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We wish to identify genes associated with disease. To do so, we look for novel genes whose expression patterns
mimic those of known disease-associated genes, using a method we call Guilt-by-Association (GBA), on the basis
of a combinatoric measure of association. Using GBA, we have examined the expression of 40,000 human genes
in 522 <DNA libraries, and have discovered several hundred previously unidentified genes associated with
cancer, inflammation, steroid-synthesis, insulin-synthesis, neurotransmitter processing, matrix remodeling, and
other disease processes. The majority of the genes thus discovered show no sequence similarity to known genes,
and thus could not have been identified by homology searches. We present here an example of the discovery of
eight genes associated with prostate cancer. Of the 40,000 most-abundant human genes, these 8 are the most
closely linked to the known diagnostic genes, and thus are prime targets for pharmaceutical research.

[The sequence data described in this paper have been submitted to the GenBank data library under accession

nos. AFI09298-AF109303.]

INTRODUCTION

Genes that are differentially expressed in disease states
are candidates for pharmaceutical intervention. Previ-
ous researchers have collected expression data for up to
10,000 genes simultaneously (Lockhart et al. 1996;
Lashkari et al. 1997), have identified genes differen-
tially expressed in cancer (DeRisi et al. 1996; Fannon
1996; Zhang et al. 1997; Vasmatzis et al. 1998), and
have identified clusters of coexpressed genes (Eisen et
al. 1998; Michaels et al. 1998; Wen et al. 1998; Tamayo
et al. 1999). Previous work has focused on differential
expression, for example, in healthy versus diseased tis-
sue (Greller and Tobin 1999); the joint expression of
novel genes with known disease genes has rarely been
examined. In addition, previous work has examined a
small fraction of the total genome (typically 10,000
genes or less) and has used linear or monotonic mea-
sures of correlation, which fail to detect many known
gene associations.

To identify genes that are candidate therapeutic or
diagnostic targets, we look for novel genes whose ex-
pression patterns mimic those of known disease-
associated genes. For the analyses presented here, we
examined the expression of 40,000 human genes in
522 c¢DNA libraries in Incyte’s LifeSeq database. The
libraries were prepared from a diverse set of human
anatomic and pathologic samples, representing most
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major tissue categories and many of the major patholo-
gies.

RESULTS

We present an example of the application of Guilt by
Association (GBA) to identify genes associated with
prostate cancer. Each year in the United States, pros-
tate cancer kills >40,000 men, and >200,000 new cases
are diagnosed, making it the second most common
cancer and the second most common cause of cancer
deaths among males (Parker et al. 1996; Presti and Car-
roll 1996; Foster 1998). Unfortunately, the best avail-
able diagnostic tests are substantially <100% sensitive
and specific, and many men have incurable prostate
cancer at the time of diagnosis (Whittemore et al.
1995; Richie and Kaplan 1996; Stamey 1996).

The standard molecular diagnostic marker for
prostate cancer is prostate-specific antigen (PSA), a pro-
tease produced in the prostate (Morris et al. 1998);
however, [(20% of men who undergo prostatectomy
for prostate cancer have normal levels of PSA (Presti et
al. 1996). Prostatic acid phosphatase (PAP) was used
widely in diagnostic tests for prostate cancer prior to
the development of the more reproducible PSA test
(Bostwick 1998). Kallikrein is a protease expressed in
the prostate that has 80% sequence similarity with PSA
(Corey et al. 1997) and is differentially expressed in
prostate cancer. Several groups are evaluating kal-
likrein for use as a diagnostic test for prostate cancer
and as a measure of response to therapy (Charlesworth

9:1198-1203 ©1999 by Cold Spring Harbor Laboratory Press ISSN 1054-9803/99 $5.00; www.genome.org



Gene Function from Expression: Prostate Cancer

et al. 1997; Eerola et al. 1997; Mikolajczyk et al. 1998).
Two other proteins that have been linked to the disease
are seminal-plasma protein and prostate-specific trans-
glutaminase. Seminal-plasma protein is a prostate-
secreted protein with inhibin-like activity (Mbikay et
al. 1987). Inhibins are members of the transforming
growth factor B (TGFB) superfamily of growth factors
(Thomas et al. 1998) that modulate prostate tumor
growth (Perry et al. 1997; Guo and Kyprianou 1998).
Prostate-specific transglutaminase catalyzes post-
translational protein cross-linking, and exhibits differ-
ential expression in prostate cancer cell lines (Dubbink
et al. 1996). Other proteins have been identified as po-
tential markers of prostate cancer (Cramer et al. 1998;
Rentzepis et al. 1998), and are candidates for use in the
analysis method described here. Despite the current
standard treatments for prostate cancer (surgery, radia-
tion, and chemotherapy), men with this disease still
have significant mortality and morbidity rates.

By use of GBA as described in the Methods section,
we identified eight novel genes (IPCA-1 through IPCA-
8) that show a strong association with the known pros-
tate cancer genes (PSA, PAP, kallikrein, seminal-plasma
protein, and prostate-specific transglutaminase). Table
1 shows that, for PSA, the most closely coexpressed
genes are glandular kallikrein, three novel genes, pros-
tate seminal protein, PAP, a fourth novel gene, prostate
transglutaminase, a fifth novel gene, and neuropeptide
Y. (IPCA-9, IPCA-10 and IPCA-11 are coexpressed with
PSA but appear to be 3’ untranslated sequences.) Table
2 summarizes the coexpression of the eight novel
genes with the five known prostate cancer genes, and,
for comparison, two unrelated genes (myosin light
chain and elongation factor 1 «). The four values for
each gene in Table 1 are the values used in the GBA
probability calculations (see Methods; Table 6, below).
Each of the eight novel genes is coexpressed with at
least one known prostate cancer gene with a P value
<10 E-06.

By use of 522 libraries from diverse tissues, we in-

crease the sample size available for the statistical tests,
but we run the risk of detecting associations that sim-
ply indicate that two genes are expressed in the same
tissue, rather than being more closely linked in their
function. We wish to test that the observed associa-
tions are not simply due to coexpression in the same
tissue. Hence, we performed the same GBA analysis on
a set of 51 male-reproductive tissue libraries, with the
results shown in Table 3. The associations detected in
the male-reproductive tissue libraries support the con-
clusions reached with all 522 libraries, specifically, that
the same set of genes show close association even
within the tissue type. The P values are not as small as
with 522 libraries, because of the smaller sample size,
but are still much less than the P values for the unre-
lated genes (efl-a and myosin).

Four other known genes (beside the five used in
the GBA analysis) are coexpressed with at least one of
the known prostate cancer genes and are among the
ten genes most closely coexpressed with that prostate
cancer gene. MATS is coexpressed with prostatic semi-
nal protein. It has been reported to be differentially
expressed in breast cancer (Morrison et al. 19935; Schie-
mann et al. 1998). Neuropeptide Y is coexpressed with
PSA. It has been reported to be associated with prostate
cancer (Minth et al. 1984; Mack et al. 1997). Sorbitol
dehydrogenase is coexpressed with prostate transglu-
taminase and with kallikrein. Significant alterations in
its activity in toxin-damaged male reproductive tissues
have been reported (Pant et al. 1995); we found no
previous report of an association with cancer. ZN-a-2-
glycoprotein is coexpressed with prostate transgluta-
minase. It has been reported to be associated with pros-
tate cancer (Gagnon et al. 1990) and breast cancer
(Hurlimann and van Melle 1991; Freije et al. 1993;
Lopez-Boado et al. 1994). Our analysis did not detect
genes that are significantly underexpressed when the
prostate cancer-associated genes are overexpressed.

Seven of the eight IPCA genes showed distant or
no sequence similarity to genes known at the time of

Table 1. Ten Genes Most Closely Coexpressed with PSA

Number of libraries in which

both genes  only PSA  only coexpressed neither gene
P value Coexpressed gene occur occurs gene occurs occurs
1.53E-31 glandular kallikrein 26 12 3 481
1.65E-26  IPCA-3 22 16 2 482
7.48E-25  IPCA-4 26 12 14 470
8.12E-25  IPCA-9 23 15 6 478
3.38E-24  Prostate seminal protein 23 15 7 477
1.89E-23  PAP 24 14 11 473
6.87E-18  IPCA-10 19 19 9 475
9.01E-18  Prostate transglutaminase 14 24 0 484
4.61E-14  IPCA-11 27 11 66 418
1.58E-13 neuropeptide Y 16 22 11 473
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Table 2. Coexpression (—log p) of Eight Novel Genes with Five Known Prostate Cancer Genes and
Two Unrelated Genes (ef1-a and Myosin Light Chain) in 522 Libraries

No. Gene 1 2 3 4 5 6 7 8 9 0 11 12 13 14
1 IPCA-1
2 IPCA-2 2
3 IPCA-3 8 7
4 IPCA-4 8 6 23
5 IPCA-5 3 1 10 8
6 IPCA-6 4 5 9 8 2
7 IPCA-7 4 1 6 9 0 4
8 IPCA-8 3 3 7 6 1 3 3
9 PSA 8 6 26 24 8 9 11 6
10 PAP 8 6 27 20 10 8 6 6 23
11 kallikrein 10 6 30 23 9 9 8 7 31 30
12 glutaminase 6 2 16 14 4 7 6 5 17 18 19
13 seminal protein 9 4 22 21 5 8 8 7 23 19 21 14
14 efl-a 1 0 1 0 0 0 0 1 0 1 0 0 1
15 myosin 1 1 4 3 1 2 1 1 4 3 3 2 4 1

the analysis. Gene IPCA-3 exhibits significant se-
quence similarity to several serine proteases. Subse-
quent to the identification of these genes by GBA and
submission of their sequences to GenBank in Novem-
ber 1998, the sequence of a gene with >99% identity to
IPCA-3 was reported in the GenBank database. This
gene is prostase, an androgen-regulated serine protease
with prostate-restricted expression (Nelson et al. 1999).

DISCUSSION

We have analyzed the pairwise coexpression patterns
of 40,000 genes in >500 libraries (the largest such ex-
pression analysis reported to date), and have identified
several hundred disease-associated genes using a novel
coexpression algorithm, GBA. We identified eight
novel genes associated with prostate cancer. Of the
40,000 most-abundant human genes, these 8 are the
most closely linked to the known prostate cancer diag-
nostic genes, and thus are prime targets for pharma-
ceutical research.

The method of analysis presented here is comple-
mentary to traditional correlation measures in that
GBA is better able to detect nonlinear relationships in
data with high variability; for genes whose relation-
ships are linear or monotonic, we would expect corre-
lation analysis to provide similar results, possibly even
with smaller sample sizes than are required for GBA.

GBA is able to detect potential disease-associated
genes that have no sequence similarity to known
genes, and does not require that expression be mea-
sured in both diseased and healthy tissue (as is required
by differential expression analysis); thus, it offers op-
portunities to discover the functions of genes that can-
not be readily identified by other means.

METHODS

For the method of analysis described here, we reduce each
expression datum to a binary variable (present or absent),
rather than analyzing expression as a continuous variable us-
ing linear or rank correlation. Before we chose this binary-

Table 3. Coexpression (—log p) of Eight Novel Genes with Five Known Prostate Cancer Genes and
Two Unrelated Genes (ef1-a and Myosin Light Chain) in 51 Male Reproductive Tissue Libraries

No. Gene 1 2 3 4 5 6 7 8 9 0 11 12 13 14
1 IPCA-1
2 IPCA-2 1
3 IPCA-3 5 2
4 IPCA-4 6 2 8
5 IPCA-5 1 0 3 3
6 IPCA-6 3 2 3 3 1
7 IPCA-7 4 0 2 5 1 1
8 IPCA-8 1 1 2 2 0 1 2
9 PSA 6 2 10 9 3 3 5 2
10 PAP 4 1 9 5 2 3 2 2 8
11 kallikrein 6 2 10 8 3 3 3 2 12 10
12 glutaminase 2 0 4 4 1 2 3 1 5 5 5
13 seminal protein 5 1 8 9 1 3 5 3 9 7 7 4
14 efl-a 0 0 1 1 1 0 0 1 1 1 1 0 1
15 myosin 0 0 2 1 1 1 0 1 1 1 1 1 1 0
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encoding method to identify coexpressed genes, we evaluated
Pearson linear correlation and Spearman rank correlation us-
ing continuous values. Whereas these correlation methods
sometime identified known relationships well, they often per-
formed unsatisfactorily, possibly for several reasons. Many
genes that are known to be associated do not exhibit the
simple linear or monotonic relationships assumed by these
methods. Libraries may in some cases be normalized or sub-
tracted to increase complexity. The quantitative measure-
ment of expression has sufficiently high variability (inability
to accurately distinguish two- to threefold changes, particu-
larly at low expression levels) that correlation measures may
not reliably distinguish true associations from spurious corre-
lation.

For the purpose of this analysis, we consider a gene to be
present (expressed) if cDNA corresponding to that gene is de-
tected in the sample from that library. We consider a gene to
be absent (not expressed) when no cDNA for that gene is
detected in the library. To determine whether two genes, A
and B, have similar expression patterns, we examine their
occurrences in the 522 cDNA libraries, as shown in Table 4. A
0 indicates that the gene was not detected in the library; a 1
indicates that it was detected.

For a given pair of genes, the expression data in Table 4
can by summarized in a 2 by 2 contingency table. Table 5
presents such a coexpression contingency table for the hypo-
thetical genes A and B in a total of 30 libraries; Table 6
presents the same data as variables that we will use shortly.
We determine the probability that the coexpression shown in
Table 5 occurs by chance with a counting method, as follows.
We take as our null hypothesis that there is no association
between gene A and gene B. Under the null hypothesis, the
marginal counts in Tables 5 and 6 are fixed, the expected
count in each cell is a function of the marginals, and devia-
tions from the expected count are random. The number of
ways that k occurrences of a gene can be distributed in r li-
braries is (r C k), that is, the combinatoric choose function.
From Table 6, we can calculate the probability of observing
nll counts using the hypergeometric distribution, as in a
Fisher Exact test (Agresti 1990). From the hypergeometric dis-
tribution, the probability of observing exactly n11 counts is
p(nll) = (nl. Cnll) X (n2. Cn21)/ (n.. C n.1).

To determine whether there is association (lack of inde-
pendence) between the genes, we calculate the sum of all the
(hypergeometric) probabilities for outcomes at least as ex-
treme as the observed outcome. As a concrete example, con-
sider the n11 count in the cell (Gene A present and Gene B
present) in Table 5. We can calculate the probability of ob-
serving a count of exactly 8 using the hypergeometric distri-
bution, thatis, p(n11is 8) = (10 C 8) X (20 C 2)/(30 C 10). To
test the null hypothesis, we are interested not only in the case
in which we observe a count of exactly 8 in the cell, but also
the cases in which we observe more extreme values of nl1,

Table 4. Expression Data for Two Hypothetical Genes
A and B

Library
Gene 1 2 3 522
A 1 1 0 0
B 1 0 1 0

Table 5. Summary of Coexpression for Genes A and B
from Table 4

Gene A Gene A
No. of libraries present absent Total
Gene B present 8 2 10
Gene B absent 2 18 20
Total 10 20 30

subject to the constraints of the marginals. Hence, we sum the
probability of the observed count and of the more extreme
possible counts (n11 =8, 9, and 10) to determine the total
probability of counts at least as extreme as those observed. In
the case of Table 5, the probability that the observed coex-
pression is due to chance is P = 0.0003.

This method of estimating the probability for coexpres-
sion of two genes makes several assumptions that do not hold
strictly. Because more than one library may be obtained from
a single patient (for example, both tumor and nontumor tis-
sue), libraries are not completely independent. In addition,
because we perform multiple statistical tests on each gene, we
must consider the question of statistical significance and in-
terpretation of the P values. One method to correct for mul-
tiple comparisons in determining a suitable P value is to apply
a Bonferroni correction (dividing the desired «, say, P = 0.01,
by the number of comparisons performed). For n genes, we
perform n(n—1)/2 pairwise comparisons; thus 40,000 genes
yield 8 * 10® pairwise comparisons, requiring a Bonferroni-
corrected P value of 0.01/(8 * 10%) or 010~ '!. With such a
correction, some, but not all, of the eight identified genes still
show significant association with the known genes. However,
the Bonferroni correction is extremely conservative, yielding
almost no false positives at the price of failing to detect many
real associations. For this reason, we implemented an alterna-
tive to the Bonferroni correction, which we describe next.

To analyze 40,000 genes, we perform 8 * 10® pairwise
comparisons. Suppose that the genes in this set are not, in
fact, associated. If none of the genes in the 40,000 were asso-
ciated, we would still expect, by chance, to see 8 * 10% *
10~ ° = 800 pairs of genes with a P value <10~ °. Empirically,
when we perform the 8 * 10® pairwise comparisons, we ob-
serve >250,000 pairs with a P value <10~ ¢, which is consistent
with the notion that many pairs of genes do, in fact, have
related function and therefore have some similarity in their
expression patterns. We expect 800 by chance, but observe
>250,000; this result suggests that, at a P value of 10~ °, a very
large proportion of all associations are due to true biological
relationships.

For practical interpretation, we can only claim that, of
the 40,000 genes examined, the genes identified here are the
most closely associated with the known prostate cancer genes.

Table 6. Variables Representing Counts of Gene
Occurrences

Gene A Gene A
No. of libraries present absent Total
Gene B present nll nl2 nl.
Gene B absent n21 n22 n2.
Total n.1 n.2 n..
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The observed expression patterns demonstrate association
with, but do not prove direct involvement in, prostate cancer.
The known genes in this analysis are all far downstream in the
process of prostate cancer progression; we speculate that some
of the novel genes, whose expression patterns do not exactly
match those of the known genes, may be closer to the origin
of the disease, and perhaps involved in regulation of the pro-
gression of the cancer.
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