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development genes

Gene regulation of fetal development is not well understood. In part, insulin and insulin-
like growth factors (IGF) modulate placental steroid synthesis (PSS), which in turn modula-
tes fetal growth. However, many of the genes that participate in this function remain to be
identified. To find such genes, we examined the expression patterns of known IGF and
placental steroid synthesis (IGF/PSS) genes in 1176 human cDNA libraries. We found a
set of eight known IGF/PSS genes (PL-4, hCG, PAPP-A, EMBP, PLAP, P450 aromatase,
P450scc, and 3-beta-HSD) that shared a highly similar expression profile across these
libraries. We used these eight as bait in a search for other genes that showed very similar
expression, and that might thus be related in function. We found ten genes closely co-
expressed with the eight bait genes, but not previously reported as linked to IGF/PSS. Of
these ten, six were previously reported as associated with cell growth in fetal and/or cancer
tissues (malignant melanoma metastasis suppressor, PLAC-1, PSG10, PSG-betal, serine
palmitoyl transferase, and TONDU). Four are EST sequences, here named PLAC?2,
PLAC3, PLAC4, and PLACS. Co-expression provides a method to identify which human
genes are promising candidates for further experiments to determine their roles in fetal de-
velopment.
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1 Introduction

Large databases containing the measured mMRNA ex-
pression of tens of thousands of genes in thousands of tis-
sue samples are now available from cDNA sequencing and
microarray facilities. Such expression databases provide a
potential source for identifying candidate genes that may be
associated with fetal growth. To find such genes, we exam-
ined the expression patterns of insulin-like growth factors
(IGF) and placental steroid synthesis (PSS) genes that are
known to be expressed during fetal growth, and searched for
previously uncharacterized genes that showed very similar
expression patterns. The known IGF and PSS genes are
expressed in placental and fetal tissue, but are also ex-
pressed in other adult tissues. An assumption of the method
is that the genes that show the most similar expression to
the IGF/PSS genes across a diverse set of tissues are the
genes that are likely to be related in function. Hence, we do
not restrict the search to placental tissue. Following identifi-
cation of co-expressed genes, we examined the tissue-
specific distribution of the genes in placental versus non-
placental libraries and in tumor versus non-tumor libraries.

Correspondence: Michael G. Walker, Incyte Genomics,
Inc., Palo Alto, CA 94304, USA. Phone: +1-650-845 5771,
Fax: +1-650-621-8514; e-mail: mwalker@incyte.com

T WIHI EY-VCH Verlaad GmbH 69451 Weinheim 2001

2 Materials and Methods
2.1 cDNA library preparation

cDNA libraries were prepared from a set of 1176 human tis-
sue samples. These 1176 tissue samples were from diverse
anatomic and pathologic states, mainly from surgery, biopsy,
or post-mortem samples, or were prepared from cell lines
and include all the libraries that were in our database at the
time of the analysis. Approximately 5000 cDNAs from each
library were sequenced by gel electrophoresis, assembled,
and aligned against known genes. Sequences that were sig-
nificantly different from known genes were assigned new
identification numbers. All genes that were detected in at
least five of the 1176 libraries were included in the analysis.

2.2 Computational analysis

For the purpose of this analysis, we encode each gene as
present in a library if at least one cDNA fragment from the
gene was detected in the sample, and absent if no cDNA
fragment from the gene was detected. We summarize the
co-occurrences of two genes in a contingency table, such
as Table 1, which shows the co-occurrence of two genes,
aromatase P450 and Cholesterol Side-Chain Cleavage En-
zyme (P450scc), in this set of 1176 cDNA libraries. We ob-
serve that aromatase P450 was detected in a total of 27
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Table 1. Co- expression of aromatase P450 and P450scc in
1176 libraries.

Columns indicate the number of libraries in which P450scc
is present or absent. Rows indicate the number of libraries
in which aromatase P450 is present or absent. Aromatase
P450 was detected in a total of 27 libraries, and P450scc
was detected in 13 of those 27 libraries. For these data, the
probability that aromatase P450 and P450scc co-occur by
chance is 8.65e-12 (Fisher Exact test).

Number of P450scc P450scc Total
libraries present absent

Aromatase present 13 14 27
Aromatase absent 40 1109 1149
Total 53 1123 1176

libraries, and P450scc was detected in 13 of those 27 librar-
ies. From the co-occurrence contingency table, we calculate
the probability that the co-occurrences arose by chance
using a Fisher Exact test. For the data in Table 1, the prob-
ability that aromatase P450 and P450scc co-occur by
chance is 8.65e-12. Genes known to be unrelated typically
have p-values of 1.0e-2 or higher in this data set. (The
Fisher Exact test is preferable to the chi-square test for this
application, because the chi-squared test is an approxi-
mation to the Fisher Exact. The chi-square approximation is
only appropriate when the expected number of occurrences
in each entry in the contingency table is greater than 10,
which is not the case for many pairs of genes.)

Because we perform multiple statistical tests on each gene,
we must deal with the question of statistical significance and
interpretation of p-values. We may, for example, apply a
Bonferroni correction (dividing the desired alpha, say, P =
0.01, by the number of comparisons performed) to deter-
mine a suitable p-value. For n genes, we perform n(n-1)/
2 pairwise comparisons; thus 40,000 genes yield 8* 108
pairwise comparisons, requiring a Bonferroni-corrected p-
value of 0.01/(8* 10"8) or ~10"-11. However, the Bonferroni
correction is extremely conservative, and yields almost no
false positives at the price of failing to detect many real as-
sociations. For practical interpretation, we can only claim
that, of the most widely-expressed genes, the genes ident-
ified here are the most closely co-expressed with these
known placental steroid-associated genes.

3 Results

We found a set of eight known IGF/PSS genes that shared
a highly similar expression profile across these libraries (PL-
4, hCG, PAPP-A, EMBP, PLAP, P450 aromatase, P450scc,
and 3-beta-HSD) (Table 2). We briefly describe here the IGF/
PSS functions of these eight genes. Placental Lactogen Hor-
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mone (PL-4) and the human growth hormones (hGH) regu-
late maternal and fetal metabolism and the growth and de-
velopment of the fetus. PL and hGH stimulate maternal pro-
duction of insulin-like growth factor (IGF). In the fetus, PL
stimulates the production of IGFs, insulin, and adrenocortical
hormones [1,2]. Human chorionic gonadotropin (hCG) is a
differentiating agent that modulates fetal testicular, ovarian,
and adrenal function, and that modulates expression of IGF-
1, IGF-1 receptor, the IGF binding proteins, and collagenase
(MMP9) [3,4]. Pregnancy-Associated Plasma Protein-A
(PAPP-A) is a metalloprotease expressed in the placenta
that cleaves IGFBP to release bound IGF [5,6]. Eosinophil
Major Basic Protein (EMBP) irreversibly binds PAPP-A and
prevents PAPP-A from cleaving IGFBP. Both EMBP and
PAPP-A are expressed at significantly higher levels in term
placenta than in other tissues that have been examined
[7,8]. Cholesterol Side-Chain Cleavage Enzyme (P450scc)
catalyzes the first regulatory reaction controlling steroid hor-
mone synthesis. It is expressed in the placenta in early and
midgestation. Insulin and the insulin-like growth factors regu-
late placental steroidogenesis in part by modulating the ac-
tivity of P450scc [9—11]. 3-beta-hydroxysteroid dehydrogen-
ase (3-beta HSD) catalyzes oxidation of beta-hydroxysteroid
precursors, leading to the synthesis of all classes of steroid
hormones. Several isoenzymes are known, including a pla-
centally-expressed isoenzyme. Insulin and the insulin-like
growth factors regulate placental steroidogenesis by modul-
ating the activity of 3 beta-HSD, among other placental ster-
oid synthesis enzymes [12—14]. P-450 aromatase catalyzes
estrogen 2-hydroxylase activity in human placenta and cata-
lyzes the conversion of testosterone to estradiol. Insulin and
the insulin-like growth factors regulate placental steroido-
genesis by modulating the activity of placental aromatase
P450, among other placental steroid synthesis enzymes
[11,15]. Placental Alkaline Phosphatase (PLAP) is a pla-
cental enzyme whose expression is regulated by estradiol.
PLAP appears to participate in placental differentiation
[16,17]

We chose these eight genes as our bait to look for other
genes that showed very similar expression. We found ten
genes that were not previously linked to IGF/PSS that had
expression patterns similar to the eight bait genes. Of these
ten, six were previously reported as associated with cell
growth in fetal and/or cancer tissues (malignant melanoma
metastasis suppressor, placenta specific 1 (PLAC1), preg-
nancy-specific glycoprotein 10 (PSG10), pregnancy-specific
beta 1 glycoprotein (PSG-betal), serine palmitoyl transfer-
ase (SPT), and TONDU). We briefly describe the reported
functions of these six genes.

Malignant melanoma metastasis suppressor (alternate
name KISS1) is expressed predominantly in the placenta
and in tumor cells. Like hCG, it regulates expression of col-
lagenase (MMP9). Experimental evidence indicates that
KISS1 reduces metastatic potential, possibly by regulating
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Table 2. Co-expression of known and putative IGF/PSS genes.
Entries in this table are the probability that the co-expression of each pair of genes is due to chance (expressed as negative

log of the p-value from the Fisher Exact test. ns = not significant).
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3betaHSD aromP450 EPIL MBP PAPP-A PL-4 PLAP scc P450 hCG
3betaHSD 33 12 8 11 12 11 16 11 11
aromatase P450 12 62 10 17 11 10 10 12 10
EPIL 8 10 27 6 ns 4 6 9 7
MBP 11 17 6 106 11 12 10 7 13
PAPP-A 12 11 ns 11 154 6 10 6 6
PL-4 11 10 4 12 6 37 6 6 21
PLAP 16 10 6 10 10 6 37 11 9
scc P450 11 12 9 7 6 6 11 103 7
hCG 11 10 7 13 6 21 9 7 75
mmms 13 12 12 9 7 7 11 11 9
PAPP-E 13 15 9 14 18 7 14 11 8
PLAC1 15 16 11 10 10 9 11 13 12
PSG betal 11 12 6 12 10 10 10 8 13
PSG10 20 13 9 13 11 10 16 13 12
SPT 13 18 8 19 11 10 12 9 9
TONDU 11 12 8 10 10 5 10 8 7
PLAC2 14 7 5 5 ns 7 9 7 6
PLAC3 10 14 8 11 13 6 10 8 5
PLAC4 12 11 11 9 6 7 9 9 10
PLAC5 12 10 7 8 6 9 9 8 7

events downstream of cell-matrix adhesion [18—20]. Pla-
centa-specific 1(PLAC1) is a recently-identified X-linked
gene with placenta-specific expression. Human PLAC1 has
60% identity to mouse PLACL. During mouse embryogen-
esis, PLACL1 is expressed in the ectoplacental cone, giant
cells, and labyrinthine trophoblasts [21]. Pregnancy-Specific
Beta-1-Glycoprotein (PSBG) (alternate name Spl) is a
major product of the placenta. Sequence similarity between
carcinoembryonic antigen (CEA) and PSBG suggest a pos-
sible common function in the control of cell growth [1, 22].
Serine palmitoyl transferase (SPT) is the enzyme that in-
itiates the biosynthetic pathway for ceramide and sphingo-
sine, leading to formation or repair of the epidermal barrier,
and thus participates in genesis of fetal skin. Sphingolipids
are expressed in placenta and appear to mediate tropho-
blast apoptosis [23—25]. TONDU is the human homologue
of the Drosophila morphogenesis gene vestigial, and substi-
tutes for vestigial in wing formation when that gene is
knocked out [26].

Four of the ten genes are previously uncharacterized EST
sequences, here named PLAC2, PLAC3, PLAC4, and
PLACS5. PLACS shows extensive regions of similarity to the
Human endogenous retrovirus strain XA34 pol gene se-
quence (Accession HEU29659), and to several other human
endogenous retrovirus strain genes. It may be a splice vari-
ant or a close homologue of one of these genes. Human
endogenous retrovirus genes, including XA34, are ex-

Table 3. Tissue distribution of PLAC2 through PLACS.
Column 1 is the gene name. Columns 2, 3, and 4 are the number of
libraries of each tissue type in which the gene was detected.

Gene ID placental/fetal tumor non-tumor
PLAC2 8 9 5
PLAC3 9 1 1
PLAC4 9 2 1
PLACS5 5 2 0

pressed in placental and fetal tissues and appear to partici-
pate in morphogenesis [27,28].

Following identification of the co-expressed genes, we
examined the tissue-specific distribution of PLAC2 through
PLACS5. For non-placental tissues, we also examined the
distribution of the genes in tumor versus non-tumor libraries.
Table 3 shows the tissue distribution of the PLAC genes.
The four genes occur predominantly in placental/fetal tissue
or in tumors suggesting that, like the IGF/PSS genes, the
PLAC genes may participate in tissue growth.

Other known IGF/PSS genes, such as the metalloprotease
ADAM12, early placenta insulin-like peptide (EPIL), IGF
binding proteins, placental growth factor, and other placental
genes were co-expressed with these genes, but less con-
sistently or at less significant p-values.
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4 Discussion

Several aspects of the library selection and preparation are
likely to affect the results of the co-expression analysis, be-
cause they violate one or more assumptions of the p-value
calculation. Specifically, because more than one library may
be obtained from a single patient (for example, multiple or-
gans, or matched tumor and non-tumor tissue, or normalized
and non-normalized), libraries are not completely indepen-
dent. Libraries were, in many cases, normalized or sub-
tracted to enrich the proportion of genes expressed at low
levels; this alteration will make the detection of associations
between genes expressed at different levels more difficult.
Some libraries in which many novel genes were found were
sampled to greater depth, leading to an inconsistent meas-
ure of presence or absence. Because of the random sam-
pling, genes that are expressed at low levels may not be
detected. However, the consequence of all these effects is
most likely to obscure a true relationship. It is unlikely that a
spurious relationship would be introduced consistently ac-
ross 1176 libraries by chance. Co-expression analysis may
fail to detect known relationships for a variety of reasons,
including effects of sampling, temporal or tissue differences
in expression, and errors in sequence assembly or anno-
tation.

Traditional approaches to understanding genes focus on in-
depth analysis, in which we learn a great deal about a small
set of genes. The bioinformatics approach described here is
a breadth-first search, in which we learn a small amount
about each of a large number of genes. Expression analysis
using a database of cDNA libraries provides hypotheses
about the likely function of genes, but these hypotheses
need confirmation in direct experiments. The primary utility
of an expression database analysis is to suggest experi-
ments that are most likely to be fruitful, thereby saving re-
search time and expense. The genes identified here by co-
expression analysis are useful candidates for further experi-
ments to determine their possible roles in fetal development.

Accession numbers

Gene name Genbank accession number
PLAC2 BG354568

PLAC3 BG354569

PLAC4 BG354570

PLACS BG354571
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