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Abstract
Objective—To define the altered gene expression profile of endometriotic lesions in a mouse model
of surgically-induced endometriosis

Design—Autologous experimental mouse model.

Setting—Medical school department.

Animals—Adult C57Bl6 mice.

Intervention(s)—Endometriosis was surgically-induced by auto-transplantation of uterine tissue
to the intestinal mesentery. Endometriotic lesions and eutopic uteri were recovered at 3 or 29 days
post-induction.

Main Outcome Measure(s)—Altered gene expression was measured in the endometriotic lesion
relative to the eutopic uterus by genome wide cDNA microarray analysis and was confirmed by real
time RT-PCR for six genes. Relevant categories of altered genes were identified using gene ontology
analysis to determine groups of genes enriched for altered expression.

Result(s)—The expression of 479 and 114 genes was altered in the endometriotic lesion compared
to the eutopic uterus at 3 or 29 days post-induction, respectively. Gene ontology enrichment analysis
revealed that genes associated with the extracellular matrix, cell adhesions, immune function, cell
growth, and angiogenesis were altered in the endometriotic lesion compared to the eutopic uterus.

Conclusion(s)—Based on gene expression analysis, the mouse model of surgically-induced
endometriosis appears to be a good model for studying the pathophysiology and treatment of
endometriosis.
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Introduction
Endometriosis is a chronic estrogen dependent disease characterized by the growth of ectopic
endometrial tissue (1). The incidence is estimated to be up to 10% of women of reproductive
age and 30-50% of women seeking treatment for infertility (1,2). Despite the high incidence
of endometriosis, the etiology is unknown. The theory proposed by Sampson in 1927 suggests
that endometrial tissue is released into the peritoneal cavity via retrograde menstruation (3).
The shed tissue then implants and grows ectopically. This theory is supported by the fact that
up to 90% of women experience retrograde menstruation (4-6); and yet, endometriosis only
affects a much smaller proportion of women.

In accordance with Sampson's hypothesis, endometriosis spontaneously develops only in
menstruating animals such as humans and some primate species. However, ethical
considerations limit the comprehensive study of endometriosis in humans. For example,
repetitive laparoscopies cannot be performed to study disease pathogenesis and
pathophysiology in humans. Animal models, however, provide a good alternative to test
hypotheses about the time course and progression of the disease, developmental and
environmental factors related to the pathophysiology of the disease, and interventions
developed as treatments for the disease (7).

Many animal models have been developed to further our understanding of endometriosis.
Primate models are clearly desirable, but cost and lack of housing facilities severely limit their
use. As an alternative model system, rodents are readily available and comparatively
inexpensive. Rodent models are unique in that they can be homologous, with tissues from the
same or syngeneic individuals, or they can be heterologous, with explanted human tissue
transplanted to immunocompromised animals (7).

Initial homologous rodent models of surgically-induced endometriosis were developed in the
rat (8) and the techniques were then transferred to the mouse (9). Both models share similarities
to the disease in women. Like human endometriotic lesions, those obtained from mice and rats
are cyst like structures containing endometrial glands and stroma, contain numerous adhesions
in the peritoneal cavity, often have hemosiderin laden macrophages present, and the growth is
estrogen dependent (8-11). Both rat and mouse models are currently employed in endometriosis
research (11-18).

Endometriotic lesions resemble eutopic endometrial tissue histologically, but endometriotic
lesions have different gene expression profiles than eutopic endometrial tissue (1,19-22).
Although many investigators currently use the mouse model of endometriosis, an in depth
analysis of altered gene expression in the mouse endometriotic lesion is lacking (11-15).
Therefore, in this study we sought to define for the first time the altered gene expression profile
in the mouse model of surgically-induced endometriosis at two time points: an early stage
during establishment of endometriotic lesions (3 days) and a later stage after establishment of
endometriotic lesions (29 days).
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Methods
Animals

Animals were group housed in polysulfone cages in temperature (68-74°), humidity (40-44%),
and light controlled (12L:12D) conditions at the University of Missouri – Columbia. All
experimental procedures were approved by the University of Missouri Animal Care and Use
Committee. Animals were fed Purina Rodent Chow 5008 (St. Louis, MO) and received
acidified water ad libitum from polysulfone bottles. Intact mice were brought into estrus 72
hours prior to induction and collection of endometriosis by transferring male bedding to the
female cages. Estrus cycle stage was assessed at the time of collection by examining vaginal
cytology (23).

At six to seven months of age C57BL6/J female mice underwent surgery to induce
endometriosis. A modified method, as previously described in the rat by Vernon and Wilson
(8) and in the mouse by Cummings and Metcalf (9), was used. Briefly, animals were
anesthetized and the left uterine horn was ligated with 5-0 black silk suture, removed, and
opened longitudinally. Three 2 mm diameter sections were obtained from the excised uterine
horn using a biopsy punch (Miltex 33-31, York, PA), and each was gently sutured to a blood
vessel in the arterial cascade of the intestinal mesentery with 6-0 black nylon suture. The
abdomen was closed with 5-0 absorbable suture and the skin was closed with surgical wound
clips. Following surgery, buprenorphine was administered and animal health was closely
monitored. Sham mice were treated identically to mice receiving surgery except that suture
alone (6-0) was placed around an artery in the intestinal mesentery. At each time point, there
were N=8 animals in both the surgery and sham groups.

Animals were collected either 3 or 29 days after surgical induction of endometriosis. At
collection all animals were euthanized by carbon dioxide asphyxiation and cardiac puncture
and tissues were excised. At 29 days post-induction one third of the intact uterine horn and one
endometriotic lesion were 1) homogenized immediately in lysis binding solution (Ambion
RNAquous, Austin, TX) for RNA isolation, 2) formalin fixed for about two hours for
histological evaluation or 3) snap frozen in liquid nitrogen for later analysis. At collection 3
days post-induction, tissues were handled in the same manner except that two endometriotic
lesions were homogenized in lysis binding solution, one was formalin fixed, and no
endometriotic lesions were snap frozen.

Histology and Immunohistochemistry
Following fixation, tissues were washed for 30 minutes in PBS three times, dehydrated in 70%
ethanol, and paraffin embedded (Research Animal Diagnostic Laboratory, University of
Missouri-Columbia). Five-micron tissue sections were cut and hematoxylin and eosin stained.
Photographs were taken on an Olympus Microscope at 400× magnification.

Immunostaining was carried out as described previously (24). Briefly, five-micron tissue
sections were incubated with rabbit anti-rat Ki67 (Neomarkers – RB-1510-P0, Fremont, CA)
followed by secondary antiserum, goat anti-rabbit IgG labeled with Alexa 488 (Invitrogen –
A11034, Carlsbad, CA), with 7 μM DAPI (Invitrogen). Slides were mounted and 24 hours later
pictures of three fields of two consecutive sections were taken with a Zeiss Axiophot
microscope with epi-fluorescence at 400× magnification. The negative control was incubated
with blocking buffer alone instead of primary antibody. Positively stained cells in the stromal
and epithelial compartments were manually counted with the aid of the computer program
Metamorph (Molecular Devices, Union City, CA) in three fields each of eutopic uterus,
endometriotic lesion, and sham uterus.

Pelch et al. Page 3

Fertil Steril. Author manuscript; available in PMC 2011 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Total Ki67 positive cells were averaged over 3 fields. Paired t-tests were used to analyze
differences in Ki67 positive cells in the endometriotic lesion and the eutopic uterus because
these tissues are excised from the same animal. Independent t-tests were used to analyze
differences in Ki67 positive cells in the sham uterus and eutopic uterus. Statistics were carried
out using SPSS for Windows (Rel. 16.0.1. 2007. Chicago: SPSS Inc.).

RNA Isolation
At collection tissues were excised (15-20 mg uterus and about 2 mg or 10 mg endometriotic
lesion at 3 or 29 days, respectively), immediately homogenized in 500 μl lysis binding solution
(Ambion), and stored at -80°C. Total RNA was isolated from homogenates using RNAqueous
spin columns (endometriotic lesions from animals collected at 3 days were isolated with
RNAqueous-micro), treated with Turbo DNAse (Ambion), ethanol precipitated, and
concentrated. RNA quantity and purity was assessed by UV spectrophotometry using a
Nanodrop ND1000 spectrophotometer (Wilmington, DE). RNA quality was visualized on an
ethidium bromide stained 1% agarose gel. ImageJ 1.38× (National Institute of Mental Health,
Bethesda, MD) was used to determine the intensity of the 18S and 28S bands. The ratio of 28S
to 18S was used as a measure of RNA quality. Only samples with a ratio ≥ 1.0 were used for
further analysis. RNA from one endometriotic lesion at each time point did not meet these
requirements and therefore was not included in further analyses.

Illumina Microarray
For samples analyzed by microarray, quality was further assessed using an Agilent 2100
bioanalyzer (University of Missouri DNA Core). All samples used for the microarray had a
28S to 18S bioanalyzer signal ratio of 0.91 or greater and did not appear to be degraded. Three
or four samples per group (3 or 29 day eutopic uterus, endometriotic lesion, or sham uterus)
were selected based on estrus cycle stage (estrus, diestrus 1, or early diestrus 2) by vaginal
cytology at collection and similar uterine weights.

Illumina mouse ref-8 (vs1) microarrays were used for the global analysis of gene expression.
Each array probes 24,886 RefSeq transcripts targets largely from the Rockefeller University
Mouse SdB3 and NCBI Entrez Gene databases. Microarray sample preparation and image
acquisition was carried out at the University of Missouri DNA Core Facility. Five hundred
nanograms of total RNA per sample was used to make biotin labeled antisense RNA (aRNA)
using the Illumina TotalPrep RNA Amplification Kit (Ambion) as per the manufacturer's
recommendations. Briefly, total RNA was reverse transcribed to first strand cDNA with oligo
(dT) primers bearing a 5′-T7 promoter using ArrayScript reverse transcriptase (Ambion). The
first strand cDNA then underwent second-strand synthesis and clean up to become the template
for in vitro transcription. Biotin-labeled aRNA was synthesized using T7 RNA polymerase
with biotin-NTP mix and purified. aRNA (0.75 μg) was hybridized to the Illumina MouseRef-8
Expression BeadChip array at 58° C for 20 hours. After hybridization, the chips were washed
and stained with streptavidin-C3. The image data was acquired using the BeadArray reader
(Illumina, San Diego, CA).

Analysis of microarray gene expression data was primarily performed using the Linear Models
for Microarray Data (limma) package (25) and the lumi package (26), available through the
Bioconductor project (27). After this pre-processing was completed (see Supplementary
Materials), the analysis of differential gene expression was performed using moderated t-
statistics applied to the log-transformed (base 2) normalized intensity for each gene using an
Empirical Bayes approach (28,29), in which the standard errors are shrunk towards a common
value. Two contrasts were tested and their nature required different models to be fit. Because
the measurements from the endometriotic lesion and eutopic uterus are taken from the same
animal, a modified mixed linear model that treated each animal as a block accounted for the
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dependency between measurements. The within-block correlations were constrained to be
equal between genes (29), and then information was borrowed across genes to moderate the
standard deviations between genes via an empirical Bayes method (28). The comparison
between sham uterus and eutopic uterus was analyzed using a more standard linear model since
the measurements were independent.

For each contrast of interest, the log fold change was computed along with the aforementioned-
moderated t-statistics nominal and adjusted p-values and the estimated log-odds ratios of
differential expression. Adjustment for multiple testing was made using the false discovery
rate (FDR) method of Benjamini and Hochberg (30). Probes with adjusted p-values less than
5% (which corresponded to controlling the FDR at 5% or less) and fold changes of at least 2
were selected as differentially expressed. To facilitate interpretation in this report, log fold
changes were transformed back to fold change on the data scale and log-odds ratios of
differential expression were converted into probabilities of differential expression.

Gene Ontology Enrichment
Gene ontology (GO) analyses were conducted on the resulting list of significantly different
genes. The purpose of the analyses was to test the association between Gene Ontology
Consortium terms (31) and differentially expressed genes. GO analyses were carried out for
over-representation of biological process, molecular function, and cellular component
ontologies, and for each GO term we computed the nominal hypergeometric probability of
observing the number of differentially expressed genes falling within a GO term due to chance
(see Supplementary Material for more details). The results were used to assess whether the
number of selected genes associated with a given term was larger than expected under the null
hypothesis. GO terms containing less than 10 genes from our gene universe were not considered
to be reliable indicators. Terms with a p-value <1% were considered significant.

cDNA Synthesis for Real-Time RT-PCR
Two hundred nanograms total RNA (n=6-8 animals per group) were reverse transcribed with
SuperScript III First-Strand Synthesis Kit (Invitrogen) as per the manufacturer's
recommendations and as previously described in more detail (24). For each sample, a negative
control (noRT) was prepared identically but without reverse transcriptase or ribonuclease
inhibitor. After cDNA was generated it was diluted 2-fold with ultra pure, nuclease-free water.

Real time RT-PCR
Real time RT-PCR was performed in an ABI 7500 instrument (Applied Biosystems, Foster
City, CA) using either the SYBRgreen technology with primers designed in Vector NTI
(Invitrogen) and synthesized by IDT DNA (Coralville, IA) (Estrogen receptor alpha (Esr1)
(NM_007956) forward primer: 5′-ACCATTGACAAGAACCGGAG-3′, reverse primer: 5′-
CCTGAAGCACCCATTTCATT-3′, Tm=84.9, 18s rRNA (K01364) forward primer: 5′-
TTCCTTACCTGGTTGATCCTGCCA-3′, reverse primer: 5′-
AGCCATTCGCAGTTTCACTGTACC-3′, Tm=81, Mmp10 (NM_019471) forward primer:
5′-TGCAGTTGGAGAACACGGAGA-3′, reverse primer: 5′-
CTGAGGGTGCAAGTGTCCATTT-3′, Tm=82.1) or with TaqMan primer and probe Assay
on Demand sets from ABI (Hp, Mmp3, Mmp12, Mmp13, and Timp1). SYBRgreen primers
were designed to be intron spanning and prior to use were validated by comparing the Ct values
of cDNA generated from DNAsed and non-DNAsed samples and by the presence of a single
peak in the dissociation curve. Only primer sets with greater than 10 cycles difference between
RT and noRT reactions were used. SYBRgreen primer set efficiencies were determined in four
10-fold dilutions of cDNA using the equation E=10ˆ[-1/slope] (32) and were all above 84%.
Efficiencies of TaqMan primers were assumed to be 100% as per the manufacturer (33).
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SYBRgreen real time RT-PCR reactions were prepared with Platinum SYBR green qPCR
SuperMix-UDG with ROX (Invitrogen) with primer concentrations at 70 nM for Esr1 and
Mmp10 and 140 nM for 18s rRNA. TaqMan real time RT-PCR reactions were prepared with
TaqMan Universal PCR Master Mix (ABI) and primer-probe sets at 1×. The reactions were
performed as per manufacturers' instructions except that the total volume was proportionally
reduced to 25 μL. Prior to identification of a suitable housekeeping gene for real time RT-PCR
gene expression normalization, cDNA was column purified, quantified, and diluted as
described previously (24) and 5 ng cDNA or noRT was added to each real time RT-PCR
reaction. Once 18s rRNA was identified as an appropriate housekeeping gene, 5 μL of 4-fold-
diluted cDNA or noRT was added to each real time RT-PCR reaction and target gene expression
was normalized to expression of 18s rRNA. For each sample in each run, two reactions
containing cDNA and one reaction containing noRT were performed. Real time RT-PCR was
repeated three times for each gene.

Real Time RT-PCR Calculation of Relative Gene Expression
The ΔΔCT method was used to calculate relative changes in gene expression (34,35). The
eutopic uterus was set as the reference for each time point and a fold change of 1 indicates that
the gene expression is not different from that in the eutopic uterus. Fold changes were calculated
using either the Ct value (if cDNA was quantified) or ΔCt value (if the cDNA was not quantified
but was normalized to 18s rRNA). Because the endometriotic lesion and eutopic uterus were
collected from the same animal, gene expression, and thus Ct values, for these tissues are
dependent. Fold change in the endometriotic lesion was calculated for each animal relative to
the individual animal's eutopic uterine gene expression and the geometric mean of the resulting
fold changes was taken across triplicate real time RT-PCR runs and across all the endometriotic
lesion samples to obtain a fold change value for the endometriotic lesions. Fold change in the
sham uterus was calculated in the same manner except that individual animal fold changes
were calculated relative to the mean expression in the eutopic uterus due to the independent
nature of the tissues.

All statistics were performed on the average Ct values and were carried out using SPSS for
Windows (Rel. 16.0.1. 2007. Chicago: SPSS Inc.). Since Ct values are logarithmic in nature,
non-parametric tests were used for the statistical analysis. For the paired comparison of
endometriotic lesions to eutopic uterus, Ct values were compared using the non-parametric
Wilcoxon signed-rank exact significance 1-tailed test. A one-tailed test was used because the
directionality of the fold change was hypothesized based on the results from the microarray
analysis. For the comparison of gene expression in the sham uterus to that in the eutopic uterus,
Ct values were analyzed using the non-parametric Mann-Whitney U exact two-tailed test as is
appropriate for independent data points.

Results
Mouse Endometriotic Lesions Resemble Lesions from Women

Three days post-induction the endometriotic lesions were hemorrhagic, but by 29 days, the
endometriotic lesions had grown and had become cyst-like and encapsulated. At 29 days, the
lesions had grown from an average of 1.47 mg at induction to an average of 8.47±3.7 mg and
2.85±1.25 mg with and without fluid, respectively. Most of the endometriotic lesions collected
29 days post-induction were fluid filled and there were numerous adhesions noted in the
peritoneum (Fig. 1). Endometriotic lesions in our mouse model contained numerous
endometrial glands and stroma similar to those seen in the eutopic uterus (Fig. 2). Sham mice
were devoid of ectopic endometrial tissue and peritoneal adhesions.
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Cell Proliferation
Endometriotic lesions showed strong proliferation 3 days post-induction. In the endometriotic
lesion stroma there were 8.3 times as many positively stained cells as in the eutopic uterine
stroma, P<0.001 (Figs. 3 and 4). For all other comparisons there were no differences in cell
proliferation (data not shown).

Microarray Results
Sentrix Mouse-8 Expression BeadChips (Illumina) whole-genome gene expression arrays were
probed with asRNA from eutopic uteri, endometriotic lesions and sham uteri from 3 or 4
animals per group. In the microarray experiment gene expression in the endometriotic lesion
was considered altered if the adjusted p-value after multiple testing was <0.05 and the gene
expression was 2 fold or greater different relative to gene expression in the eutopic uterus.

The expression of 617 and 159 probes was altered in the endometriotic lesion compared to the
eutopic uterus 3 or 29 days post-induction, respectively. This corresponded to 479 and 114
unique and well-annotated genes at each time point. At 3 days post-induction 279 genes were
up-regulated and 200 genes were down-regulated (Supplementary Table 1). At 29 days post-
induction 95 genes were up-regulated and 19 genes were down-regulated (Supplementary
Table 2). There were no genes with significantly altered expression between the sham uterus
and eutopic uterus at either time point.

GO Term Enrichment
GO analysis revealed functional terms in which there was overrepresentation of altered gene
expression in the endometriotic lesion compared to the eutopic uterus. There were 55 and 28
biological processes, 10 and 5 cellular component, and 19 and 12 molecular function terms
overrepresented 3 and 29 days post-induction, respectively. For a complete list of
overrepresented terms see Supplementary Tables 3 and 4. There were many enriched terms
including those of cell adhesion, collagen catabolism, immune response, cell growth, and
angiogenesis. For genes with altered expression in selected overrepresented terms see Tables
1 and 2.

Gene Expression Confirmed by Real Time RT-PCR
We determined by microarray that most common housekeeping genes, including Gapdh,
Actb, and Rpl13a, had significantly altered gene expression profiles in the endometriotic lesion
compared to the eutopic uterus, and thus were not suitable house keeping genes for this set of
cDNA (24). The expression of 18s rRNA however, was found by both microarray and real time
RT-PCR to be unchanged across all six tissues (eutopic uterus, endometriotic lesion, and sham
uterus at both 3 and 29 day time points) and so un-quantified cDNA was normalized to 18s
rRNA expression. To validate the microarray data, RNA from 6-8 animals was reverse
transcribed to cDNA and real time RT-PCR was performed for six genes known to be altered
in the endometriotic tissue of women with endometriosis. These genes were chosen based on
our previous experience and our interest in molecules that alter the extracellular matrix.

At 3 days post-induction the expression of six genes found to be altered on the microarray was
confirmed by real time RT-PCR. Expression of Hp, Mmp3, Mmp10, Mmp12, Mmp13, and
Timp1 was altered in the endometriotic lesion by 5.22, 132, 381, 87.0, 938, and 18.5 fold
respectively (P < 0.05) (Table 3, Fig. 5).

At 29 days post–induction the results of the microarray analysis were confirmed for five genes
by real time RT-PCR. Expression of Hp, Mmp12, and Timp1 was altered in the endometriotic
lesion by 3.15, 9.88, and 3.93 fold respectively (P<0.05). Expression of Mmp3 and Mmp10
was unaltered in the endometriotic lesion in both the microarray and real time RT-PCR analyses
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(Table 3, Fig. 5). Of the six genes examined, only Mmp13 expression was not confirmed by
real time RT-PCR. Expression of Mmp13 in the endometriotic lesion was altered on the array
by 2.69-fold (P < 0.02) but by real time RT-PCR the fold change of 2.12 was not significant
(p = 0.16).

For all genes tested by real time RT-PCR, only Esr1 and Hp at 3 days post-induction were
significantly different between the sham uterus and the eutopic uterus (1.59 and 3.12
respectively, P=0.04) (data not shown).

Of the six genes examined at the two time points tested, we confirmed the expression of 11
out of 12 targets, or 92%, which is very similar to previous reports (36). Spearman's rank
correlation of the fold changes observed at 29 days post-induction for the microarray and real
time RT-PCR was 93% (P<0.01). At 3 days post-induction Spearman's rank correlation of the
microarray and real time RT-PCR data was 57%. However, the microarray data for Mmp13 at
3 days post-induction yields two dramatically different fold changes (2.52 and 21.1). In the
microarray analysis, if two probes for the same gene were reported as “altered,” the result for
the probe located closest to the ABI primer-probe set was reported (applies to results for Hp,
Mmp3, and Mmp13 expression at 3 days post-induction). Of all the genes in which there were
two or more altered probes, Mmp13 is the only gene in which there was a large discrepancy
between the two fold changes. When the alternate (21.1) fold change is considered, Spearman's
rank correlation at 3 days post-induction is 82% (P<0.05).

Esr1 expression was not found to be altered during the microarray analysis (0.53 and 0.80-fold
at 3 and 29 days post-induction, respectively) but because ESR1 expression has been shown
to be significantly down-regulated in women with endometriosis it was examined by real time
RT-PCR (37). The expression of Esr1 by real time RT-PCR was 0.39 and 0.52-fold in the
endometriotic lesion compared to the eutopic uterus at 3 or 29 days post-induction, respectively
(P<0.05).

Discussion
The current work shows for the first time that the altered gene expression profile in this mouse
model of endometriosis mirrors that observed in endometriotic lesions from women. This study
used a genome-wide microarray analysis to examine the altered gene expression profile at two
time points in a mouse model of surgically-induced endometriosis. Importantly, we found many
similarities in the altered gene expression profile observed in endometriotic lesions from mice
and from women (20). Genes that are known to be mis-expressed in human endometriosis were
identified as well as several novel genes. We confirmed the differential expression of six genes
by real time RT-PCR. More genes were differentially expressed at 3 days post-induction than
at 29 days post-induction. This is in agreement with previous studies suggesting that early
endometriotic lesions are more biologically active (38).

Current and previous work has shown that mouse and human endometriotic tissue progresses
from a more to a less biologically active form over time. Endometriotic lesions exhibit various
phenotypes including red, white, or black/blue (39,40). Repeated laparoscopies at one, four
and 10 months after induction of endometriosis in the baboon, indicated that endometriotic
lesions progress through these colors (39,40). In our model, endometriotic lesions collected 3
days post-induction were small in size and hemorrhagic. Based on the color of the
endometriotic lesions collected and their altered gene expression profile, we hypothesize that
the collection at 3 days post-induction mimics red lesions in women and should be useful for
studying the early endometriotic lesion establishment. In contrast, endometriotic lesions
collected from mice 29 days post-induction were clear, fluid filled (cystic), surrounded by
extensive adhesions, and mimic established typical endometriotic lesions in women.
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Tissue invasion into the mesothelial cell layer at ectopic sites and the development of a new
blood supply require significant modification of the extracellular matrix. Endometriotic lesions
from women with endometriosis have been shown to secrete many proteins that alter the
extracellular space, such as matrix metalloproteinases (MMPs) and their inhibitors (TIMPs)
(41,42). Evidence suggests MMPs and TIMPs, which are highly regulated throughout the
menstrual cycle in eutopic endometrium in women without endometriosis, are constitutively
expressed in endometriotic lesions (reviewed in (10)) perhaps due to progesterone resistance
(43). Additionally, misexpression of MMPs and TIMPs is known to increase tissue invasion
in cancer cell lines (44-46)

In the current study, the expression of several extracellular modifying genes was altered in
endometriotic lesions. At 3 days post-induction several GO terms associated with protein and
collagen catabolism were overrepresented. In the mouse model of endometriosis the expression
of Mmps 2, 3, 9, 10, 12, 13, and 14 was increased in the endometriotic lesion relative to the
eutopic uterus. Additionally, the expression of Timp 1 and 3 was increased in the endometriotic
lesion. At 3-days post induction the microarray results indicated that Mmp3 and Mmp10 were
the most over-expressed genes in the endometriotic lesion relative to the eutopic uterus
(Supplementary Table 1), yet these two genes were no longer significantly altered at 29 days
post-induction (Table 3, Fig. 5). This further supports our hypothesis that the collection of
endometriotic lesions at 3 days post-induction represents a time when the tissue is becoming
established.

There are many reports demonstrating altered immune system function in women with
endometriosis, and the strong inflammatory response seen in the peritoneal cavity of
endometriosis patients is believed to contribute to the pathophysiology of the disease (47,48).
For example, HP is upregulated in endometriotic lesions from women and has been found to
bind to and interfere with macrophage phagocytic function and to have angiogenic properties
(49-51). This suggests a plausible mechanism for failure of peritoneal immune cells to clear
ectopic endometrial tissue from the peritoneal cavity in women with endometriosis. In the
current study the expression of immunomodulatory genes was altered in the endometriotic
lesion compared to the eutopic uterus at both 3 and 29 days post-induction. In the GO analysis,
the large GO terms “immune response” and “inflammatory response” as well as several smaller
terms including those pertaining to leukocyte migration and regulation of phagocytosis were
overrepresented. Specifically, in parallel with observations in women, we found that Hp was
up-regulated in the endometriotic lesion at both 3 and 29 days post-induction.

In order to grow and become established, endometriotic cell proliferation must occur. It is
unclear, however if there are differences in proliferation between human endometriotic lesions
and eutopic tissue (52-54). Iwabe et al. previously reported that endometriotic stromal cells
responded to the inflammatory cytokines tumor necrosis factor alpha (TNF) and interleukin 8
(IL8) with increased proliferation in culture (55). TNF and IL8 protein levels are increased in
peritoneal fluid of endometriosis patients and it is likely that the cytokine milieu in the
peritoneal environment is stimulating stromal cell proliferation (55). Consistent with this, we
noted an 8.3-fold increase in stromal cell proliferation in endometriotic lesions relative to
eutopic uterus at 3 days post-induction.

The current study is in strong agreement with a recently published human microarray study by
Eyster et al. (20). Both studies show many of the same genes altered in endometriotic lesions
relative to eutopic uterus. Importantly, genes in gene ontology categories thought to be
particularly important to endometriosis were altered in the same direction in both the human
study and the current mouse study. Some examples include cadherins, fibronectin, integrins,
cell growth genes, THBS1, and TGFB and its receptor ENG. Both studies demonstrate a general
lack of altered expression of genes related to apoptosis or estrogen and progesterone synthesis
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and signaling. For example, in the current study the only apoptosis related gene altered in
endometriotic lesions was Bcl2a1a at 3 days post-induction and the only estrogen or
progesterone synthesis or signaling gene altered was Esr1. While in strong agreement with the
work by Eyster et al. this is in contrast to other reports that show altered expression of other
apoptosis (56) and steroid hormone signaling genes (37,57). The lack of altered expression of
steroid hormone metabolizing genes may be related to the relatively short amount of time the
lesions were allowed to grow. Fazleabas and colleagues found that in the baboon model of
endometriosis, over expression of aromatase did not occur until 9 to 12 months post induction
(39).

Gene Expression in the Eutopic Uterus
The previous discussion has focused on the differences in gene expression between the
endometriotic lesion and the eutopic uterus. There are also known differences in gene
expression in the eutopic endometrium of women with endometriosis compared to control
endometrium from women without the disease (58). It is currently not known, however, if the
altered gene expression in the eutopic endometrium is due to some inherent difference in gene
expression between patients and controls, or alternatively, if the existence of endometriotic
lesions generates an altered peritoneal environment that acts on the eutopic endometrium and
thus results in aberrant eutopic gene expression.

In the current study, the use of syngeneic animals did not allow us to assess the possibility that
there were inherent differences in eutopic uterine gene expression. By including sham control
mice, however, we could note any alterations in gene expression in the eutopic uteri that might
result from the presence of the endometriotic lesions. In the real time RT-PCR analysis Hp
expression in the sham uterus at 3 days post-induction was significantly increased relative to
the eutopic uterus; however, the microarray analysis did not reveal any genes with greater than
two-fold altered expression between the sham uterus and the eutopic uterus. This finding is in
contrast to a recent study by Lee at al. using a similar surgically-induced mouse model of
endometriosis that reported altered expression of five of six genes tested in the eutopic uterus
of mice compared to control uterus from sham animals (59). This difference may be attributable
to the greater amount of tissue implanted in the peritoneum, different location of the implants,
or to the longer length of time the endometriotic lesions were allowed to grow post-induction
(98 days) in the experiment by Lee et al. (59).

Conclusions
The use of animal models to further our understanding of the pathophysiology of endometriosis
has brought new discoveries to the field (7,10). The present study is in strong agreement with
pervious reports of altered gene expression in the rat model of surgically-induced endometriosis
and with the altered gene expression profile recently described by Flores et al. (16,60,61).
These studies support the validity and use of both rodent models. The mouse model of
surgically-induced endometriosis presents many advantages for furthering our knowledge of
the disease processes in endometriosis. Compared to other model systems, mice are
inexpensive, have a short reproductive cycle, and their use in research is considered ethical by
most standards. Additionally, a complete time course evaluation of altered endometriotic gene
expression spanning many months can be performed in the mouse, and the effect of
developmental factors and interventions on disease etiology and progression can be examined.
These advantages and the finding that the gene expression profile in the mouse endometriotic
lesion mirrors that seen in women makes the mouse model a useful tool for studying
endometriosis pathogenesis, pathophysiology, and treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Surgical induction and collection of endometriosis in the mouse
Endometriotic lesions were collected 3 or 29 days post-induction from mice surgically-induced
to have endometriosis. (A) Three uterine biopsies prior to surgical induction. (B) Three
implants sutured to alternating arteries of the intestinal mesentery. (C) An endometriotic lesion
29 days post-induction. (D) Two endometriotic lesions that are surrounded by numerous
adhesions 29 days post-induction of endometriosis.
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Figure 2. Histology of mouse endometriotic lesion and eutopic uterus
Mice underwent surgical-induction of endometriosis and eutopic uteri (A, C) and endometriotic
lesions (B, D) were excised 3 (A, B) or 29 (C, D) days later. Representative hematoxylin and
eosin stained sections at 400× magnification are shown.
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Figure 3. Immunohistochemistry of mouse endometriotic lesion and eutopic uterus
Mice underwent surgical induction of endometriosis and eutopic uteri (A, C) and endometriotic
lesions (B, D) were excised 3 (A, B) or 29 (C, D) days later. Representative Ki67 stained
sections at 400× magnification are shown. Inset is negative staining control. Pictures are sister
sections to those in Fig. 2.
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Figure 4. Ki67 quantification
Tissue sections were immunohistochemically stained with Ki67. Positively stained cells in the
stroma were identified and quantified in each section with the aid of the computer program
Metamorph. Results shown are average ± standard deviation Ki67 positive cells/field in the
eutopic uterus and endometriotic lesion stroma at 3 days post-induction of endometriosis.
*Paired t-test, P < 0.05.
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Figure 5. RT-PCR confirmation of microarray results for selected genes
Endometriotic lesions and eutopic uteri were excised from mice surgically-induced to have
endometriosis after 3 or 29 days. RNA was isolated, cDNA generated, and RT-PCR performed
and analyzed using the ΔΔCt method (35). Scatter plots show representative fold changes for
each animal collected at 3 or 29 days post-induction. Fold change is relative to the eutopic
uterus at each time point, and a fold change of 1 indicates there is no difference between gene
expression levels in the endometriotic lesion and eutopic uterus. The gray bar represents the
average fold change in the endometriotic lesion at each time point. *P<0.05 for average gene
expression in endometriotic lesion versus eutopic uterus.
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TABLE 1
Selected overrepresented gene ontology terms at 3 days post-induction

Term Odds ratio Genes

Positive regulation of adaptive immune response 11.7 C3, Cd1d1, Fcer1g, Fcgr3, Tnfsf13b

Collagen catabolic process 11.7 Mmp10, Mmp13, Mmp14, Mmp3, Mmp9

Leukocyte migration 8.07 Csf3r, Scye1, Fcer1g, Fcgr3, Il1b, S100a9, Cxcl15, Selplg

Bone mineralization 7.99 Cd276, Adrb2, Mmp13, Ptn

Regulation of endocytosis 6.02 C3, Fcer1g, Fcgr2b, Fcgr3, Fgf10, Mfge8

Locomotory behavior 5.30 Csf3r, Fcer1g, Fcgr3, Fgf10, Hoxd10, Cyr61, Il1b, Kit, Xcl1, Pde1b, S100a8,
S100a9, Ccl11, Ccl2, Ccl3, Ccl4, Ccl6, Ccl9, Cxcl15, Sema3f, Sod2, Ccl24,
Pf4, Rasd2, Atp1a2

Inflammatory response 4.62 Chi3l4, C3, Cd14, F2r, Fcer1g, Fcgr3, Fn1, Cxcl1, Il1b, Cfp, Stab1, Saa3,
Ccl11, Ccl2, Ccl3, Ccl4, Cxcl15, Tgfb1, Thbs1, Tlr13, Ccl24, Nupr1, Chst1

Angiogenesis 4.25 Angpt2, Runx1, Col18a1, Elk3, Eng, Ctgf, Flt1, Cyr61, Anpep, Meis1, Nos3,
Notch4, Sema5a, Sox18, Thbs1, Thy1, Tnfaip2, Tnfrsf12a, Egfl7, Robo4

Phosphate transport 3.75 Col18a1, Col4a1, Col4a2, Col7a1, C1ql2, 1110001D15Rik, Scara5, C1qtnf3

Regulation of cell motility 3.75 Centd3, Col18a1, Pdpn, Lama2, Pdgfb, Pecam1, Egfl7, Robo4

Blood vessel development 3.72 Angpt2, Agtr1a, Runx1, Cdh5, Col18a1, Elk3, Eng, Fgf10, Ctgf, Flt1, Gja5,
Cyr61, Junb, Anpep, Meis1, Nos3, Notch4, Sema5a, Sox18, Myocd, Thbs1,
Thy1, Tnfaip2, Tnfrsf12a, Egfl7, Reck, Robo4

Negative regulation of cell proliferation 3.51 Cd276, Axin2, Cdh5, Cdkn1a, Fcgr2b, Fgf10, Gpc3, Klf4, Msx1, Slfn1, Sod2,
Tgfb1, Irf6, Nupr1, Cd274

Wound healing 3.41 Entpd2, Elk3, F10, F2r, F2rl1, F2rl3, Fn1, Pecam1

Immune response 3.35 Spon2, Cd276, Orai1, C3, Cd14, Cd1d1, Ercc1, Fcer1g, Fcgr2b, Fcgr3, Lilrb4,
Gpx2, Cxcl1, H2-Aa, H2-Ab1, H2-Eb1, Cd74, Il1b, Xcl1, Il1rl1, Clec4d, Cfp,
Ccl11, Ccl2, Ccl3, Ccl4, Ccl6, Ccl9, Cxcl15, Serpina3g, Tgfb1, Thy1, Vav1,
Tnfsf13b, Tlr13, Ccl24, Clec4n, Pf4

Cell adhesion 2.93 Spon2, Epdr1, Amigo2, Scarb2, Cdh13, Cdh16, Cdh5, Col18a1, Col7a1, Csf3r,
Vcan, Efs, Eng, Ctgf, Fn1, Pdpn, Icam2, Cyr61, Itga3, Lama2, Cd93, Mfge8,
Pecam1, Stab1, Selplg, Spp1, Thbs1, Thbs2, Tnc, Vav1, Vcam1, Wisp1, Clca5,
Tnfrsf12a, Sdk1, Ctnnal1, Dpt, 1110001D15Rik, Esam, Pcdh1, Mfap4, Tnxb,
Mcam, Gpnmb

Regulation of growth 2.28 Adrb2, Socs3, Ctgf, Foxs1, Gas6, Gpc3, Cyr61, Igfbp6, Lgmn, Myocd, Wisp1,
Esm1, Htra3, Tcfcp2l1

Organ morphogenesis 2.28 Angpt2, Aldh1a1, Runx1, Cebpb, Col18a1, Elk3, Eng, Fgf10, Ctgf, Flt1, Gjb6,
Gpc3, Hoxd10, Cyr61, Junb, Anpep, Meis1, Msx1, Ndp, Nos3, Notch4,
Tnfrsf11b, Etv4, Sema5a, Sod2, Sox18, Myocd, Tgfb1, Thbs1, Thy1, Tnfaip2,
Grem1, Slc26a4, Tnfrsf12a, Egfl7, Chst11, Robo4
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TABLE 2
Selected overrepresented gene ontology terms at 29 days post-induction

Term Odds ratio Genes

Acute inflammatory response 11.4 Cfd, Serping1, C2, Nupr1

Leukocyte migration 9.89 Il1b, Nkx2-3, S100a9

Regulation of blood vessel size 9.40 Apoe, Nppa, Gucy1a3

Chemotaxis 6.93 Il1b, S100a8, S100a9, Ccl11, Ccl9

Ossification 6.51 Chrd, Ctgf, Mgp, Mmp13, Spp1

Response to wounding 6.20 Cfd, Apoe, Serping1, C2, F2r, F3, Gpx2, Il1b, Saa3, Ccl11, Serpina3n, Nupr1

Regulation of growth 4.04 Apoe, Ctgf, Igfbp2, Wisp1, Wisp2, Tcfcp2l1

Immune response 3.50 Il1b, Clec4d, Nkx2-3, Ccl11, Ccl9, Serpina3g, Cxcl14

Tissue development 3.28 Apoe, Chrd, Ctgf, Gata6, Klf4, Mgp, Mmp13, Spp1
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TABLE 3
Fold change in endometriotic lesion versus eutopic uterus: comparison between Illumina
MouseRef-8 microarray and real-time RT-PCR

3 days after induction 29 days after induction

Gene Microarray Real time RT-PCR Microarray Real time RT-PCR

Hp 2.42a 5.22a 2.67a 3.15a

Mmp3 51.0a 132a 1.56 1.30

Mmp10 31.9a 381a 1.06 0.58

Mmp12 7.54a 87.0a 3.19a 9.88a

Mmp13 2.52a 938a 2.69a 2.12

Timp1 12.6a 18.5a 5.01a 3.93a

Note: Illumina MouseRef-8 chips were probed with RNA from 3 to 4 animals per group. Real-time RT-PCR was performed on 6–8 animals per group.
Data were analyzed as described in Material and Methods. Average fold change in endometriotic lesions relative to eutopic tissue at each time point
is shown. Gene expression was considered altered in endometriotic lesions if the fold change was ≤0.5 or ≥2 and P<.05.

a
P<.05 for endometriotic lesion vs. eutopic uterus within each time point.
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