplasia) and hyperplasia (multiple gland
neoplasia) by their distinctly different gene expression
signatures. The issue of whether parathyroid hyperplasia
is actually the same process as parathyroid adenoma but
occurring in multiple glands, either synchronously or
asynchronously, has never been resolved.21–28

By using supervised analysis this study gives strong
support to the concept that parathyroid adenoma and
hyperplasia are distinct entities. By unsupervised cluster-
ing using principle component analysis soft-organizing
maps, and hierarchical clustering, similar results were
shown. The results by agglomerative hierarchical cluster-
ing were not as straightforward, but not totally unex-
pected. Agglomerative hierarchical clustering is very
sensitive at identifying variation in individual compari-
sons, but less so at the highest levels of partitioning
because the broadest branches are totally dependent on
the lower links. As a result such methods of clustering are
often not in agreement with biologically complex speci-
mens such as tissue samples in comparison to studies in
yeast or cell lines.29,30 Although we have shown that
neoplasia in two or more glands is distinctly different from
neoplasia in one gland, our number of cases of hyper-
plasia are most likely too small to definitively prove that
multiple gland neoplasia is a single entity. Nonetheless,
the clinical distinction of importance is the distinction of

Figure 6. Supervised analysis with two adenoma classes.
Results of supervised clustering with gene ranking by dif-
ferential expression using a signal-to-noise feature in a mul-
ticlass comparison of all parathyroid class labels excluding
normals and with two classes of adenomas (type 1 ade-
noma, type 2 adenoma, nonfamilial multiple gland neopla-
sia, familial hyperplasia, renal-induced hyperplasia). Results
are shown for the top 20 overexpressed genes (gene signa-
ture) for each group. There is an obvious and distinctly
separate gene signature for the type 1 and 2 adenomas, as
well as for the other classes of parathyroid samples.

Figure 7. Real-time semiquantitative PCR. Fold change for ENC-1 and NTM
by real-time PCR. Corroborative evidence by real-time PCR shows that 2 of
the genes in the 11 gene predictor model for the distinction of single versus
multiple gland neoplasia are significantly overexpressed in the former.
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parathyroid neoplasia involving a single gland versus
involvement of multiple glands.

It is possible that our near perfect classification of
sporadic parathyroid neoplasia by the leave-one-out
method of cross-validation is overly optimistic because of
the lack of an independent validation set and the criteria
set for an acceptable length of follow-up in regards to
recurrent hyperparathyroidism. The lack of an indepen-
dent validation set is not unique to this study and is
generally related to economic feasibility and scarcity of
tissue resources in many studies using high-throughput
measurements of gene expression. As such, this is a
preliminary model that will require validation by an inde-
pendent set of samples. As our predictor model used a
supervised analysis it is suspect to the correct classifi-
cation of the samples. The compound covariate predic-
tion method we used with a leave-one-out cross valida-
tion is a rigorous test of robustness and it was reassuring
to see that for every predictor model tested there was no
evidence of bias in the original classification of the sam-
ples. Previous studies have shown that without random
permutation of the class labels many predictor models
tend to overestimate the prediction accuracy and fail in
an independent validation set.18 All of the predictor mod-
els we developed showed the number of misclassifica-
tions by random permutation testing were much smaller
than the observed rate, indicating that our assignment of

the class labels occurred with a low probability by
chance alone.

At the present time the only true gold standard of
parathyroid adenoma is clinical follow-up to exclude mul-
tiple gland neoplasia, but there are no well-defined crite-
ria for an acceptable length of follow-up. Currently, the
standard of care to rule out multiple gland neoplasia is
clinical follow-up at 6 months.31,32 Our study had a min-
imal follow-up of 12 months (average, 17.5 months) which
certainly exceeds the standard of care. Although this
does not totally exclude the presence of multiple gland
neoplasia among our group of 35 adenomas,33 the fact
that close to 90% of these cases would be adenoma by
chance alone, coupled with a clinically acceptable pe-
riod of follow-up, makes this possibility extremely unlikely.

Although not feasible for economic reasons that gene
expression profiling will be used to make the distinction of
single gland neoplasia versus multiple gland neo-
plasia, it is highly probable in the near future a biomarker(s)
identified by such studies will be used to accurately make
this distinction in a preoperative setting. Most importantly
this biomarker(s) will need to use serum protein(s) so this
distinction can be made before surgery. The use of such a
biomarker would have immediate impact in clinical scenar-
ios in which preoperative localization studies are less than
definitive for a single neoplastic gland. Such a biomarker
could also correctly identify patients with a need for limited

Table 4. List of Potentially Biological Relevant Genes in Sporadic Parathyroid Neoplasia

Change Symbol Gene name Summary

Adenoma 1 CHK2 Checkpoint kinase 2 DNA repair
1 GADD45G Growth arrest and DNA-damage-

inducible, gamma
DNA repair

1 GADD45A Growth arrest and DNA-damage-
inducible, alpha

DNA repair

1 GADD45B Growth arrest and DNA-damage-
inducible, beta

DNA repair

1 CHEK1 CHK1 checkpoint homolog (S. pombe) DNA repair; signal transduction resulting
in cell cycle arrest

1 NBS1 Nijmegen breakage syndrome 1 (nibrin) Cell cycle checkpoint; damaged DNA
binding; double-strand break repair

2 CCNA2 Cyclin A2 Promotes both cell cycle G1/S and
G2/M transitions

2 CDC25C Cell division cycle 25C Triggers entry into mitosis
2 CDC14A CDC14 cell division cycle 14 homolog A

(S. cerevisiae)
Involved in the exit of cell mitosis and

initiation of DNA replication
2 CDKN1C Cyclin-dependent kinase inhibitor 1C

(p57, Kip2)
Negative regulation of cell proliferation

2 BRCA1 Breast cancer 1, early onset DNA repair
2 BRCA2 Breast cancer 2, early onset DNA repair

Multiple gland
neoplasia

1 NEFH Neurofilament, heavy polypeptide 200 kd Abnormalities in neural migration in brain
development in Down Syndrome

1 NRP1 Neuropilin 1 Regulate VEGF-induced angiogenesis
1 PRX Periaxin Dejerine-Sottas neuropathy
1 PAFAH1B3 Platelet-activating factor acetylhydrolase,

isoform Ib, gamma subunit 29 kd
Mental retardation

1 GLB1 Galactosidase, beta 1 GM1-gangliosidosis
1 IDUA Iduronidase, alpha-L Mucopolysaccharidosis Type I
1 HEXB Hexosaminidase B (beta polypeptide) Sandhoff disease (GM2-gangliosidosis

type II)
1 GAA Glucosidase, alpha; acid Pompe’s disease
1 MANBA Mannosidase, beta A, lysosomal Beta-mannosidosis
1 NAGLU N-acetylglucosaminidase, alpha Sanfilippo syndrome, type B
1 GUSB Glucuronidase, beta Mucopolysaccharidosis type VII
1 MAN2B1 Mannosidase, alpha, class 2B, member 1 Mannosidosis, alpha Types I and II
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to no follow-up postoperatively. Because of the relatively
high incidence of parathyroid neoplasia, particularly in the
elderly female population in which it is estimated to be
between 1 to 2%,34,35 a highly accurate molecular classifi-
cation of parathyroid neoplasia would improve overall pa-
tient care as well as prove to be highly cost-effective for the
health care system. Although postoperative blood calcium
and parathyroid hormone levels would have warranted
close follow-up of two of the patients with recurrent hyper-
parathyroidism in this study, the other three would have
been missed. In addition, a single elevated parathyroid
hormone level after parathyroidectomy is an unreliable in-
dicator of recurrent hyperparathyroidism in the period of
time discussed here.36

The list of genes presented in Table 4 as putative
biologically relevant genes involved in sporadic parathy-
roid neoplasia may shed new light on the underlying
pathogenesis of these tumors. It is not surprising that
parathyroid adenomas showed under- or overexpression
of a number of genes involved in DNA repair and cell
cycle progression. These tumors, despite their usual lack
of malignancy, show a preponderance of chromosomal
changes by comparative genomic hybridization or loss of
heterozygosity analysis.37–40 Many of the changes seen
in these genes, including CHK2, GADD45, CHEK1,
CCNA2, and CDC25 are consistent with regulatory pro-
cesses opposed to cell cycle progression in the pres-
ence of DNA damage and as such fail to explain the
underlying pathogenesis of neoplasia. What is intriguing
is the down-regulation of BRCA1, BRCA2, and p95,
which together form part of a large multisubunit protein
complex of tumor suppressors, DNA damage sensors,
and signal transducers41 that has been aptly named
BASC, for “BRCA1-associated genome surveillance
complex.” Dysregulation of this complex at least poten-
tially may explain the high rate of chromosomal damage
previously noted in adenomas.

In contrast, multiple gland parathyroid neoplasia
showed a surprising finding of overexpression of a num-
ber of genes related to central nervous central develop-
ment or disease. Most of these overexpressed genes
encode large proteins that undergo extensive posttrans-
lational processing and are involved in lysosomal activity
or expressed on the cell surface. The members of this
group of overexpressed genes are indeed impressive in
regards to their importance for neuropathology, but few,
if any, have a link to neoplasia. Although it is difficult to
explain the pathogenesis of this group of overexpressed
genes in regards to parathyroid neoplasia, their expres-
sion is not totally unexplainable as they are neuroendo-
crine tumors. In this context, overexpression of genes
generally thought of as having an expression restricted to
the central nervous system may reflect a more primitive
state of differentiation in multiple gland neoplasia. The
relative lack of expression of these genes in parathyroid
adenoma adds support to our findings that multiple gland
neoplasia is a distinct entity and not merely the occur-
rence of multiple adenomas in a single patient.

Although our results were quite distinct for all classes
of parathyroid neoplasia, the results for renal-induced
parathyroid hyperplasia in regards to gene ranking and

permutation testing were not as statistically significant in
a comparative sense. The reasons for this most likely
relate to the fact that renal-induced parathyroid hyperpla-
sia is a very heterogeneous disease both clinically and
pathologically, with a number of cases representing true
hyperplasia and others neoplasia.

To summarize, gene expression profiling of sporadic
parathyroid neoplasia has the potential to change the
pathological classification of parathyroid neoplasia. It
is even possible that serum markers for the distinction
of adenoma versus hyperplasia, and the similar detec-
tion of autonomous functioning parathyroid glands in
renal-induced hyperplasia, will be available before
parathyroidectomy in the near future. In addition, re-
cent increased awareness of the potential long-term,
accelerated irreversible detrimental cardiovascular ef-
fects of uncorrected hyperparathyroidism42– 44 will
most likely bring identification and correct classifica-
tion of parathyroid neoplasia to the forefront of medi-
cine in the near future.
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