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ABSTRACT
The pathological distinction between malignant pleural mesothelioma
(MPM) and adenocarcinoma (ADCA) of the lung can be cumbersome
using established methods. We propose that a simple technique, based on
the expression levels of a small number of genes, can be useful in the early
and accurate diagnosis of MPM and lung cancer. This method is designed
to accurately distinguish between genetically disparate tissues using gene
expression ratios and rationally chosen thresholds. Here we have tested
the fidelity of ratio-based diagnosis in differentiating between MPM and
lung cancer in 181 tissue samples (31 MPM and 150 ADCA). A training set
of 32 samples (16 MPM and 16 ADCA) was used to identify pairs of genes
with highly significant, inversely correlated expression levels to form a
total of 15 diagnostic ratios using expression profiling data. Any single
ratio of the 15 examined was at least 90% accurate in predicting diagnosis
for the remaining 149 samples (e.g., test set). We then examined (in the test
set) the accuracy of multiple ratios combined to form a simple diagnostic
tool. Using two and three expression ratios, we found that the differential
diagnoses of MPM and lung ADCA were 95% and 99% accurate, respectively. We propose that using gene expression ratios is an accurate and
inexpensive technique with direct clinical applicability for distinguishing
between MPM and lung cancer. Furthermore, we provide evidence suggesting that this technique can be equally accurate in other clinical
scenarios.

INTRODUCTION
MPM3 is a highly lethal pleural malignancy (1). Patients with MPM
frequently present with a malignant unilateral pleural effusion or
pleural thickening. However, ADCA that is metastatic to the pleura of
lung or other origin is a far more common etiology for patients
presenting with a unilateral pleural effusion (1). The ultimate treatment strategies depend on the correct pathological diagnosis. Early
MPM is best treated with extrapleural pneumonectomy followed by
chemoradiation, whereas metastatic lung cancer is treated with chemotherapy alone (2). Not infrequently, distinguishing MPM from ADCA
of the lung is challenging from both clinical and pathological perspectives (3). Fluid cytology is diagnostic in only 33% of the cases (2,
4), and sufficient additional tissue from an open surgical biopsy is
often required for immunohistochemistry and cytogenetic analysis (1).
Current bioinformatics tools recently applied to microarray data
have shown utility in predicting both cancer diagnosis (5) and outcome (6). Although highly accurate, their widespread clinical rele-

vance and applicability are unresolved. The minimum number of
predictor genes is not known, and the discrimination function can vary
(for the same genes) based on the location and protocol used for
sample preparation (5). Profiling with microarray requires relatively
large quantities of RNA making the process inappropriate for certain
applications. Also, it has yet to be determined whether these approaches can use relatively low-cost and widely available data acquisition platforms such as RT-PCR and still retain significant predictive
capabilities. Finally, the major limitation in translating microarray
profiling to patient care is that this approach cannot currently be used
to diagnose individual samples independently and without comparison
with a predictor model generated from samples the data of which were
acquired on the same platform.
In this study, we have explored an alternative approach using gene
expression measurements to predict clinical parameters in cancer.
Specifically, we have explored the feasibility of a simple, inexpensive
test with widespread applicability that uses ratios of gene expression
levels and rationally chosen thresholds to accurately distinguish between genetically disparate tissues. This approach circumvents many
of the problems that prevent the penetration of expression profiling
research into the clinical setting. We found that expression ratio-based
diagnosis of MPM and lung cancer was similarly accurate compared
with standard statistical methods of class discrimination such as linear
discrimination analysis (7) and similar models (5) while addressing
many of their deficiencies.
MATERIALS AND METHODS

Tumor Tissues. A combined total of 245 discarded MPM and lung ADCA
surgical specimens were freshly collected (and snap-frozen) from patients who
underwent surgery at BWH between 1993 and 2001. Lung ADCA tumors
consisted of both primary malignancies and metastatic ADCAs of breast and
colon origin. All of the MPM samples used in these studies contained relatively
pure tumor (⬎50% tumor cells in a high power field examined in a section
adjacent to the tissue used). Linked clinical and pathological data were obtained for all of the patients who contributed tumor specimens and were
rendered anonymous to protect patient confidentiality. Studies using human
tissues were approved by and conducted in accordance with the policies of the
Institutional Review Board at BWH.
Microarray Experiments. Total RNA (7 g) was prepared from whole
tumor blocks using Trizol Reagent (Invitrogen Life Technologies, Inc. Carlsbad, CA) and processed as described previously (8 –10). cRNA was hybridized
to human U95A oligonucleotide probe arrays (Affymetrix, Santa Clara, CA)
using a protocol described previously (10). Data from 64 of 245 samples were
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Fig. 1. Tumor diagnosis using expression ratios. In
A, patterns of relative expression levels for the eight
genes selected from the training set can be extended
to the remaining samples. Relative expression levels
increase from low to high per legend. B, graphic
depiction of the magnitude and direction, in all 149
samples comprising the test set, of the value for two
independent ratios (calretinin:Claudin-7 and VAC-␤:
TACSTD1) chosen for further study. C, the eight
individual samples (represented by colored bars) that
were misdiagnosed using one ratio or the other from
B (blue bars, misdiagnosed MPM samples; red bars,
misdiagnosed ADCA samples).

Real-Time Quantitative RT-PCR. Total RNA (2 g) was reverse-transcribed into cDNA using Taq-Man Reverse Transcription reagents (Applied
Biosystems, Foster City, CA) and quantified using all recommended controls
for SYBR Green-based detection. Primers amplifying portions of claudin-7,
VAC-␤, TACSTD1, and calretinin cDNA (synthesized by Invitrogen Life Technologies, Inc.) had the following sequences (forward and reverse, respectively):
claudin-7, 5⬘-GTTCCTGTCCTGGGAATGAG-3⬘ and 5⬘-AAGGAGATCCCAGGTCACAC-3⬘; VAC-␤, 5⬘-CCAGCCTTTCGGTCTTCTAT-3⬘ and
5⬘-CTGGAGGAAGTTGGGAAGAG-3⬘; TACSTD1 (5⬘-AGCAGCTTGAAACTGGCTTT-3⬘ and 5⬘-AACGATGGAGTCCAAGTTCTG-3⬘; calretinin 5⬘AGGACCTGGAGATTGTGCTC-3⬘, 5-GAGTCTGGGTAGACGCATCA-3⬘.
Data Analysis. Gene expression levels were appropriately scaled to facilitate comparison of data from arrays hybridized at different times and/or using
multiple scanners.4 When the “average difference” was negative (i.e., negligible expression level), the absolute value was used. A two-tailed Student’s t
test was used to compare the log(gene expression levels) for all of the 12,600
genes on the microarray between samples from a training set consisting of 16
MPM and 16 ADCA samples. All of the differences in the mean log(expression levels) between the samples in the two groups in the training set were
determined to be statistically significant if P ⬍ 2 ⫻ 10⫺6. Kaplan-Meier
survival analysis was performed and the difference between multiple survival
curves was assessed using the log-rank test. All of the statistical comparisons
(including linear discrimination analysis) were performed using S-PLUS (12).
To generate the graphical representations of relative gene expression levels, all
of the expression levels were first normalized within samples by setting the
average (mean) to zero and the SD to 1. Scaled levels were assigned RGB
values (representing 20 shades) for colorimetric display as a spectrum representing relative gene expression levels.

RESULTS
Identification of Diagnostic Molecular Markers. We searched
all of the genes represented on the microarray for those with a highly
4
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significant difference (P ⬍ 2 ⫻ 10⫺6; ⱖ8-fold) in average expression
levels between both tumor types in the training set of 16 ADCA and
16 MPM samples. For further analysis, we chose the eight genes with
the most statistically significant differences and a mean expression
level ⬎600 in at least one of the two training sample sets (gene name,
GenBank accession no.): calretinin, X56667 (P ⫽ 8 ⫻ 10⫺12);
VAC-␤, X16662, (P ⫽ 8 ⫻ 10⫺13); TACSTD1, M93036 (P ⫽ 6 ⫻
10⫺12); claudin-7, AJ011497 (P ⫽ 2 ⫻ 10⫺9); TITF-1, U43203 (P ⫽
10⫺9); MRC OX-2 antigen, X05323 (P ⫽ 5 ⫻ 10⫺13); PTGIS,
D83402 (P ⫽ 10⫺10); and hypothetical protein KIAA0977, AB023194
(P ⫽ 9 ⫻ 10⫺11). Five of these genes were expressed at relatively
higher levels in MPM tumors (calretinin, VAC-␤, MRC OX-2, PTGIS,
and KIAA0977) and three were expressed at relatively higher levels in
ADCA tumors (TACSTD1, claudin-7, and TITF-1). We then investigated whether expression patterns of these genes extended to all of the
samples (Fig. 1A).
Diagnostic Accuracy of Gene Expression Ratios. Using the eight
genes identified in the initial training set, we calculated 15 expression
ratios per sample by dividing the expression value of each of the five
genes expressed at relatively higher levels in MPM by the expression
value of each of the three genes expressed at relatively higher levels
in ADCA. Then, we tested the diagnostic accuracy of these ratios in
the 149 remaining samples not included in the training set (i.e., 15
MPM and 134 ADCA). Samples with ratio values ⬎1 were called
MPM and those with ratio values ⬍1 were called ADCA. We found
that these ratios could be used to correctly distinguish between ADCA
and MPM tumors with a high degree of accuracy (Table 1).
To incorporate data from multiple ratios, we then randomly chose
a pair of independent ratios (calretinin:claudin-7 and VAC-␤:TACSTD1) and examined their predictive accuracy in the test set. Each
ratio (calretinin:claudin-7 and VAC-␤:TACSTD1) was 97% (145 of
149) accurate with four errors (Figs. 1, B and C). Thus, a total of eight
samples were incorrectly diagnosed using either ratio. However, these
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Table 1 Accuracy of all ratio combinations in predicting tumor diagnosis in test set
Eight candidate diagnostic genes were identified in a training set of samples as
described in “Materials and Methods.” A total of 15 possible expression ratios (column/
row intersection) were calculated in which both genes used to form the ratio possessed
inversely correlated expression levels in both tumor types. The accuracy of each ratio in
predicting diagnosis was examined in the 149 remaining tumor specimens not included in
the training set (15 MPM and 134 ADCA). Predictions are stated as the fraction diagnosed
correctly.

Calretinin
VAC-␤
MRC OX-2
KIAA097
PTGIS

Claudin-7

TACSTD1

TITF-1

97% (145/149)
97% (144/149)
97% (145/149)
97% (145/149)
97% (145/149)

98% (146/149)
97% (145/149)
97% (145/149)
95% (142/149)
97% (144/149)

91% (136/149)
94% (140/149)
95% (142/149)
94% (140/149)
96% (143/149)

two ratios were in disagreement for all eight of the incorrectly diagnosed samples (Fig. 1C). When the diagnostic call of both ratios is
combined, the final analysis results in 95% (141 of 149) of tumors
correctly diagnosed with zero errors and eight no-calls. No-calls were
conservatively made for samples when both ratios did not return the
same diagnosis (Fig. 1C). To predict a diagnosis for the eight no-calls,
we randomly chose an additional ratio (MRC OX-2:TITF-1, Table 1).
The addition of a third ratio established a majority diagnosis for the
eight samples that could not previously be determined using only two
ratios. Using all three ratios (i.e., six genes), 99% (148 of 149) of
tumors were correctly diagnosed; seven no-calls were resolved and
one sample was incorrectly diagnosed.
Comparison with Linear Discrimination Analysis. Standard statistical methods of class discrimination (7), such as linear discrimination analysis, can also be used to achieve similar results for these
three pairs of genes. We first determined a linear combination of
measured expression levels for each pair of genes that provided
maximal discrimination between the two sets of tumor samples in the
training set. When applied to the test set samples, the linear discrimination functions for the (calretinin, claudin-7), (VAC-␤, TACSTD1),
and (MRC OX-2, TITF-1) pairs each gave six, five, and four misclassifications, respectively. However, only one sample was incorrectly
diagnosed in all three tests combined. In fact, the same errant sample
was identified in the application of both the three ratio tests and the
three linear discriminant tests. This sample was originally obtained
from a patient with the clinical and pathological diagnosis of ADCA.
This specimen was annotated by a pathologist reviewing frozen sections of all specimens before RNA preparation as having unusual
histological features raising suspicion of a “germ cell tumor or
sarcoma.”
Verification of Microarray Data and Validation of Ratio-based
Diagnosis. We used real-time quantitative RT-PCR (a) to confirm
gene expression levels of diagnostic molecular markers identified in
microarray-based analysis; and (b) to demonstrate that ratio-based
diagnosis of MPM and lung cancer is equally accurate using data
obtained from another platform. We randomly chose 12 tumor samples each of MPM and ADCA from those used in microarray analysis
and then calculated expression ratios for calretinin:claudin-7 and
VAC-␤:TACSTD1. Expression ratios correctly diagnosed 96% (23 of
24) of samples, with zero errors and one no-call (Fig. 2).
We have also explored the usefulness of expression ratios in predicting clinical parameters under more challenging circumstances,
i.e., when predictor genes have substantially higher Ps and smaller
fold-change differences in average expression levels. In this analysis,
we used previously published microarray data (6) for a set of 60
medulloblastoma tumors with linked clinical data (Dataset “C”) to
create a ratio-based test designed to predict patient outcome after
treatment. Of these 60 samples, 39 and 21 originated from patients
classified as “treatment responders” and “treatment failures,” respec-

tively. We used a training set composed of 20 randomly chosen
samples (10 responders and 10 failures) to identify predictor genes. A
total of 10 genes fit our filtering criteria (P ⬍ 0.05, ⬎2-fold change
in average expression levels, and at least one mean ⬎200), and we
chose the most significant three genes expressed at relatively higher
levels in each group for further analysis (gene name, GenBank accession no.) as follows: histone 2A, M37583 (P ⫽ 0.012); GTPase rho C,
L25081 (P ⫽ 0.026); protein gene product 9.5, X04741 (P ⫽ 0.046);
neurofilament-66, S78296 (P ⫽ 0.0025); sulfonylurea receptor,
U63455 (P ⫽ 0.0067); and cell surface protein HCAR, U90716
(P ⫽ 0.030). Histone 2A, GTPase rho C, and protein gene product 9.5
were expressed at relatively higher levels in treatment failures,
whereas neurofilament-66, sulfonylurea receptor, and HCAR were
expressed at relatively higher levels in treatment responders. Using
the previously stated diagnostic criteria, we calculated a total of nine
possible expression ratios using data from these six genes and examined their predictive accuracy in the remaining samples (i.e., the test
set, n ⫽ 29 responders and n ⫽ 11 failures). The accuracy of these
nine ratios in classifying test set samples varied greatly (average,
60%; range, 43–70%). Because individual ratios use data from only
two genes, we next determined whether combining multiple ratios
(i.e., genes) resulted in increased classification accuracy. To give
equal weight to ratios with identical magnitude but opposite direction,
we calculated the geometric mean for all nine ratios and found that
this value was nearly as accurate (68%, 27 of 40) in classifying test set
samples as the most accurate individual ratio (70%, 28 of 40). The
accuracy rate of this model (68%, 27 of 40) is somewhat lower than
that reported by Pomeroy et al. (78%, 47 of 60) for an optimal
eight-gene and k-nearest neighbor (k-NN) model (6). However, the
difference is likely attributable to sample size considerations. (These
investigators used all 60 samples to train multiple predictor models
ranging from 2 to 21 genes and cross-validated the optimal 8-gene
model using statistical techniques.) Finally, we performed KaplanMeier survival analysis using predictions made from the nine-ratio
geometric mean value. We found that a nine-ratio (six-gene) model
could significantly (P ⫽ 0.0079, log-rank test) predict patient outcome after treatment in the test set of samples (Fig. 3). There was no
overlap in the list of genes comprising our model and the eight-gene
k-NN model of Pomeroy et al. (6), which suggested that multiple
genes are present in this malignancy that have similar predictive
capability.
DISCUSSION
Accurate diagnosis of cancer (or any disease) is the first critical step
in choosing appropriate treatment that will hopefully result in the best

Fig. 2. Validation of microarray data and ratio-based diagnosis. Quantitative RT-PCR
was used to obtain ratio values for 12 MPM and 12 ADCA tumors. In this case, the two
ratios correctly identified 23 of 24 samples with 1 no-call.
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Fig. 3. Kaplan-Meier survival predictions for medulloblastoma patients. Overall survival for patients predicted to be treatment responders (top line) and treatment failures
(bottom line) using a six-gene (nine-ratio) model in a true test set of samples (n ⫽ 40).
Hash marks, censored data.

possible outcome. We propose that the ratio-based method described
herein that uses expression levels of carefully chosen genes can be a
simple, inexpensive, and highly accurate means to distinguish MPM
from ADCA of the lung and that this method is applicable to many
other clinical scenarios. We have also shown that multiple highly
accurate ratios can be combined to form a simple diagnostic tool using
the ratio direction (“majority rules” approach, e.g., MPM and lung
cancer diagnosis) or the ratio magnitude (calculation of the geometric
mean, e.g., prediction of outcome in medulloblastoma). The gene
expression ratio method, by virtue of the fact that it is a ratio (a)
negates the need for a third reference gene when determining expression levels, (b) is independent of the platform used for data acquisition, (c) requires only small quantities of RNA (as little as 10 pg using
RT-PCR), (d) does not require the coupling of transcription to translation for chosen genes, and (e) permits analysis of individual samples
without reference to additional “training samples” the data for which
were acquired on the same platform. For these reasons, expression
ratios are more likely to find immediate use in clinical settings
because they confer several advantages compared with other equally
accurate techniques, such as linear discriminant analysis.
The small Ps and large fold-differences in average expression
levels between genes used in expression ratio-based diagnosis of
MPM and lung cancer are not surprising given that both tumor types
have different cell types of origin. It is important to note that we have
not determined in the present study the exact magnitude and consistency by which gene expression needs to differ between any two
groups to allow the usage of a simple ratio test. In other clinical
scenarios, the differences in gene expression patterns between groups
to be distinguished may be more subtle, thus necessitating a relaxed
filtering criteria in choosing potential predictor genes. Even in these
cases, simple ratios can still be a highly accurate means of predicting
clinical parameters. We have also found that expression ratios are
useful in predicting the outcome after therapy in MPM, using genes
with considerably higher Ps and lower fold-differences in average
expression levels than those used in the present study.5 In the present
study, we have used previously published microarray data (6) to
identify a small number of predictor genes that were able to significantly predict outcome after therapy in medulloblastoma in a true test
set of samples using simple expression ratios. Nevertheless, in some
cases, larger numbers of genes (and perhaps sophisticated software)
and/or initial expression profiling of a larger number of specimens for
the training set may be required to achieve acceptable predictive
power.

The selection of diagnostic genes for MPM and lung cancer was
based solely on our stated criteria. Nevertheless, many of the molecular markers with the lowest Ps and greatest difference in average
expression levels have notable cancer relevance and/or are known to
have tissue-specific expression patterns. Calretinin (13, 14) and
TITF-1 (15, 16) are part of several immunohistochemical panels
currently used in the diagnosis of MPM and lung cancer. Claudin
family members are expressed in various cancers (17, 18), and
TACSDT1 (also known as TROP1) is a recently described marker for
carcinoma cells and, as a cell surface receptor protein, has been
postulated to play a role in the growth regulation of tumor cells (19,
20). The discovery of diagnostic gene ratios is likely to make possible
future clinical tests to definitively diagnose MPM and ADCA using
smaller tissue specimens and perhaps pleural effusions. In this way,
the need for diagnostic surgery in many of these patients may be
eliminated.
The expression ratio technique represents a substantial improvement over past efforts to translate the strengths of expression profiling
into simple tests with clinical relevancy. Many bioinformatics tools
under development and testing are quite complex and/or rely upon
data from large numbers of “training samples” to establish a diagnosis
for unknown samples. The end result is that the practical use of
microarray data remains beyond the scope of many scientists and
clinicians. Similarly, no comprehensive method has been proposed to
translate the results of tumor profiling to the analysis of individual
tissues. As a consequence, no simple yet effective clinical applications
have resulted from microarray research. The expression ratio technique represents a powerful use of microarray data that can be easily
adapted and extended to routine clinical application without the need
for additional sophisticated analysis.
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