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approach in gene array profiling of myometrial
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Clifford W. Mason, BA,a Peter W. Swaan, PhD,a Carl P. Weiner, MD, MBAb,*

Department of Pharmaceutical Science, University of Maryland School of Pharmacy,a Baltimore, MD; Department of
Obstetrics and Gynecology, University of Kansas School of Medicine,b Kansas City, KS

Received for publication June 16, 2005; revised September 2, 2005; accepted December 22, 2005

KEY WORDS
Pregnancy

Myometrium
Quiescence
Activation

Gene array
Interactive gene

networks

Objective: The transition from myometrial quiescence to activation is poorly understood, and the
analysis of array data is limited by the available data mining tools. We applied functional analysis
and logical operations along regulatory gene networks to identify molecular processes and
pathways underlying quiescence and activation.

Study design: We analyzed some 18,400 transcripts and variants in guinea pig myometrium at
stages corresponding to quiescence and activation, and compared them to the nonpregnant
(control) counterpart using a functional mapping tool, MetaCore (GeneGo, St Joseph, MI) to

identify novel gene networks composed of biological pathways during mid (MP) and late (LP)
pregnancy.
Results: Genes altered during quiescence and or activation were identified following gene specific

comparisons with myometrium from nonpregnant animals, and then linked to curated pathways
and formulated networks. The MP and LP networks were subtracted from each other to identify
unique genomic events during those periods. For example, changes 2-fold or greater in genes

mediating protein biosynthesis, programmed cell death, microtubule polymerization, and micro-
tubule based movement were noted during the transition to LP.
Conclusion: We describe a novel approach combining microarrays and genetic data to identify
networks associated with normal myometrial events. The resulting insights help identify potential

biomarkers and permit future targeted investigations of these pathways or networks to confirm or
refute their importance.
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has been the subject of several recent reviews.1-3 Clearly,
there remain wide gaps in our mechanistic knowledge, a
fact that undoubtedly contributes to the absence of a
truly effective tocolytic agent.

Conventional genomic analyses have led several
investigative teams, including our own, to attribute the
regulation of myometrial contractility to hormonal and
mechanical effectors that trigger stimulatory cascades.4-7

The resulting data have typically been abstracted into
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Table I Genes expressed during MP (quiescence) relative to NP (MP/NP)

Gene description Affy ID Gene symbol Fold change (MP/NP)

Up-regulation
Metallothionein 2A 217165_x_at MT1F 2.1
RAP1B, member of RAS oncogene family 200833_s_at RAP1B 3.0
Transforming growth factor, beta 1 203085_s_at TGFb1 2.3
v-maf musculaponeurotic fibrosarcoma

oncogene homolog
209348_s_at MAF 2.3

Adducin 3 (gamma) 205882_x_at ADD3 2.0
Vimentin 201426_s_at VIM 2.6
Calcineurin A 202457_s_at PPP3CA 2.5
Poly (A)-binding protein, cytoplasmic 1 215823_x_at PABPC1 2.1
Peripheral myelin protein 22 210139_s_at PMP22 2.1
Tropomyosin 1 206116_s_at TPM1 2.8
Alpha actinin 1 208637_x_at ACTN1 2.3
Transgelin 2 210978_s_at TAGLN2 2.2

Down-regulation
Endothelin receptor type B 204271_s_at EDNRB �2.3
Laminin receptor 1 213801_x_at LAMR1 �2.0
Far upstream element (FUSE) binding protein 1 214093_s_at FUBP1 �2.1
MAX protein 209332_s_at MAX �2.3

210734_x_at �2.1
Estrogen receptor 1 205225_at ESR1 �2.9
IGSF4; immunoglobulin superfamily, member 4 209031_at TSLC1 �2.1
well-characterized systems and biological pathways at
the level of gene or gene product and loosely grouped
by their structural (eg, trimeric G-proteins) or functional
(eg, ion channels, hormones) relevance.8 Although rep-
resentative of discrete physiologic blocks and pathways,
the greatest limitation of such independent pathways
perhaps lies in the oversight of their associative and de-
pendent existence, on and with, potentially relevant
functional components. It is now possible to link known
molecular processes into rather large, highly intercon-
nected networks.9 We propose an alternative approach
for analysis of myometrial array data that provides a
composite overview of gene expression by associative
linkage of biological systems (metabolic, regulatory,
protein interactions) stored in a database.

Material and methods

Tissue preparation

This protocol was approved by the Animal Use Commit-
tee at the University of Maryland. Guinea pigs obtained
from commercial breeders were sacrificed and the myo-
metrium harvested from the contraplacental wall of
midpregnant (MP,0.67gestation,quiescentmyometrium,
n = 3), late pregnant (LP, 0.96 gestation, active myome-
trium, n= 3), and nonpregnant (NP, n= 3) guinea pigs.
The tissue was first washed in phosphate-buffered saline
(PBS) and then immediately frozen in liquid nitrogen and
stored at �80(C until the RNA was extracted.
Preparation of RNA

Total RNA was isolated using TRIzol Reagent (Invi-
trogen, Carlsbad, Calif) according to the manufacturer’s
protocol. The purity and integrity of each RNA sample
was assessed by spectroscopy and formaldehyde-agarose
gel electrophoresis.

Microarray hybridization

Gene profiling of the myometrium RNA was performed
in triplicate from MP, LP, and NP guinea pigs using the
Affymetrix GeneChip Human Genome U133A Array
(Affymetrix, Santa Clara, CA) containing 22,215 human
gene probe sets. Each experiment was conducted on
different days using chips derived from different fabri-
cation batches. Before its application to the GeneChip,
RNA quality was assessed and confirmed to be high
using the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Palo Alto, CA). Labeled cRNA was prepared from
roughly 20 mg total RNA. Hybridization and washing
were performed using the Affymetrix Fluidics Station
450 and Hybridization Oven 640 under standard condi-
tions. Image processing was conducted using the Affy-
metrix GeneArray 3000 scanner.

Microarray data processing and
statistical analysis

Gene expression levels were normalized using Affyme-
trix Microarray Suite 5.0. The average intensity for all
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Table II Genes expressed during LP (activation) relative to NP (LP/NP)

Gene description Affy ID Gene symbol Fold change (LP/NP)

Up-regulation
Decorin 211813_x_at DCN 2.1
Golgi autoantigen, golgin subfamily a, 4 201567_s_at GOLGA 2.4
Myosin, light polypeptide 4, alkali, atrial, embryonic 210088_x_at MYL4 2.1

210395_x_at 2.0
Filamin 1 214752_x_at FLNA 2.6
Stannocalciun 1 204595_s_at STC1 2.6

204597_s_at 3.7
Cytochrome b-245, beta polypeptide 203922_s_at CYBB 2.6
Amyloid beta precursor plaquecore protein 214953_s_at APP 2
Poly(A) polymerase alpha 209388_at PAPOLA 2.0
Phosphoribosyl pyrophosphate synthase-associated protein 1 202529_at PRPSAP1 2.0

Down-regulation
Ribosomal protein L18 200022_at RPL18 �3.5
Ribosomal protein S15 200819_s_at RPS15 �3.3
Ribosomal protein S15A 200781_s_at RPS15A �4.4
Ribosomal protein S16 201258_at RPS16 �2.8

213890_x_at �2.5
Ribosomal protein S19 202649_x_at RPS19 �3.3

213414_s_at �3.2
Ribosomal protein S2 203107_x_at RPS2 �3.0
Ribosomal protein S6 200081_s_at RPS6 �2.1

209134_s_at �2.0
Ribosomal protein L32 200674_s_at RPL32 �3.3
Ribosomal protein S10 211542_x_at RPS10 �2.4
Ribosomal protein, large, P0 208856_x_at RPLP0 �2.0
Ribosomal protein, L37 200092_s_at RPL37 �2.0
Eukaryotic translation elongation factor 1 gamma 200689_x_at EEF1G �3.6
Dolichyl-diphosphooligosaccharide-protein

glycosyltransferase 2
213399_x_at RPN2 �2.2

Peptidylprolyl isomerase A (cyclophilin A) 211978_x_at PPIA �2.2
Ubiquitin protein ligase E3A 211285_s_at UBE3A �2.0
MARCKS-like protein 200644_at MLP �3.9
CEGP1 protein, signal peptide, CUB domain, EGF-like 2 219197_s_at CEGP1 �2.5
Rab acceptor 1 (prenylated) 203136_at RABAC1 �2.7
Homeobox protein Meis homolog 204069_at MEIS1 �2.4
Transcription factor 7-like 2 212761_at TCF7L2 �2.1
Activity-dependent neuroprotector 201773_at ADNP �2.0
Transcription factor 4 213891_s_at TCF4 �2.1
CCR4-NOT transcription complex, subunit 2 217798_at CNOT2 �2.4
RAD23 homolog B 201222_s_at RAD23B �2.3
High mobility group nucleosomal binding domain 3 209377_s_at TRIP7 (HMGN3) �2.3
AT rich interactive domain 1A (SWI- like) 212152_x_at SMARCF1 �2.4
Poly(A)-binding protein 2 201545_s_at PABPN1 �2.6
RNA binding motif protein, X chromosome 213762_x_at RBMX �2.5
Splicing factor, arginine/serine-rich 208863_s_at SFRS1 �3.4

211784_s_at �2.7
Tumor protein, translationally controlled 1 (p53) 212284_x_at TPT1 �2.6
MT-IIA 212185_x_at MT2A �2.3
Heat shock 70 kD protein 8 210338_s_at HSPA8 �2.1
Deleted in azoospermia (DAZ) associated 214334_x_at DAZAP2 �2.1
Collagen type 1 alpha 1 217430_x_at COL1A1 �2.0
Collagen type 3 alpha 1 215076_s_at COL3A1 �2.1

Tubulin alpha 6 209251_x_at TUBA6 �2.4
Tubulin beta 4 213476_x_at TUBB4 �2.1

202154_x_at �2.4
Thymosin, beta 10 217733_s_at TMSB10 �2.1
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Figure 1 Gene array profiles of myometrium in pregnant and nonpregnant guinea pigs as a function of gestational age.
Microarray analysis comparing mRNA expression patterns in myometrium from nonpregnant (NP) with mid-pregnant (MP)
and late-pregnant (LP) guinea pigs. Each data point represents signal intensity (log10) of labeled cDNA transcripts hybridizing

with a total of 22,215 gene probe sets. The X and Y axes represent average corrected signal intensities for NP and MP or LP,
respectively. Lines indicate the points where the fold difference in expression between the transcripts was at least 2-fold.
probes on the array was scaled to 500. A detection
P value was used to make a reliable prediction of the
gene expression (present, marginal, or absent). Fold-
changes in transcript levels were calculated from
mean measured signal values of MP and LP versus the
mean of their NP controls. Genes were filtered to
exclude those either present in only 1 of the 3 experi-
ments or that changed less than 2.0-fold compared
with control.

Cluster and pattern analysis

Cluster analysis was performed by first separating the
genes into those up- or down-regulated by at least a
factor of 2.0 using MetaCore (GeneGo, St Joseph, MI).
Each category was further divided into genes specific for
quiescence and activation using logic operations con-
tained within MetaCore. Gene Ontology (GO) annota-
tions were employed as indicators of biological function.
Associations with GO biological process, molecular
function, and cellular component groups were obtained
through MetaCore. Because of the highly redundant
nature of the oligonucleotide arrays used, probe sets
corresponding to the same gene were identified from
Netaffx (Affymetrix).

Network visualization and analysis

Identification and visual analysis of resulting gene net-
works were then performed using MetaCore analytical
suite version 2.0 (GeneGo). MetaCore is a web-based
computational platform designed primarily for the
analysis of high-throughput experimental data in the
context of human regulatory networks and pathways.
It includes a curated database of human protein inter-
actions, metabolism, and bioactive compounds. While a
map represents the preset expert curated representation
of functional blocks and pathways, a network displays
the interactions and reactions compiled from different
experiments and experimental conditions. For a net-
work of a given size, MetaCore can be used to calculate
statistical significance based on the probability of the
network’s assembly from a random set of nodes (genes)
the same size as the input list (P value).

Functional analysis of stages corresponding to
myometrial quiescence and activation

The network’s relevance to Gene Ontology (GO) pro-
cesses are listed as Process Input List and ranked
according to their P value as determined by preassessed
MetaCore algorithms. To characterize specific networks
regulating myometrial quiescence and activation, we ex-
amined pattern groups corresponding to quiescence and
activation. Low-magnitude fold changes were excluded
from these functional analyses to pinpoint gene-specific
biological processes, cellular processes, and molecular
functions that characteriz these stages of gestation. Fur-
thermore, logic operations were applied to determine
common patterns of genes regulated in networks associ-
ated with quiescence and activation.
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Results

Gene expression profiles of guinea pig
myometrium during mid and late gestation

Complete listing and categorization of all genes up- and
down-regulated by a least a factor of 2 during MP
and LP are provided in Tables I and II. A cursory review
of the findings reveals a greater distribution of genes

Figure 2 Logical operations intersection: expression of genes
throughout mid and late pregnancy. Network illustrates gene

and gene interactions common among mid-pregnancy and
late pregnancy when compared with those not in pregnancy.
Colored symbols (nodes) represent genes while red and blue
circles correspond to genes with significant up- and down-

regulation, respectively. The small colored hexagons on vec-
tors between nodes describe positive (green), negative (red),
unspecified (black) interactions, or logical relationships (blue).

Table III Localization of differentially expressed genes (DI
expression) from corresponding MP/NP and LP/NP signature
(intersection) networks in GO categories

# Process P value

1 DNA methylation 1.80e-07
2 Muscle contraction 2.72e-06
3 Cytoskeleton organization

and biogenesis
3.96e-06

4 Muscle development 7.76e-06
5 Axonogenesis 4.10e-05
6 Leading edge cell differentiation 1.79e-04
7 Regulation of heart contraction rate 3.30e-04
8 Protein-nucleus import, translocation 5.17e-04
9 Neurogenesis 5.95e-04
10 Protein-nucleus import, docking 7.51e-04

The processes are scored according to the P value, calculated in

Metacore, associated with the network corresponding to particular

categories in Gene Ontology.
significantly altered during LP than MP when both are
compared with NP. Moreover, a higher number of
genes appear to be up-regulated than down-regulated
at MP, whereas at LP there appears to be more down-
regulation than up-regulation.

Figure 3 Logical operation subtraction: network of genes
with altered expression only during mid-pregnancy (MP net-
work). Genes specific for MP when compared with NP (MP/

NP) were determined by subtracting from genes meeting the re-
quired criteria in LP when compared with NP (LP/NP) using a
logical operations algorithm within the software. The resulting

data are built into a network of genes that have a 2-fold change
in expression (compared with NP) duringMP. Colored symbols
(nodes) represent genes. Red and blue solid circles correspond to

genes with microarray data showing significant up- and down-
regulation, respectively. A summary of all genes up- and
down-regulated (2-fold) duringMP are listed in Tables I and II.

Table IV Localization of differentially expressed genes
(DI expression) from corresponding MP/NP signature (subtrac-
tion) networks in GO categories

# Process P value

1 Regulation of protein-nucleus import 8.65e-08
2 Cell growth 1.10e-07
3 Dephosphorylation 1.20e-06
4 Regulation of myogenesis 1.80e-06
5 Lymph gland development 1.91e-06
6 T-cell differentiation 6.08e-06
7 Regulation of cell cycle 6.72e-06
8 Viral assembly, maturation,

egress, and release
8.06e-06

9 Negative regulation of mitosis 8.06e-06
10 Muscle contraction 9.14e-06

The processes are scored according to the P value, calculated in Meta-

core, associated with the network corresponding to particular cate-

gories in Gene Ontology.
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Figure 4 Functionally related gene interactions within MP network. Expression of gene interactions corresponding to specific GO
categories within MP network (Figure 3). Highlighted nodes represent genes analogous to specific GO catagories. Genes highlighted
in the figure are associated with the various processes listed in Table IV.
Only 6% of the probe set IDs corresponding to
individual genes were expressed at a level R 2.0-fold
control, while 11% were expressed at a level % 2.0-fold.
Plots for all gene comparisons from the average array
analysis are shown in Figure 1. Of the 486 gene IDs
expressed in mid pregnancy, 25 had expression levels
greater than or equal to 2-fold, while 32 of the 442
IDs had expression levels less than 2-fold control. Simi-
larly, 21 of 268 gene IDs expressed in late pregnancy had
at least a 2-fold greater expression, and 85 of 662
expressed gene IDs had at least a 2-fold lower expression
than their nonpregnant counterpart.

Generation of MP and LP signature networks

Genes present in both the MP and LP networks were
extrapolated using an intersection algorithm as shown
in Figure 2. Table III lists the biological processes asso-
ciated with the genes in this network. They include the
up-regulation of genes that seem predictable, such as
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Figure 5 Logical operations subtraction: network of genes with altered expression only during late-pregnancy (LP network). Sim-
ilar to Figure 3, genes specific for LP, with 2-fold expression that of NP (LP/NP) were determined by subtracting fromMP (MP/NP)
using MetaCore’s logical operations algorithm. The resulting genes are incorporated into a direct interactions network associated

with LP. Colored symbols (nodes) represent genes. Red and blue solid circles correspond to genes with microarray data showing
significant up- and down-regulation, respectively. A summary of all genes up- and down-regulated (2-fold) during MP are listed
in Tables I and II.
actin isoforms, caldesmon, and c-fos, all associated with
processes expected to be necessary throughout pregnancy
such as muscle contraction, development, cytoskeleton
organization and biogenesis, and cell-cycle regulation.

Subtracting the LP network from the MP network
(Figure 3) produces the MP signature network. It re-
veals predominant up-regulation of gene interactions
associated with all the GO processes listed in Table IV
and highlighted in Figure 4. For example, the genes
linked to TGF-b up-regulated during MP are catego-
rized under processes coupled to the regulation of
protein nucleus import, myogenesis, cell growth, lymph
gland development, and regulation of the cell cycle,
while calcineurin and related genes are associated with
dephosphorylation and T-cell differentiation.
When MP is subtracted from LP to generate the
LP signature network (Figure 5), we observe an up-
regulation of gene interactions linked to cell death and
a down-regulation of genes linked to microtubule poly-
merization and microtubule-based movement (Figure 6).
Other processes associated with the LP signature net-
work are listed in Table V.

Comment

We applied a 2-tiered approach to microarray analysis
to move outside the traditional but introspective cluster
analysis approach. First, we used conventional gene
array technology to screen and identify target genes and
gene products that were temporally regulated in the
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Figure 6 Functionally related gene interactions within LP network.Gene interactions linked to specificGO categories in the LP net-
work (Figure 5). Highlighted nodes represent genes associated with specific biological and molecular processes. Genes highlighted in

circles function in processes related to cell death,while other highlighted genes primarily function in the polymerization ofmicrotubules
and microtubule-based movement.
myometrium during pregnancy. Second, we generated
‘functional gene networks’ using Metacore� to inte-
grate reactions and interactions around the identified
genes of interest. The result is a global and comprehen-
sive analysis of the pregnancy-associated changes in the
myometrial gene expression. The combination of func-
tional genomics with universal and informative gene
network imaging represents a novel and powerful tech-
nology to both visualize and delineate the dynamics of
myometrial quiescence and activation.

As expected from previous studies, we found that the
expression of many genes changed over the course of
pregnancy. Yet, when focusing primarily at the organi-
zation of target genes in terms of well-characterized
pathways (linear chains of biochemical reactions or
signaling interactions that begin and end at defined
points), the majority of genes had no apparent
functional role in myometrial events likely related to
either quiescence or activation.8 As a result of this tradi-
tional approach to array analyses, we and others may
well have overlooked other potential interactions.
Many biological functions occur within a target cell
that are not necessarily the result of a change in the ex-
pression of an individual gene, but rather the result of
physically interacting genes, proteins, and networks.
The advantage of the approach used here compared
with other data mapping methods lies in the fact that
network analysis and its global representation of known
interactions represents the functional potential of cells
and allows for a more complete understanding of the
changes occurring under a condition-specific system.8

Only a handful of investigators have to date applied
functional genomic studies to investigate changes in
myometrial gene expression during pregnancy.4-7 And
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while those studies were important in the development of
new analytical methods for microarray data and in the
identification of potential biomarkers, their lack of infor-
mation on myometrial genetic expression at different
stages of gestation fails to explore the global patterns
thatmay underlie myometrial regulation.We can identify
only 1 report of genetic network analysis of the global
changes within the myometrium at various gestational
time points.10 This 2005 electronic study described in
the mouse an assortment of functional mapping tools to
identify gene expression patterns (gene networks) that
corresponded to myometrial quiescence, activation, and
involution.

In the present study, we hybridized labeled-cDNA
generated from isolated guinea pig myometrium to
human oligonucleotides spotted on the array. An animal
model was important to assure access to myometrium at
the appropriate time points. The guinea pig has the great
advantage over other nonprimate models because of its
high degree of similarity to the human in both its
cardiovascular responses and sex hormone profile dur-
ing pregnancy. Moreover, the hormonal profile of the
guinea pig ovulatory cycle parallels the human and its
placenta is most similar to human among the non-
primates. The complete guinea pig genome has yet
to be sequenced, and specific DNA microarrays are
unavailable from commercial vendors. However, genes
previously cited as significant for the myometrium and
sequenced completely (mitochondria) or partially (eg,
uroguanylin, aquaporin 2, IGF1) share high percentage
homology (data not shown) when aligned with their
human orthologs. We recognized that mismatched se-
quences may have led to an underestimate of the
expression of some critical genes.

The expression files were analyzed using MetaCore�,
a web-based software program designed for analysis of

Table V Localization of differentially expressed genes (DI
expression) from corresponding LP/NP signature (subtraction)
networks in GO categories

# Process P value

1 Protein biosynthesis 7.38e-11
2 Copper ion homeostasis 8.66e-10
3 Microtubule polymerization 3.94e-07
4 Establishment and/or maintenance of

chromatin architecture
5.56e-06

5 Cell death 6.83e-06
6 Microtubule-based movement 3.43e-05
7 Nucleosome mobilization 3.63e-05
8 Ribosome biogenesis 5.61e-05
9 Regulation of viral genome replication 1.09e-04
10 Chromatin-mediated maintenance

of transcription
1.09e-04

The processes are scored according to the P value, calculated in

Metacore�, associated with the network corresponding to particular

categories in Gene Ontology.
experimental microarray data. The program is capable
of generating gene networks from multiple algorithms
built around a comprehensive database of protein
interactions extracted from experimental literature.
The inclusion of expression data into these experimen-
tally verified networks of physical interactions allows for
the effective transformation of all probable associations
between gene array spots encoded within the microarray
data to those that are physically possible in the cell.11

Hence, the formation of these condition-specific func-
tional networks represent sets of interactive pathways
created from differentially expressed genes at various
time points during gestation. Now candidate genes can
be identified within a global construct as opposed to a
singular pathway.

Using the direct interactions (DI) algorithm, we com-
pared the myometrial gene networks formed during mid
and late pregnancy. TheDI algorithm identifies islands or
nodes from the expression data corresponding to proteins
whose activities are directly connected to each other.
Each connection represents a direct, experimentally con-
firmed, physical interaction between the objects. Once the
MP and LP gene lists were identified, logical operations
were performed to filter genes and gene networks specific
to each gestational time point. We applied software
algorithms to subtract the networks as our objective
was to further understand and identify the genes that
might regulate myometrial quiescence and activation.
Finally, annotation of these networks with gene ontology
(GO) terms provided a global view of the major processes
regulating each of these network groups.

The number and distribution of myometrial genes
differentially expressed during LP compared with MP
may indicate that the transition from quiescence to
activation is primarily instigated by such changes (par-
ticularly down-regulation). This information will guide
future experiments that can further substantiate our
gene exploration analysis. The genes highlighted in the
MP network and shown in Figure 5 are linked to the 10
most statistically relevant biological processes as deter-
mined by MetaCore� and listed in Table IV. These
processes may have a role creating or maintaining
myometrial quiescence. For example, we observed that
calcineurin A is up-regulated during quiescence, a find-
ing consistent with previous animal studies that report
its linkage with the dephosphorylation of myosin light
chain leading to smooth muscle relaxation.12-18

It is also reasonable to hypothesize that advancing
gestation is associated with changes in cytoskeletal
elements. For example, actin microfilaments and bind-
ing proteins impact the functional regulation of cell
shape, cell-cell contacts, transmembrane communica-
tion, estrogen receptor movement, and regulation of
protein secretion.19-23 The finding in the present study
that actin binding proteins such as tropomyosin and
a-actinin are up-regulated during quiescence is
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consistent with those reports. Alpha actinin links actin
filaments to produce bundles,24 and tropomyosin, a
protein that self associates along the grooves of the actin
helix, may work to stabilize the actin filaments.25 The in-
creased expression of these actin binding proteins may
serve to facilitate the function of actin microfilaments
in uterine relaxation.

Transforming growth factor-b1 (TGF-b1) was an-
other important gene within the MP signature network.
TGF-b is a key regulator of tissue remodeling, and
alterations in myometrial TGF-b expression may play
an important role in labor. Consistent with our finding
in the present study of increased TGF-b1 gene expres-
sion during quiescence is a report that TGF-b, along
with regulating cell growth and proliferation, may also
impact myometrial contractility by altering prostaglan-
din synthesis,26 key second messengers known to acti-
vate the myometrium.

The physiologic role of the endothelin receptor type B
(ETB) in the human myometrium is unknown, but it is
generally accepted that ETB receptors do not mediate
contraction,31 and may indeed, stimulate relaxation in
the myometrium. Alternatively, it may be that the
population of ETB receptors is too small to produce my-
ometrial contraction31 or that the ETB receptors exert
a modulatory function on the stimulatory activity of
ET-1.32 In the present study, we note the down-regulation
of ETB receptor expression, suggesting that a decrease
in the ETB receptor density may offset muscle contrac-
tion stimulated by the activation of ET-1.

Estrogen and progesterone have important roles
regulating biochemical and physiologic changes within
the gravid uterus. The effects of these 2 steroids are
dependent upon the expression of various estrogen (ER)
and progesterone (PR) receptors.27 Estradiol increases
progressively towards term and up-regulates ERa ex-
pression. Progesterone, which is thought to have a role
in myometrial quiescence, down-regulates ERa expres-
sion in myometrium from nonpregnant ovine,28

mouse,29 and in rhesus monkey.30 Whereas changes in
ERa were not significant during activation, we did ob-
serve a decrease in ERa gene expression during quies-
cence compared with myometrium from the NP guinea
pig. These observations combined with previous publi-
cations suggest that the changes in ERa expression
may reflect the elevation of progesterone throughout
early and mid pregnancy.

Estrogen may also affect polymerization and or
depolymerization of tubulin. Szego reported that estro-
gen produced transient but significant shortening of
microtubules in endometrium from ovariectomized rat
seconds after intravenous administration.34 Others re-
port inhibition of microtubule polymerization in pri-
mary rat hippocampal primary cell culture after
estradiol.35 These findings are consistent with the pre-
sent investigation in which there was decreased
expression of gene networks encoding for the tubulin
heterodimers during activation.

Microtubules make up one third of the dynamic
structure of the cytoskeleton and permit the cells to
transport vesicles, undergo changes in shape, migrate,
and contract. The other 2 classes of cytoskeletal com-
ponents include actin microfilaments and intermediate
filaments.33 Previous research reveals that microtubule
density is greatest around the nucleus and then radiates
to the periphery.33 This arrangement is consistent with a
role in the transport of vesicles and the organization of
cytoplasmic organelles in myometrial cells. The forma-
tion of microtubules is essential during mitosis and
accordingly, the presence of tubulin, the major compo-
nent of microtubules, may be related to the capacity of
myometrial cells to undergo hypertrophy and hyperpla-
sia during pregnancy.33 This group of interactive genes
along with those encoding the amyloid proteins (high-
lighted in Figure 6) within the LP signature network
are linked to cell death, microtubule polymerization,
and microtubule-based movement.

Of potential interest was the decrease in the expres-
sion of genes encoding for protein biosynthesis in
activated myometrium compared with that from non-
pregnant animals. The mechanism for this decrease
during LP is unclear, but may also relate to hormonal
changes during pregnancydspecifically progesterone
withdrawal. Progesterone is necessary for the mainte-
nance of uterine protein biosynthetic rates, and it has
been reported that progesterone withdrawal decreases
protein synthesis.36 Progesterone levels remain constant
throughout pregnancy, but the myometrial responsive-
ness to it declines in many animals towards the end of
pregnancy. Thus, it may be that a decrease in progester-
one activity toward the end of pregnancy is responsible
for our observed decrease in the expression of genes
encoding protein biosynthesis.

Although more functional testing is required to relate
the changes in gene expression to potential mediators of
myometrial quiescence and activation, the approach
described herein whereby gene expression is connected
to gestation-specific functional networks represents an
alternative to traditional microarray analyses. More
importantly, its application to the study of myometrial
quiescence and activation may lead to the identification
of novel biomarkers and the discovery of new relation-
ships in the global cellular processes that underlie
gestational changes within the myometrium during
pregnancy. We recognize that hybridization of guinea
pig RNA to human oligonucleotides may have caused
variation in the fold expression changes of certain genes.
As a result, these findings should be interpreted with
some caution. However, the examination of multiple
time points, use of replicates, and multi-dimensional
networking tools provides a powerful approach toward
analyzing microarray data and characterizing unique
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patterns of gene expression and protein interactions
throughout pregnancy.
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