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Abstract
Until recently, it has been impossible to determine which
patients with resected stage I lung cancer are among the
30% who will die of metastatic cancer within 5 years of
surgery. Bioinformatics tools applied to lung cancer
expression profiling data have identified prognostic genes
that have been used to develop predictor models, but thus
far, these models have not been incorporated into routine
clinical use because of their inherent complexity and
requirement for relatively large numbers of genes. We
have used ratios of gene expression to overcome these
limitations. Here, we evaluate the ability of this technique
to identify patients with stage I lung adenocarcinoma at
risk for recurrence. We derived candidate ratio-based
tests from analysis of 36 stage I lung adenocarcinoma
samples using previously published expression profiling
data. Eleven of these tests were identified for additional
study and assessed for classification accuracy in an
independent set of 60 stage I lung adenocarcinoma
samples. We then evaluated the optimal ratio-based test
in the independent samples using Kaplan-Meier survival
analysis. Finally, we examined the ability of this test to
predict outcome in a set of 97 stage I breast
adenocarcinoma. We found that subsets of the
independent lung cancer samples predicted to be
associated with either good or poor outcome using the
optimal ratio-based test differed significantly (P �
0.0056) in terms of survival with a classification accuracy
of 74% (P � 0.0043, Fisher’s exact test). When this test
was applied to stage II and III lung cancers, most
specimens were classified as poor outcome cancers.
Interestingly, we found that the same test significantly
(P � 0.0417) predicted recurrence of stage I breast
tumors, suggesting that at least some of the marker genes
we identified may have generalized prognostic

significance for adenocarcinoma. Our results provide
additional evidence that expression ratios are highly
accurate in predicting cancer recurrence and may be
used in a simple test to predict response to surgical
therapy in early-stage lung adenocarcinoma.

Introduction
Lung cancer is the most common cause of cancer mortality in
the United States for both men and women. In 2001, it is
estimated that �169,500 men and women were diagnosed in
the United States with lung cancer and that 157,400 died from
this malignancy.3 Approximately 80% of lung cancer patients
have NSCLC4, a histological category of primary lung cancer
that includes adenocarcinoma, the most common form of
NSCLC, as well as squamous cell carcinoma and large cell
carcinoma. All patients diagnosed with NSCLC, regardless of
subtype, are evaluated in a uniform manner and offered treat-
ment based on their stage at presentation. Up to 34,000 lung
cancer patients in the United States present with stage I or II
disease and are amenable to effective surgical treatment (1).
These patients with early-stage NSCLC enjoy up to 70% 5-year
survival after surgery alone. Patients with stage IIIA NSCLC
usually undergo neoadjuvant chemotherapy followed by sur-
gery or radiation therapy. Patients with stage IIIB or IV lung
cancer are usually only candidates for palliative chemotherapy
and radiation therapy (2).

A prognostic test for early-stage lung adenocarcinoma is
likely to improve survival by identifying patients who are more
likely to recur and may, therefore, benefit from adjuvant or
neoadjuvant therapy. A number of prognostic markers and
pathological characteristics of resected lung cancer have been
reported to correlate with outcome. These include the degree of
differentiation, tumor size, lymphovascular invasion, and the
expression of certain markers such as p53 and K-ras (3).
However, none have been validated for routine clinical use.

Gene expression profiling using microarrays has been
used to successfully predict disease related outcome in multiple
cancers (4–11). Recently, several groups have published the
results of gene profiling with microarrays of large cohorts of
lung adenocarcinoma tissues linked to clinical outcome data
(11–13). These studies propose prognostic models based on
analysis of adenocarcinoma samples for which unique genetic
profiles are correlated with treatment-related outcome. Unfor-
tunately, these models are difficult to assess clinically because
they rely on measuring expression levels of a relatively large
numbers of genes using costly data acquisition platforms (i.e.,
microarrays) and sophisticated algorithms/software. In addi-
tion, clinical use of the models is hindered by the inability to
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analyze a sample independently without reference to other
samples. However, these studies do support the hypothesis that
in addition to stage, specific features of the tumors’ gene
expression may be used to predict, with high accuracy, the
clinical outcome of the patient in response to a specific therapy.

We recently described a method for translating expression
profiling data into clinically relevant tests using ratios of gene
expression (14). We have successfully used this method to develop
tests for the differential diagnosis of lung adenocarcinoma and
mesothelioma (14), the prognosis of mesothelioma (15), and the
diagnosis of prostate cancer.5 Development of specific tests is
based on an initial supervised comparison of gene expression data
between two groups that differ with respect to a chosen clinical
characteristic. Although fundamentally similar to linear discrimi-
nant analysis (16), expression ratio-based models are statistically
robust and offer several clear advantages that better facilitate the
transition to clinical use (15). This method can be used to create
clinical tests that are platform independent and require only small
amounts of RNA and, by extension, tumor tissue. Here, we report
the application of this method in developing a prognostic test for
patients with resected stage I lung adenocarcinoma. The tissue
specificity of the test was also assessed by applying it to expression
profiling data of stage I breast adenocarcinoma.

Materials and Methods
Gene Expression Profiling Data. Microarray data for lung
adenocarcinoma tissues was obtained from two sources. Gene
expression data for the training set of stage I lung adenocarcinoma
samples were obtained using Affymetrix high-density oligonu-
cleotide microarrays (HuFL or 6800 chip) with probe sets repre-
senting �7000 genes (11). Gene expression data for the test set of
samples were obtained using Affymetrix high-density oligonu-
cleotide microarrays (U95A chip) with probe sets representing
�12,000 genes (12). Gene expression data for resected stage I
(lymph node-negative) breast cancer tissues were obtained from a
single source using microarrays containing �25,000 genes (10).
Data and Statistical Analysis.6 The selection of predictor
genes for use in expression ratio-based prognosis was per-
formed essentially as described (14, 15). We identified prog-
nostic genes that were discriminatory between two subsets of
training set samples: those from patients considered to be cured
from cancer by surgery (i.e., good outcome, survival �48
months, n � 25) and those from patients who died from

recurrent cancer (i.e., poor outcome, survival � 48 months, n �
11). Using a two-sided Student’s (parametric) t test for pairwise
comparisons of average gene expression levels, we first
searched all of the genes represented on the microarray for
those with a statistically significant �2-fold difference in av-
erage expression levels between good outcome and poor out-
come tumors. To minimize the effects of background noise, the
list of distinguishing genes was additionally refined by requir-
ing that the mean expression level be �600 in at least one of the
two sample subsets. We chose for final analysis those genes
that fit the filtering criteria and were also represented on the
expression profiling platform of the test set of samples. For the
analysis of test set samples, we again defined good (n � 30) and
poor (n � 16) outcome as survival �48 and �48 months,
respectively. For determination of classification accuracy only,
we also designated as poor prognosis those patients still alive
but with recurrent cancer within 48 months of surgery because
patient status data were available for test set samples. Of the
seven prognostic genes identified in the training set (Table 1),
a total of two were represented by multiple Affymetrix probe
sets on the expression-profiling platform of the test set (Lo-
cusLink ID): APOE and TRB@. Uninformative expression data
were removed from consideration by excluding those probe sets
for which average expression levels of all test set samples were
�50 and that were not called “Present” for a majority of
samples. Two probe sets were excluded (32795_at, and
31449_at), and the remainder were averaged for each of the two
genes to give a final expression value for each gene in all
samples. Data from three highly accurate gene expression ratios
were combined by calculating the geometric mean,
(R1R2R3)1/3, where Ri represents a single ratio value. This is
equivalent to the average of [log2(R1), log2(R2), log2(R3)] and
has the effect of giving equal weight to ratio fold-changes of
identical magnitude but opposite direction. Kaplan-Meier anal-
ysis was used to estimate survival where only known death
events were uncensored. The log-rank test was used to statis-
tically assess differences among multiple survival curves. The
classification accuracy of the model in the test set of samples
was assessed using Fisher’s exact test (i.e., 2 � 2 contingency
table). All differences were determined to be statistically sig-
nificant if P � 0.05. All calculations and statistical comparisons
were generated using S-Plus (17).

Results
Identification of Prognostic Molecular Markers in Lung
Adenocarcinoma and Prediction of Outcome Using Gene
Expression Ratios. Twenty-three candidate prognostic genes
were found to fit the filtering criteria in this analysis. Three of
these were expressed at relatively higher levels in good out-

5 R. Bueno, K. R. Loughlin, M. H. Powell, G. J. Gordon. (2003) A diagnostic test
for prostate cancer from gene expression profiling data. J Urology. In Press.
6 Additional information and detailed methods for all analyses can be found at our
websites: http://www.chestsurg.org and http://www.generatios.com.

Table 1 Lung cancer prognostic genes

Accession no. P Ratioa Description (LocusLink Symbol)

Expressed at relatively higher levels in good outcome tumors
MI2529 0.014 2.1 Apolipoprotein E (APOE)
X00437 0.015 2.8 T cell receptor � (TRB@)
D87436 0.034 2.6 Lipin 2 (LPIN2)

Expressed at relatively higher levels in poor outcome tumors
K03195 8.5 � 10�5 0.49 Solute carrier family 2, member 1 (SLC2A1)
X65614 7.5 � 10�4 0.26 S100 calcium-binding protein P (S100P)
X70040 0.0012 0.49 Macrophage-stimulating 1 receptor (MST1R)
X93036 0.0042 0.33 FXYD domain-containing ion transport regulator 3 (FXYD3)

a Average expression level in good outcome samples/average expression level in poor outcome samples.
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come samples, and 20 were expressed at relatively higher levels
in poor outcome samples. For additional study, we chose the
four genes most significantly overexpressed in poor outcome
samples and all three of the genes expressed at relatively higher
levels in good outcome samples (Table 1). Using these genes,
we next determined whether expression ratios could accurately
classify the 36 samples used to train the model. We calculated
a total of 12 possible expression ratios/sample by dividing the
expression value of each of the three genes expressed at rela-
tively higher levels in good outcome samples (i.e., APOE,
TRB@, and LPIN2) by the expression value of each of the 4
genes expressed at relatively higher levels in poor outcome
samples (i.e., SLC2A1, S100P, MST1R, and FXYD3). Samples
with ratio values � 1 were predicted to be good outcome, and
those with ratio values � 1 were predicted to be poor outcome.
The overall accuracy of the 12 expression ratios varied widely
(average � 74%, range, 58–89%, Table 2). To incorporate the
predictive power of multiple prognostic genes (i.e., ratios), we
calculated the geometric mean (see “Materials and Methods”)
for all 220 possible nonredundant three-ratio combinations and
found that we could easily identify training samples with ac-
curacy that met or exceeded that of any of the gene pair ratios
when used alone. We chose for additional study a small number
of these three-ratio tests (5%, 11 of 220, Table 3) that were
�90% accurate overall and also �90% accurate within each
subset of training set samples (i.e., good and poor outcome).
There were clearly multiple three-ratio combinations that were
highly accurate in classifying training set samples. One of these
tests (APOE/S100P, LPIN2/SLC2A1, and LPIN2/MST1R) used
the three most accurate single ratios that individually identified
�80% of the training set samples and for this reason was
predicted to ultimately represent the optimal test.
Verification of Expression Level Ratios as Outcome Predic-
tors. Next, we tested the ability of these 11 highly accurate
expression ratio combinations to predict outcome in a separate
cohort of 60 stage I lung adenocarcinoma tumor samples for
which expression profiling data and associated clinical data
were available (12). This dataset (12) was also used by the
investigators that generated the current training set data (11) to
independently validate a 50-gene prognostic model developed
in their laboratory. Similar to these investigators (11), we
initially excluded from analysis those samples with �40%
tumor cell content and/or samples with mixed histology (e.g.,
adenosquamous) to ensure equal comparability of samples, thus
leaving 46 samples (i.e., the test set) in the primary analysis.
The Kaplan-Meier estimated 4-year survival of this cohort
(66%, Fig. 1A) was consistent with expected survival for re-
sected stage I lung cancer. We then used the expression values
for all seven prognostic genes to calculate the 11 most accurate
three-ratio combinations in these 46 samples. Samples with
combined scores �1 and �1 were predicted to be associated
with good and poor outcome, respectively. The classification

accuracy for the 11 ratio-based tests are listed in Table 4
(average � 66%, range, 61–74%). The three most accurate tests
used the same five genes (APOE, S100P, LPIN2, SLC2A1, and
MST1R) in various different combinations and were equally
proficient at classifying test set samples. Using predictions
made from the test using the most accurate single ratios from
the training set (APOE/S100P, LPIN2/SLC2A1, and LPIN2/
MST1R), we could accurately (74%, 34 of 46) and significantly
(P � 0.0043, Fisher’s exact test) predict the identity of the test
set samples in this analysis. This test was 77% (23 of 30) and
69% (11 of 16) accurate at classifying good and poor outcome
samples, respectively. To take into account censor status, we
performed Kaplan-Meier survival analysis using predictions
made by the same three-ratio test. We found that the estimated
survival associated with good and poor prognosis subjects
identified using expression ratios were significantly different
(P � 0.0056, log-rank test; Fig. 1B). A total of 29 samples were
assigned to the good outcome subset (median survival not
reached) and 17 to the poor outcome subset (median survival �
44 months).

We also examined the optimal three ratio combination
(APOE/S100P, LPIN2/SLC2A1, and LPIN2/MST1R) in stage II
(n � 24) and stage III (n � 10) test set specimens (12). The
same selection criteria were applied to these samples (i.e.,
samples with �40% tumor cell content or mixed histology were
excluded) leaving 15 stage II samples and 10 stage III samples
in the analysis. We found that 87% (13 of 15) of stage II tumors
and 100% (10 of 10) stage III tumors were predicted to be in the
poor prognosis subset regardless of ultimate outcome. Unlike
the stage I patients who were treated by surgery alone, many of
the stage II and III patients received chemotherapy and/or
radiotherapy either before or after surgery and, for this reason,
are not appropriate for use in survival analysis.
Sensitivity of Expression Ratios as Outcome Predictors in
Lung Adenocarcinoma. We originally identified prognostic
genes from samples containing �70% tumor cellularity (11).
To test outcome predictor models using these genes in an
independent group of samples, we initially only considered test
set samples with relatively high tumor cell content to ensure
equal comparability between training and test sample sets.
However, it would be beneficial for any clinical test to dem-
onstrate adequate sensitivity when samples with relatively low

Table 3 Most accurate three-ratio combinations in the training set

All 220 possible 3-ratio combinations were filtered for accuracy according to the
criteria in the text. The 11 most accurate three-ratio combinations in classifying
training set samples are presented as the fraction diagnosed correctly.

Three-ratio
testa

Overall
accuracy
(n � 36)

Good prognosis
accuracy
(n � 25)

Poor prognosis
accuracy
(n � 11)

1/4, 3/4, 3/5 97% 100% 91%
1/4, 3/5, 3/6 94% 96% 91%
1/5, 3/4, 3/6 94% 96% 91%
1/6, 3/4, 3/5 94% 96% 91%
1/4, 2/4, 3/5 92% 92% 91%
1/4, 2/5, 3/4 92% 92% 91%
1/5, 2/4, 3/4 92% 92% 91%
2/4, 3/4, 3/7 92% 92% 91%
2/4, 3/6, 3/7 92% 92% 91%
2/6, 3/4, 3/7 92% 92% 91%
2/7, 3/4, 3/6 92% 92% 91%

a Ranked by overall accuracy then good prognosis accuracy. Genes (from Table
1) are represented by numbers for simplicity: 1-APOE; 2-TRB@; 3-LPIN2;
4-SLC2A1; 5-S100P; 6-MSTR1; and 7-FXYD3.

Table 2 Accuracy of all ratio combinations in classifying training
set samplesa

SLC2A1 S100P MST1R FXYD3

APOE 67% (24/36) 83% (30/36) 69% (25/36) 78% (28/36)
TRB@ 78% (28/36) 64% (23/36) 81% (29/36) 69% (25/36)
LPIN2 89% (32/36) 58% (21/36) 81% (29/36) 75% (27/36)

a Seven diagnostic genes (identified in a training set of samples as described in
the text) were used to calculate a total of 12 possible expression ratios (column/
row intersection). The accuracy of each ratio in classifying training set samples
was examined, and predictions are stated as the fraction diagnosed correctly.
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tumor cell content are assayed. Therefore, we determined, using
the optimal three-ratio test from above, the classification accu-
racy in the 14 stage I test set samples with low tumor cell
content (�40%, minimum 10%) originally excluded from con-
sideration. This test resulted in 64% (9 of 14) of the samples
correctly identified with 67% (6 of 9) and 60% (3 of 5)
classification accuracy in the good and poor prognosis subsets,
respectively. Although classification accuracy was moderately
better than that expected by chance alone, our predictions were
not statistically significant for this small cohort (P � 0.58,
Fisher’s exact test).
Prognosis of Other Adenocarcinomas Using Expression Ra-
tios Developed in Lung as Outcome Predictors. We next
examined whether the prognostic test was specific for lung
adenocarcinoma or could be applicable to other types of ade-

nocarcinoma. We hypothesized that adenocarcinomas of both
lung and breast origin would exhibit some degree of overlap in
prognosis-related gene expression profiles despite originating
from different tissue types. To test this hypothesis, we per-
formed Kaplan-Meier time-to-recurrence survival analysis in
breast cancer using predictions made by the optimal three-ratio
test developed in lung cancer (APOE/S100P, LPIN2/SLC2A1,
and LPIN2/MST1R). For this study, we obtained expression
profiling data for a total of 97 breast cancer samples originally
used to develop a microarray-based predictor model that strat-
ified patient samples into prognostic groups based on cancer
recurrence (10). The Kaplan-Meier estimated median DFS was
not reached for these 97 samples (Fig. 1C). We used the breast
cancer microarray data to calculate the geometric means of the
three ratios and used the value to assign each patient to a good
or poor prognosis subset. We then compared these groups using
Kaplan-Meier survival analysis and discovered that predictions
made using the three-ratio lung cancer prognostic test were able
to produce significantly different (P � 0.0417, log-rank test;
Fig. 1D) DFS curves in breast cancer. The classification accu-
racy of this model was 60% (58 of 97) and was determined by
comparing ratio-based predictions to the known patient status
pertaining to cancer recurrence (10). The median DFS was not
reached for the subset predicted to have a more favorable
outcome and was 3.3 years for the subset predicted to have a
less favorable outcome.

Discussion
In this article, we describe a prognostic test for stage I adeno-
carcinoma of the lung that could easily be extended to the
clinical setting and is amenable to widespread analysis and
validation by multiple investigators. Despite fundamental dif-
ferences in experimental design, there are some similarities in
the composition of both our training and test sample sets and
those of Beer et al. (11) who developed an algorithm that uses
50 genes to predict outcome in lung cancer. Although classi-
fication accuracy was not reported in the Beer et al. study (11),

Fig. 1. Kaplan-Meier survival and time-to-relapse pre-
dictions for stage I lung and breast adenocarcinoma pa-
tients, respectively. A, overall survival for all 46 stage I
lung adenocarcinoma patients from which the test set was
chosen. The estimated 4-year survival for entire cohort
was 66%. B, overall survival in the test set of samples for
good outcome (top line, median survival not reached) and
poor outcome (bottom line, median survival � 44
months) subsets as defined by the optimal three-ratio
prognostic test. This three-ratio test uses expression data
from five genes and significantly (P � 0.0056) predicts
outcome in an independent set of 46 stage I lung adeno-
carcinoma samples. C, DFS for 97 stage I breast adeno-
carcinoma patients. D, DFS in these 97 samples for the
subsets predicted by the optimal three-ratio test devel-
oped in lung cancer to have a more favorable outcome
(top line, median DFS not reached) and a less favorable
outcome (bottom line, median DFS � 3.3 months). This
three-ratio test uses expression data from five genes and
significantly (P � 0.0417) predicts outcome in an inde-
pendent set of 97 stage I breast adenocarcinoma samples.
Hash marks indicate censored data (i.e., patients still alive
at follow-up for A and B and patients without cancer
recurrence at follow-up for C and D).

Table 4 Most accurate three-ratio combinations in the test set

The 11 most accurate three-ratio combinations identified in the training set of
samples were examined in test set samples. Ratio combinations are presented as
the fraction diagnosed correctly and are listed in order of accuracy in the training
set (from Table 3).

Three-ratio
testa

Overall
accuracy
(n � 46)

Good prognosis
accuracy
(n � 30)

Poor prognosis
accuracy
(n � 16)

1/4, 3/4, 3/5 72% 73% 69%
1/4, 3/5, 3/6 74% 77% 69%
1/5, 3/4, 3/6 74% 77% 69%
1/6, 3/4, 3/5 74% 77% 69%
1/4, 2/4, 3/5 61% 83% 19%
1/4, 2/5, 3/4 61% 83% 19%
1/5, 2/4, 3/4 61% 83% 19%
2/4, 3/4, 3/7 65% 93% 13%
2/4, 3/6, 3/7 63% 90% 13%
2/6, 3/4, 3/7 63% 90% 13%
2/7, 3/4, 3/6 63% 90% 13%

a Genes (from Table 1) are represented by numbers for simplicity: 1-APOE;
2-TRB@; 3-LPIN2; 4-SLC2A1; 5-S100P; 6-MSTR1; and 7-FXYD3.
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Kaplan-Meier survival analysis by these investigators resulted
in significantly different curves (P � 0.006, Fig. 3H). Our study
also produced significantly different survival curves with a
similar P (P � 0.0056, Fig. 1B) but used 45 fewer genes in a
manner amenable to reverse transcriptase-PCR data acquisition
and analysis of individual samples.

The observed classification accuracy of 74% for the opti-
mal ratio combination is encouraging within the context of this
limited proof-of-principle study because gene discovery condi-
tions were constrained by the number of sequences represented
on the expression profiling platform of the training set. We are
currently evaluating more comprehensive microarray platforms
for the identification of differentially expressed genes. Ulti-
mately, the accuracy of an expression ratio-based prognostic
algorithm will be substantially enhanced by combining the ratio
test results with proven clinical prognostic variables in addition
to patient-specific parameters. These latter factors would not
necessarily be reflected in the expression signature and should
add independent prognostic information to improve the accu-
racy of the ratio-based test.

The issue of identifying the minimal number of genes
necessary for maximal accuracy deserves consideration. Our
experience has shown that multiple ratio tests incorporating
three ratios (i.e., up to six genes) are a good starting point for
optimization. In the current study we examined all combina-
tions of four ratios as well and, not surprisingly, found multiple
four-ratio tests that were highly accurate in the training set.
However, none of these tests were as accurate as the most
accurate three-ratio tests in classifying test set samples (data not
shown), suggesting that a three-ratio test may be optimal for
ratio-based prognosis under these circumstances. In fact, in-
creasing the number of genes included in a ratio-based model
will ultimately prove detrimental because additional predictor
genes are added with progressively less discriminating power as
reflected in the increasing Ps obtained during the initial super-
vised analysis.

Our study may also indicate that accurate classification of
lung cancer prognostic subsets using the gene ratio technique
requires tumor samples with relatively high tumor cell content
because we found that successful classification of low tumor
cell content samples is only moderately better (64%) than that
expected by chance alone. These findings are consistent with
previous studies using alternative classification methods (11).
However, our results are not conclusive given the relatively
small cohort size of low tumor cell content samples and the fact
that all 12 classification errors in stage I samples with �40%
tumor content were from samples with �60% tumor cell con-
tent and 9 of 12 (75%) were from samples with �70% tumor
cell content.

Published studies seeking to identify new prognostic mo-
lecular markers in cancer have largely focused on comparing
samples within a single tissue type. The ability of a prognostic
test developed and validated in lung adenocarcinoma to signif-
icantly predict recurrence in breast adenocarcinoma is intrigu-
ing, but the potential implications of this finding are presently
unknown. We did not observe any obvious trends in the ex-
pression levels of individual prognostic genes in misclassified
breast cancer samples and are currently examining whether
ratio-based tests created using breast cancer profiling data are
likewise amenable to predicting prognosis in lung cancer. Still,
these results support the hypothesis that survival-related simi-
larities exist in the global expression patterns of both adeno-
carcinomas and specifically that some of these can be reflected
in a simple test using five genes. Direct support for this idea can
be found in the current study; the S100P gene we independently

discovered in lung adenocarcinoma is also a known marker of
tumor progression in breast cancer (18, 19). Furthermore, pa-
thologists have previously described the degree of differentia-
tion, lymphovascular invasion, and mucin production as inde-
pendent prognostic markers within adenocarcinomas from a
variety of tissue origins. Although the optimal predictor genes
for any tumor may be tissue specific, discovery of prognostic
markers suitable for use in both adenocarcinomas will reveal
fundamental similarities in gene expression patterns within
adenocarcinomas in general and perhaps lead to the discovery
of potential therapeutic targets.

A total of five genes comprised the most accurate three-
ratio test in this study: APOE; S100P; SLC2A1; LPIN2; and
MST1R. Of these, only two (S100P and SLC2A1) were listed
among the top survival genes in the initial analysis of the
training dataset (11), suggesting that multiple genes can be used
to predict outcome in lung cancer, the choice of which is based
on the particular model used in the analysis. Nevertheless, four
of the five genes in our study have clearly documented diag-
nostic and prognostic implications in other cancers. APOE, a
lipid homeostasis protein, is highly expressed in ovarian carci-
noma (20, 21). Similar to the current study, S100P is also
preferentially expressed in prostate tumors with relatively
worse prognosis (i.e., hormone refractory tumors; Ref. 22).
Abnormal expression of SLC2A1 (alias GLUT1) has been ob-
served in a number of epithelial malignancies, including ovar-
ian cancer, where protein expression levels are directly propor-
tional to tumor aggressiveness (23), consistent with our
observation that higher levels of this gene are associated with
worse prognosis in lung cancer. Finally, overexpression of
MSTR1 (alias RON, a member of the MET proto-oncogene
family) has been found to cause the formation of lung tumors
with atypical phenotypes in vivo (24).

In addition to dividing the stage I tumors in the test set into
two subsets with statistically different survival, the ratio test
also assigned the majority of stage II and all of the stage III
specimens to the poor outcome subset. This could suggest that
the genetic profile of stage I cancer likely to recur is similar to
that of more advanced tumors with respect to the prognostic
genes identified in this study. Because the cause of death from
lung cancer is usually metastatic disease and patients with stage
II and III lung cancer have progressively higher incidence of
metastatic disease, it is reasonable to hypothesize that the test
developed herein measures inherent tumor metastatic potential.
This suggestion challenges the idea that distant tumors arise
from relatively rare cells within the primary tumor that have
metastatic potential and is supported by a recent study by
Ramaswamy et al. (25) in multiple tumor types. One other
explanation for the assignment of stage II and all of the stage III
specimens to the poor outcome subset is that the selected
ratio-based test reflects the inherent presence of micrometa-
static nodal disease because stage II and III cancer by definition
have involved lymph nodes. Ratio-based prognosis within stage
II and stage III patients was not possible because too few
samples were assigned to the good outcome group and because
different types of additional treatments were given to many of
these patients.

The identification of patients at higher risk for recurrence
may not immediately improve survival in the absence of effec-
tive therapeutic options. To date, however, adjuvant chemo-
therapy has not proven effective in controlling metastatic dis-
ease after resection of the primary tumor. This issue is currently
being examined in a cooperative group trial randomizing stage
IB patients to adjuvant chemotherapy versus observation
(CALGB 9633). One potentially effective clinical approach
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would be ratio-based testing of tumor specimens obtained by
FNA before any intervention. Percutaneous trans-thoracic FNA
of lung nodules is a safe and well-accepted diagnostic technique
that has been applied to lesions as small as 8–10 mm (26).
Stage I patients predicted to have poor prognosis after FNA
biopsy, for example, could be offered participation in clinical
trials of neoadjuvant therapy using protocols proven useful in
patients with stage IIIA lung cancer (27). In fact, we have
ongoing studies to determine the suitability of FNA biopsy
material for analysis using gene expression ratios.7
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