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The pathophysiology of endometriosis remains un-
clear but involves a complex interaction between ec-
topic endometrium and host peritoneal tissues. We
hypothesized that disruption of this interaction
would suppress endometriotic lesion formation. We
hoped to delineate the molecular and cellular dia-
logue between ectopic human endometrium and peri-
toneal tissues in nude mice as a first step toward
testing this hypothesis. Human endometrium was xe-
nografted into nude mice, and the resulting lesions
were analyzed using microarrays. A novel technique
was developed that unambiguously determined
whether RNA transcripts identified via microarray
analyses originated from human cells (endometrium)
or mouse cells (mesothelium). Four key pathways
(ubiquitin/proteasome, inflammation, tissue remod-
eling/repair, and ras-mediated oncogenesis) were re-
vealed, demonstrating communication between host
mesothelial cells and ectopic endometrium. Morpho-
metric analysis of nude mouse lesions confirmed that
necrosis, inflammation, healing and repair, and cell
proliferation occurred during xenograft develop-

ment. These processes were entirely consistent with
the molecular networks revealed by the microarray
data. The transcripts detected in the xenografts over-
lapped with differentially expressed transcripts in a
comparison between paired eutopic and ectopic en-
dometria from human endometriotic patients. For the
first time, components of the interaction between
ectopic endometrium and peritoneal stromal tissues
are revealed. Targeted disruption of this dialogue is
likely to inhibit endometriotic tissue formation and
may prove to be an effective therapeutic strategy for
endometriosis. (Am J Pathol 2008, 173:700–715; DOI:

10.2353/ajpath.2008.071128)

Endometriosis is defined by the presence of endometrial
glands and stroma outside the uterine cavity. This dis-
ease affects approximately 10 to 15% of women of repro-
ductive age,1 causing painful menstrual periods (dys-
menorrhea), chronic pelvic pain, painful intercourse
(dyspareunia), and subfertility.2 Current evidence sup-
ports Sampson’s theory that endometriosis is caused by
retrograde menstruation and the implantation of refluxed
endometrial tissue within the pelvic cavity.3 It has been
hypothesized that hormonal,4 immunological,5 genetic,6 and
environmental7 factors contribute to the etiology of endo-
metriosis. However, molecular interactions between the
ectopic endometrial tissue, peritoneal tissues and infil-
trating leukocytes, endothelial cells, and fibroblasts ap-
pear to underpin this disease.

Endometriotic lesion growth is supported by vascular
endothelial growth factor (VEGF)-A secreted by the ec-
topic endometrium, acting on the endothelial cells within
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the peritoneum to induce angiogenesis.8 Blocking this
interaction with anti-VEGF-A therapies reduces the num-
ber of endometriosis-like lesions.8,9 It is likely that addi-
tional interactions between ectopic endometrium and
components of peritoneal tissues also play a role in the
pathogenesis of endometriosis.

Transcripts that are differentially expressed in the en-
dometrium of women with and without endometriosis
have been identified,10 some of which appear to encode
molecular signals mediating cross-talk between epithelial
and stromal cells. Several groups have also used mi-
croarrays to compare eutopic and ectopic endometrium
from women with endometriosis.11,12 In addition, laser
capture microdissection of glandular epithelial cells from
eutopic and ectopic sites identified differentially ex-
pressed transcripts associated with several biological
processes in epithelial cells.13 Taken together, these
studies have identified large numbers of endometriosis-
associated RNA transcripts, and several appear to en-
code molecular signals mediating cross-talk between ep-
ithelial and stromal cells in endometriosis.

However, to fully understand the molecular interactions
between the ectopic endometrial tissue and its site of
attachment, transcripts expressed by ectopic endome-
trial cells need to be distinguished from those derived
from the other cells in the lesions. The nude mouse xeno-
graft model of endometriosis offers an opportunity to do
this.14 Nude mice (nu/nu) have a congenital absence of
the thymus gland and a resultant defect in T lymphocyte
activity, although macrophage and natural killer cell ac-
tivity is intact, albeit altered. Thus human endometrial
tissue can be implanted into nude mice without generat-
ing a host-versus-graft response.15 The resulting lesions
contain human endometrial glandular epithelium and
stroma and mouse-derived mesothelial cells16 that can
be distinguished on the basis of species.17

Techniques to analyze separately selected subsets of
RNA transcripts from the human and mouse components
of tumor xenografts using custom-made Affymetrix mi-
croarrays have been described18,19 but the number of
genes in these analyses was limited. In the study de-
scribed here, we have combined the xenograft model of
endometriosis with novel microarray analysis methods to
distinguish RNA transcripts derived from human and
mouse cells. We then interpreted these transcript abun-
dance patterns in the context of the histological events
that occur during endometriotic lesion development and
in the context of new transcript abundance profiles from
endometriotic lesions in women with this disease.

Materials and Methods

Collection of the tissue used in this project was approved
by the Cambridge Local Research Ethics Committee,
Cambridge, UK, or the Canterbury Regional Ethics Com-
mittee, New Zealand. All patients gave written informed
consent. All animal procedures were performed in accor-
dance with the Animals Act 1986 (Scientific Procedures)
and licensed by the Home Office of the United Kingdom.

Collection of Human Endometrial Tissue
Samples for Xenograft Experiments

For the nude mouse model microarray and morphometric
analyses, endometrial biopsies were collected using
Pipelle suction curettes (Endocell, Wallach Surgical De-
vices Inc, Orange, CT). Each volunteer provided enough
tissue for one nude mouse experiment. All women (n � 6)
had regular menstrual cycles (28–30 days) and were not
taking medications. The cycle phase of all biopsies was
histologically confirmed using Noyes criteria.20 The cycle
phase and disease status of the eutopic endometrial
biopsies did not influence the number of lesions that
developed in nude mice nor their gross and histological
appearance in this study. Two of these samples were
used for the microarray experiments whereas the remain-
ing four were used for morphometric analysis of nude
mouse lesions. All collected endometrial biopsies were
immediately placed in prewarmed phenol red free
DMEM/F12 culture media (Sigma-Aldrich Co. Ltd, Dor-
set, UK) for a maximum of 20 minutes. The nude mouse
model of endometriosis was used as previously
described.8,21

For the microarray experiments, endometrium was ob-
tained on days 12 and 13 of the menstrual cycle. One
donor had rAFS stage 1 endometriosis whereas the other
had no detectable endometriosis at laparoscopy. The
samples used for the morphometric analysis were col-
lected on days 12, 14, 15, and 18 of the cycle. Disease
status was surgically defined in one woman with rAFS
stage 2 endometriosis and two disease-free women. The
other volunteer had not had a surgical procedure but was
asymptomatic.

Microarray Analysis of Nude Mouse Lesions

A portion of eutopic endometrium from the same samples
used in the nude mouse model was snap frozen to pro-
vide control human endometrial tissue. Endometriosis-
like lesions were harvested from the nude mice on days
7, 10, and 14 after tissue implantation. A fragment of
tissue was removed from the middle third of each lesion
for histological assessment and the remainder snap fro-
zen for RNA extraction. Fragments from several nude
mouse lesions were pooled (n � 3–5 lesions) based on
the day of harvesting and the source of implanted endo-
metrium. A single lesion that did not contain endometrial
glands and stroma was excluded from the analysis. A
peritoneal biopsy (3 � 3 mm2) was taken from a day 7
and a day 14 nude mouse in both experiments to serve
as the mouse-only peritoneal controls (Figure 1).

Total RNA was isolated from the frozen xenograft tis-
sue, human endometrium, and mouse peritoneum sam-
ples, using Trizol (Invitrogen Ltd, Paisley, UK) and Qia-
gen columns (Qiagen Ltd, Crawley, UK) and then
assessed using an Agilent-2100 Bioanalyzer before la-
beling for Affymetrix microarray analysis as described by
Affymetrix (Santa Clara, CA). Each cRNA sample from the
mouse xenograft model was hybridized to both a MGU-
74Av2 (mouse) and HU-95Av2 (human) Affymetrix Gene-
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Chip (Figure 1). Hybridization and data extraction was per-
formed in the Pfizer Microarray Core Facility in Sandwich,
Kent, UK. Arrays were analyzed for quality control only
using the Affymetrix MAS 5.0 package. Quality control,
background correction and normalization were performed
using the statistical environment R and the Bioconductor
affy package (http://www.R-project.org, April 2007).22

Hybridization of a mixture of cRNA derived from two
different species to a GeneChip is only meaningful if the
probe sets can be demonstrated to be species-specific.
We used a conservative approach that involved the hy-
bridization of control material (human-only endometrium
and mouse-only peritoneum) to both human and mouse
GeneChips.

To compare and combine data obtained from both
human-specific GeneChips and mouse-specific Gene-
Chips we identified orthologous genes and measured the
signal derived from the same transcript on both Gene-
Chips. Orthologous probes were defined by one-to-one
mapping of the human probe sets on the U95Av2 chip to
the mouse probe sets on the U74v2 GeneChip with infor-
mation supplied by Affymetrix (Santa Clara, CA). The
orthologous probes were cross-referenced through their
Swiss-Prot ID, generating a many-to-many set of relation-
ships. There were stored in an SQL database to simplify
the data mining.

The assumptions about hybridization data, which are
implicit in conventional normalization protocols (ie, that
the vast majority of signals do not differ between the two
populations), are not valid in this case. Normalization
methods, which rely on scaling to the global median or a
loess-based transformation on the entire data set are thus
inappropriate. Therefore control probes homologous to
cRNAs spiked into the hybridization mixture (BioB,
BioC, BioD, and cre) were used as an invariant set to
normalize the data (see Supplemental Table 1 at http://
ajp.amjpathol.org). A transformation based on a regres-

sion line fitted through the average of the replicates of
these invariant probes was used to normalize the entire
data set at the probe level.

The 1.5-pmol BioB probe set is considered to be the
limit of sensitivity of the assay and should be called as
present 50% of the time (http://www.affymetrix.com/
support/downloads/manuals/data_analysis_fundamentals_
manual.pdf, Dec 2007). The other controls BioC, BioD,
and cre should always be called present, with increasing
signal values showing their relative frequencies. We used
the median value of the 1.5 pmol of BioB control probe
sets on each normalized array as the threshold for deter-
mining which targets were present.

Given that there are four distinct types of control hy-
bridization (mouse tissue on mouse chip, mouse tissue
on human chip, human tissue on human chip, and human
tissue on mouse chip), there are 16 possible combina-
tions of different signals that can be obtained for every
probe set. Only three of these scenarios are informative
and these define the probe sets that do not cross-hybrid-
ize (Figure 2, upper panel). In case 1, the human probe
set is unambiguously able to identify the human transcript
without cross-hybridizing to the corresponding mouse
RNA. Equally, this probe set on the mouse chip will detect
the mouse-specific transcript, but not the human tran-

Figure 2. Schematic representation of the possible outcomes of hybridizing
human cRNA and mouse cRNA to both human and mouse arrays. Each probe
set on the array will produce one of the 16 possible hybridization patterns.
Filled circles represent positive hybridization. Some probe sets hybridize
with cRNAs derived from both species (ie, cross-hybridize, for example cases
9 and 11); others are uninformative as there is no signal from the hybridiza-
tion with the correct species (for example cases 14–16).

Figure 1. Diagram illustrating the source of tissue for all control and xeno-
graft samples. Each xenograft sample was pooled from three to five nude
mouse lesions at each time point. cDNA from each sample was hybridized to
both the HU-95A (human) and MU-74-Av2 (murine) Affymetrix GeneChip.
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script. In case 2, the human probe set unambiguously
detects the human transcript as there is no cross-hybrid-
ization of the human material to the mouse probe set, but
since the mouse target RNA was not present in the
mouse-only sample, it is not known whether the mouse
RNA cross-reacts with the human probe set. The con-
verse is true in case 3, where the mouse probe set will
detect the mouse transcript and this RNA is not detected
by the human probe set but it is uncertain whether the
human RNA cross-reacts with the mouse probe set, as
this transcript was not present in the human-only sample.
Using this categorization, it is possible to determine on a
gene-by-gene basis which case scenario describes the
result for each probe set. Only probe sets within cases 1,
2, and 3 are informative.

We then hybridized the xenograft-derived cRNAs
(which contain both human and mouse cRNA) to both the
mouse U74v2 and human U95Av2 GeneChips. Using
BioB-derived thresholds, we determined whether signal
was present on the mouse array or the human array or on
both. To conclude that a transcript was present in the
xenograft the signal had to be above the BioB-derived
threshold in five of the six individual arrays (ie, the repli-
cate arrays collected on days 7, 10, and 14 after implan-
tation). It was therefore possible to assign a present or
absent value for each of the non-cross-hybridizing or-
thologous probe sets present on the GeneChip.

The xenograft-derived data sets were analyzed using
Ingenuity Pathways Analysis (IPA, Ingenuity Systems,
Redwood City, CA). Genes were overlaid onto global
molecular networks that were generated using informa-
tion primarily derived from the published literature stored
in the Ingenuity Pathways knowledge base. Pathways of
interest were selected based on P values calculated
using a right-tailed Fisher’s exact test.

Morphometric Analysis of Nude Mouse Lesions

Mice were sacrificed at days 7 or 14 after injection of
human tissue and the lesions collected, fixed in formalin,
and embedded in paraffin wax. All day 7 (n � 9) and 14
(n � 11) lesions �2 mm in greatest dimension were
included in the analysis. Serial 5-�m sections of the
whole lesion were cut and every 13th tissue section de-
waxed, rehydrated, and stained with hematoxylin and
eosin. Five of these were randomly selected from each
lesion for morphometric analysis.

The volume fraction of glands, stroma, necrosis, cysts,
inflammation, and hemosiderin were determined in day 7
and day 14 xenografts using the computer-assisted ste-
reological toolbox (CAST, Visiopharm Denmark) morpho-
metric analysis system, essentially as described in
Cheng et al.23 Additionally, in each field the glands were
counted and an estimate of glandular size (using the
two-dimensional nucleator function of the CAST system)
was performed. As normality of the data could not be
guaranteed, nonparametric statistical analysis was per-
formed using Statview 5.0, and P � 0.05 was taken as
significant.

Immunohistochemistry and Histochemistry

Antigen retrieval was performed using the rehydrated
dewaxed sections by enzymatic digestion with 0.1% tryp-
sin (DIFCO Laboratories, BD, Oxfordshire, UK) in 0.1%
calcium chloride phosphate-buffered saline (pH 7.8) at
37°C for 10 minutes. Frozen sections (5 �m) were thawed
on ice, fixed in ice-cold acetone for 5 minutes, air-dried,
and placed in distilled water (dH2O). The avidin/biotin kit
(Vector Laboratories Ltd, Cambridgeshire, UK) reduced
nonspecific streptavidin binding. Endogenous peroxi-
dases were quenched with 3% hydrogen peroxidase
(DIFCO Laboratories) in methanol.

The sections were preincubated in goat serum in 0.1%
bovine serum albumin (DIFCO Laboratories)/phosphate-
buffered saline (F4/80 assay) or in serum from the mouse
on mouse kit (Vector Laboratories). The mouse on mouse
kit protocol was followed for all immunohistochemistry
that involved mouse monoclonal antibodies including
mouse anti-human CD 68 (1.25 �g/ml, DAKO, Cam-
bridgeshire UK), mouse anti-human major histocompati-
bility complex (MHC) class I (2 �g/ml DAKO) and mouse
anti-human �-smooth muscle actin (�-SMA) (Clone 1A4,
2.3 �g/ml, Sigma-Aldrich). Rat anti-human F4/80 antibod-
ies (10 �g/ml, Serotec Ltd, Oxfordshire, UK) and rabbit
anti-human von Willebrand factor antibodies (5.7 �g/ml
DAKO) were incubated overnight at 4°C. Biotinylated
goat anti-rat secondary antibodies (5 �g/ml, Serotec) and
goat anti-rabbit (5 �g/ml, Serotec) were then applied to
these sections, respectively, for 1 hour at 37°C. Isotype-
specific mouse IgG1 and IgG2 (Harlan Sera-Lab Ltd.,
Loughborough, UK) and rat IgG1 (Serotec) and Rabbit
IgG (DAKO) were used as negative controls. The anti-
bodies were detected and visualized with the Vectastain
ABC kit (Vector Laboratories) and diaminobenzidine (Sig-
ma-Aldrich). All sections were counterstained with Car-
azzi’s hematoxylin. The sections were dehydrated and
mounted in Depex (BDH Laboratory Supplies Ltd, Dorset,
UK). Collagen was detected in dewaxed and rehydrated
formalin-fixed 5-�m sections using Weigert’s iron hema-
toxylin and Van Gieson’s method.

Microarray Analysis of Paired Eutopic and
Ectopic Human Endometrial Tissue

For microarray analysis, paired biopsies from eutopic
endometrium and ectopic lesions were taken from nine
women with endometriosis (rAFS stages 2–4). The me-
dian age of patients was 34 years (range, 20–46 years).
Samples of eutopic endometrium and peritoneal ectopic
endometriosis from either the broad ligament (visceral
peritoneum) or parietal peritoneum were collected at The
Oxford Clinic, Christchurch, New Zealand. Histological
examination of a fragment of all endometriotic biopsies
confirmed the presence of glandular epithelium and
stroma. Eutopic endometrial samples were dated histo-
logically using Noyes criteria.20 Of the nine patients, five
were in the proliferative phase and four were in the se-
cretory phase. All eutopic and ectopic tissue samples
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were immediately snap-frozen in liquid nitrogen and
stored for RNA extraction.

The nine paired eutopic and ectopic endometrial sam-
ples were homogenized in 1 ml of Trizol (Invitrogen Ltd,
Paisley, UK) and RNA extracted as described by the
manufacturer. The RNA was further purified using Qiagen
columns (Qiagen Ltd, Crawley, UK) and DNase (Invitro-
gen Ltd.). RNA integrity was assessed using an Agilent-
2100 Bioanalyzer. cRNA for array analysis was prepared
as described by Affymetrix (http://www.affymetrix.com/
support/downloads/manuals/data_analysis_fundamentals_
manual.pdf, Dec 2007). The paired ectopic and eutopic
human samples (n � 18) were hybridized to U133A Af-
fymetrix cDNA arrays containing �23,000 probe sets in total.

The raw data were normalized both within arrays and
between arrays using the LIMMA software package.24

Transcript abundance data were compared between eu-
topic endometrium and endometriotic lesion from the
same patient samples using the paired CyberT algorithm
(version 3.70; experror � 0.25, winsize � 101, conf. � 30,
minrep � 10, betafit � 3)25 (http://cybert.microarray.
ics.uci.edu, May 2007). This algorithm is a paired t-test,
modified by the inclusion of a Bayesian prior based on
the variance of other transcripts with similar expression
values in the data set.26 Transcripts with an absolute fold
change of greater than 2, a Bayesian P � 0.0001 and
posterior probability for differential expression (ppde)
�0.99 were selected.25 In addition, the rank products
method described by Breitling27 was used and an addi-
tional threshold of RankProd P � 0.001 imposed to select
the final list of regulated transcripts. The transcripts finally
selected had to meet all these criteria. Gene ontologies
were identified using FatiGO28 (http://www.fatigo.org,
Sept 2007). The transcripts identified as having signifi-
cantly different abundance were analyzed using the In-
genuity Pathway Analysis package (Redwood City, CA).

The resulting list of transcripts present in the xenograft
lesions was compared with that obtained by analyzing
the eutopic and ectopic human tissue specimens. The
probability of identifying overlapping sets of transcripts
was determined using the hypergeometric distribution
function dhyper in the statistical language R. The mi-
croarray data from the xenograft and eutopic/ectopic
endometrial experiments have been submitted to Gene
Expression Omnibus [http://www.ncbi.nlm.nih.gov/projects/
geo; accession numbers GSE11691 for eutopic and
ectopic human endometrium (endometriosis) and
GSE11768 for nude mouse model of endometriosis].

Results

Human and Mouse Microarray Analysis

In all, 5993 orthologous probe sets on the human
(U95Av2) and the mouse (U74Av2) Affymetrix Gene-
Chips were identified from information supplied by Af-
fymetrix. As controls, human endometrium and mouse
peritoneum were each hybridized to both human and
mouse GeneChips, followed by normalization and thresh-
olding based on the median of the 1.5-pmol BioB signals.

This identified that, of the 5993 orthologous probe sets,
667 could be used to unambiguously identify both human
and mouse transcripts (case 1 in Figure 2), 856 probe
sets could be used to unambiguously identify human but
not mouse transcripts (case 2 in Figure 2), and 582 probe
sets could be used to unambiguously identify mouse but
not human transcripts ie, case 3 in Figure 2. Thus, a total
of 2105 probe sets could be used to reliably and specif-
ically interrogate the transcript abundance profiles of the
endometriosis xenografts.

Of the transcripts identified by these 2105 probe sets,
129 were present in the control tissues (ie, both human
endometrium and mouse peritoneum) but not present in
five of six nude mouse xenograft samples analyzed.
These transcripts are listed in Supplemental Table 2 at
http://ajp.amjpathol.org and are not associated with ec-
topic endometrial lesions. Furthermore, none of these 129
transcripts was identified as differentially expressed in
the analysis of the eutopic/ectopic human tissues.

The presence or absence of the remaining 1976 tran-
scripts in either human (endometrium), mouse (stroma), or
both components of the xenografts was determined. The
number of transcripts that showed consistent signal (ie, in
five of the six pooled xenograft lesions analyzed) as unam-
biguously being present in the human and mouse transcrip-
tomes is summarized in Table 1. Functional information
about the proteins encoded by these transcripts is in Sup-
plemental Table 3 at http://ajp.amjpathol.org.

Analysis of the possible relationships among the pro-
teins encoded by transcripts identified in the xenograft
lesions was performed using IPA. This revealed four
pathways relevant to endometriosis: cell injury and ne-
crosis (Figure 3A), inflammation (Figure 3B), tissue re-
modeling and collagen deposition (Figure 3C), and tu-
morigenesis (Figure 3D).

Histology of Nude Mouse Lesions

Day 7 lesions were characterized by a central necrotic
area surrounded by stroma and dilated glands with flat-
tened epithelium (Figure 4A). Epithelialized cystic struc-
tures were present at the core of most day 14 lesions and
necrotic tissue was rarely seen. These cystic spaces
were surrounded by large numbers of small pseudostrati-
fied glands located in stromal tissue (Figure 4B). Mitotic
figures were noted in the glandular epithelium and in

Table 1. Numbers of Mouse and Human Transcripts
Unambiguously Identified in Nude Mouse
Xenografts

Both human and mouse transcripts absent from
lesion

129

Both human and mouse transcripts present in
lesion

177

Mouse transcript present, human transcript
absent from lesion

97

Human transcript present, mouse transcript
absent from lesion

53

Mouse transcript present in lesion 190
Human transcript present in lesion 187
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centrally located stromal cells in both day 7 and day 14
xenografts (Figure 4C).

Morphometric Study

Histological differences between day 7 and day 14 xeno-
grafts were consistently seen in 20 lesions derived from
four different individuals’ endometria (Figure 4D). Stroma
and necrosis occupied the largest volume fraction of day
7 lesions. The volume fraction of stroma was higher
(Mann-Whitney U test, P � 0.0001) and necrosis lower
(P � 0.0001) in day 14 lesions. A larger volume fraction of
day 14 lesions was occupied by glands (P � 0.0001) and
cystic structures (P � 0.001) when compared to day 7
lesions. No statistically significant difference was seen in
the low volume fractions of hemosiderin and inflammation
between days 7 and 14 (P � 0.788 and P � 0.096,
respectively) (Figure 4D).

Glands in day 14 lesions were more frequent (P �
0.002) but were smaller than those in day 7 lesions (P �
0.001). A few unusually large glands seen in the day 14

data set may represent a cut through the edge of a
central cyst (Figure 4, E and F).

Identification of Human and Mouse Cells in
Nude Mouse Lesions

Human cells are anti-human MHC class I� and show
uniform nuclear Hoechst staining, whereas mouse cells
are anti-human MHC class I� and show punctate nuclear
Hoechst staining (Figure 5). In day 7 lesions, intense
human MHC class I immunoreactivity was seen in cen-
trally located endometrial glands and stroma. Unstained
cells were seen in the outer two-thirds of the lesion and
surrounding human endometrial glands (Figure 5, A and
B). At day 7, murine cells with punctate Hoechst-stained
nuclei were present in the stromal tissue at the periphery
of the lesion, often immediately adjacent to human glan-
dular epithelial cells (Figure 5E, arrow).

Diffuse anti-human MHC class I staining was detected
in central areas of day 14 xenografts. Unstained stromal

Figure 3. Four key Ingenuity Pathways Analyses (A–D) representing the molecular relationships between the unambiguously identified human and mouse
transcripts in nude mouse xenografts. Each node represents a transcript: green, mouse-specific; red, human-specific; pink, represented in both human and mouse
transcriptomes. Supplemental Table 3 at http://ajp.amjpathol.org lists the gene names for all abbreviations. The gene products are represented as nodes, and the
biological relationship between two nodes is represented as a line. All lines are supported by at least one reference in literature, textbook, or from canonical
information stored in the Ingenuity Pathways knowledge base.
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cells were interspersed with human MHC class I� stromal
cells in more central locations. The glandular epithelium
remained anti-human MHC class I� in day 14 lesions
(Figure 5, C and D). Similarly, large numbers of murine
cells with punctate Hoechst-stained nuclei were in the
periphery of day 14 nude mouse lesions but solitary,
murine cells with speckled nuclei were also seen among
clusters of cells with human-type nuclei in the core of day
14 lesions (Figure 5G, arrows). Both day 7 and day 14
xenografts displayed cells with human and murine
Hoechst nuclear staining characteristics in close associ-
ation (Figure 5, E–G).

Macrophages

No human CD68-positive macrophages were detected in
nude mouse lesions (Figure 6, C and F). In contrast,

antibodies against the murine macrophage specific anti-
gen, F4/80, revealed murine macrophage infiltration in
nude mouse lesions. In day 7 xenografts, murine macro-
phages were only present at the edge of the lesion (Fig-
ure 6, A and B). In day 14 lesions, many isolated macro-
phages were also apparent in a central location,
scattered in the stromal tissue (Figure 6, D and E).

Smooth Muscle Actin

Immunohistochemical staining revealed large numbers of
�-SMA containing myofibroblasts in the periphery of day
7 explants (Figure 6, G and H) and in more central
locations at day 14 (Figure 6, I and J). Colocalization of
the �-SMA antibody (green) to subepithelial cells that
exhibited typically murine, punctate Hoechst-stained nu-
clei confirmed the murine origin of these �-SMA-contain-
ing cells (Figure 6K).

Collagen

Ectopic endometrium demonstrated stronger collagen
staining than eutopic endometrium from the same and
other women (Figure 7, C and F). Light peripheral colla-
gen staining was apparent in the periphery of day 7 nude
mouse lesions (Figure 7, A and B). Compared to day 7
xenografts, collagen staining in day 14 xenografts was
increasingly intense and seen in progressively more cen-
tral locations over time (Figure 7, D and E). At all time
points collagen fibers were seen encircling but not pen-
etrating the glandular epithelium (Figure 7, B and E).
Hematoxylin and eosin-stained sections revealed cells
lined up along extracellular matrix (ECM) fibers in nude
mouse lesions (Figure 7I).

Endothelial Cells

Endothelial cells stained for von Willebrand factor were
present in the periphery of day 7 nude mouse lesions in
small unstructured clusters (Figure 7G). In day 14 nude
mouse lesions von Willebrand factor-positive vascular
endothelial cells were seen in discrete vessels in central
locations of the xenograft in close proximity to the glan-
dular epithelium (Figure 7H).

RNA Transcripts Differentially Expressed
Between Eutopic and Ectopic Endometrium
of Patients with Endometriosis

After normalization, the 18 paired eutopic and ectopic
samples were compared using Cyber-T and RankProd,
and 232 transcripts were found to be significantly up-
regulated and 390 transcripts to be significantly down-
regulated in ectopic lesions relative to eutopic endome-
trium. These transcripts are listed in Supplemental Table
4 at http://ajp.amjpathol.org. The regulated transcripts
were assigned to functional subsets by ontology analysis
of biological processes, molecular function, and cellular
component (Table 2). The biological processes catego-

Figure 4. A–C: Formalin-fixed sections stained with hematoxylin and eosin
from day 7 (A) and day 14 (B and C) nude mouse xenografts. A: Day 7 nude
mouse xenografts exhibited central necrosis, glandular degeneration, and
leukocyte infiltration. B: Day 14 implants contained an epithelialized cen-
tralized cystic space surrounded by multiple pseudostratified glands. C:
Mitotic figures are identified in day 14 glandular and stromal cells (arrows).
D: Volume fraction analysis of day 7 and day 14 nude mouse explants.
Necrosis occupied a larger volume of day 7 lesions, whereas a higher volume
fraction of total glands, stroma, and cysts was present in day 14 xenografts
(*P � 0.0001; **P � 0.001). E: Two-dimensional nucleation endometrial
gland size estimates from day 7 and day 14 nude mouse lesions. Endometrial
gland size was significantly reduced in day 14 lesions (*P � 0.0001). F: The
number of glands per field in day 7 and day 14 nude mouse xenografts. There
were more glands per field in day 14 xenografts (***P � 0.002).
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ries showing significant over- or under- representation
included inflammatory response (n � 18), response to
wounding (n � 22), cell adhesion (n � 35), calcium-
independent cell adhesion (n � 5), primary metabolic
process (n � 104), and DNA metabolic process (n � 2).
The only ontology in the molecular function category
showing a significant over- or under- representation was
nucleic acid binding (n � 30). The cellular components
identified by this analysis were extracellular space (n �
28), intercellular junction (n � 10), extracellular matrix
(n � 17), integral to membrane (n � 85), and nuclear part
(n � 4). Additional details relating to all of the regulated
transcripts and their Gene Ontology (GO) categories are
shown in Supplemental Table 5 at http://ajp.amjpathol.org.

The list of the all human and mouse transcripts that
could be definitively identified in the xenograft lesions
was compared with that derived from the analysis of the
eutopic and ectopic tissues. Thirty-three unique tran-
scripts were identified as being present in both lists,
although there were several instances in which tran-
scripts were detected by more than one probe set in
each of the analyses. Analysis using a hypergeometric
distribution indicated that the probability of at least this
degree of overlap occurring by chance was 0.0007.
These transcripts are listed in Table 3. It is noteworthy
that 16 of 16 distinct transcripts identified as murine in the

xenografts were up-regulated in the ectopic human tis-
sue, and nine of 10 exclusively human transcripts were
down-regulated in the ectopic tissue.

Discussion

Drug development is hindered by a lack of knowledge
about the pathogenesis of endometriosis. In particular, we
do not yet understand the cross-talk signals that pass
between the ectopic endometrium and the mesothelial
cells derived from the peritoneum in the lesions. To
address this, a unique cross-species microarray anal-
ysis of xenografts from the nude mouse model of en-
dometriosis was performed. This analysis revealed for
the first time separate molecular pathways that operate
between the endometrial and peritoneal components
of endometriotic lesions. These molecular changes
were then linked to histological changes identified in
developing endometriosis-like lesions and to gene sig-
natures in human endometriotic tissues.

Nude mice are commonly used as models of
endometriosis21,29and cancer30 despite the species mis-
match between some receptor-ligand pairs. Although these
animals have a partial immune deficit they have nonethe-
less been widely used to investigate the effect of human

Figure 5. A–D: Immunohistochemical localiza-
tion of human MHC class I antigens in frozen
sections from day 7 (A and B) and day 14 (C and
D) nude mouse lesions. A and B: In day 7
lesions, centrally located glandular epithelium
and stroma demonstrate intense brown human
MHC class I immunoreactivity whereas un-
stained murine cells are seen around the circum-
ference of the lesion (A) and in tongues extend-
ing into the center (B). C and D: In day 14
xenografts, anti-human MHC class I antibody
staining is more diffuse (C) with significant
numbers of unstained murine cells seen in cen-
tral locations of the xenografts (D). The glandu-
lar epithelium maintains strong human MHC
class I immunoreactivity in day 7 (B, arrows)
and day 14 (D, arrows) lesions. E–G: Fluores-
cent staining of formalin-fixed nude mouse
xenografts using the Hoechst reagent. E: A gray
scale high-magnification view shows cells with
uniformly Hoechst-stained nuclei (h, human)
immediately adjacent to cells with speckled nu-
clei (m, murine). F: In a day 7 lesion, the glow
over function demonstrates the punctate nuclei
of murine stromal cells (m) between the homo-
geneously nucleated human cells of two glan-
dular epithelia (h). G: Punctate solitary murine
nuclei (arrows) can be seen completely sur-
rounded by cells with homogenous human nu-
clei in the central part of a day 14 lesion.
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Figure 6. Antibody reactivity in frozen sections from day 7 (A–C) and day 14 (D–F) nude mouse xenografts. A and B: Many brown-stained, F4/80-positive murine
macrophages are identified in the peripheral rim of frozen sections from day 7 xenografts (A) and between peripheral glandular epithelia (B). D and E: Large
numbers of brown F4/80-positive murine macrophages are present in the periphery of day 14 nude mouse lesions (D). F4/80-positive macrophages are less
densely scattered throughout the stroma of central portions of the day 14 xenografts (E). C and F: Anti-human CD68 immunoreactivity in paraffin-embedded nude
mouse lesions. There were no CD68-positive cells in paraffin-embedded sections from day 7 (C) or day 14 (F) nude mouse xenografts. G–J: Immunohistochemical
identification of �-SMA-positive cells in paraffin-embedded sections from day 7 (G and H) and day 14 (I and J) nude mouse xenografts. Large numbers of
brown-stained, �-SMA-positive myofibroblasts are present in the outer third of paraffin-embedded sections from day 7 nude mouse lesions (G), and some are
immediately adjacent to the necrotic core (H). Spindle-shaped �-SMA-positive myofibroblasts are seen subepithelially in the stromal tissue in central parts of the
day 14 xenografts (I and J). K: Fluorescent colocalization of anti-�-SMA antibodies and the Hoechst nuclear stain in a formalin-fixed day 14 nude mouse lesion
revealed green �-SMA-positive fibers in the cytoplasm of subepithelial cells that contain orange speckled Hoechst-stained (murine) nuclei. The glandular
epithelium is made up of cells with a homogeneous (ie, human) nuclear appearance after Hoechst staining.
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Figure 7. A–F: Staining of collagen fibers using Weigert’s iron hematoxylin and Van Gieson’s method in formalin-fixed day 7 (A and B) and day 14 (D and E)
nude mouse lesions and in frozen sections of human eutopic (C) and ectopic (F) endometrium from the same volunteer. Sparse red collagen fibers are present
at the edges of formalin-fixed day 7 nude mouse lesions (A) and in more central locations by day 14 (D). The collagen fibers encircle the endometrial glands
between day 7 (B) and 14 (E). Eutopic human endometrium (C) displays light red collagen staining, whereas ectopic endometrium (F) exhibits intense collagen
staining. G and H: Von Willebrand factor (vWF) immunoreactivity in formalin-fixed sections from day 7 (G) and 14 (H) nude mouse lesions. Scattered brown vWF
vascular endothelial cells are present in the periphery of day 7 xenografts (G), whereas small vessels made up of brown endothelial cells are present in central
locations of day 14 lesions (H). I: Hematoxylin and eosin staining of a day 7 nude mouse lesion show purple-stained cells lined up along fibers of the extracellular
matrix.
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therapeutic agents in endometriosis,8,9,31 Furthermore, we
found a highly significant overlap between the transcripts
present in nude mouse xenografts and those differentially
regulated between human eutopic and ectopic endometrial
tissue. This suggests that similar cellular processes occur in
both human disease and nude mouse xenografts.

It would be desirable to quantitatively assess and com-
pare the absolute level of transcripts in xenograft lesions.
However, to correctly perform this quantitative determi-
nation, it would be essential to identify polymerase chain
reaction primers for both the transcript to be quantified
and for a normalizing “housekeeping” transcript. How-
ever, all commonly used “housekeeping” transcripts are
highly conserved between man and mouse therefore nor-
malization is technically difficult. In addition, normaliza-
tion using house keeping transcripts would not account
for the variable proportion of human cells in xenograft
lesions. Thus, changes in xenograft composition could
erroneously be interpreted as changes in transcript level.
To ensure our data were not confounded by differences
in tissue composition between xenografts, we chose to
nonquantitatively identify the tissue of origin of transcripts
present in the xenografts.

Robust methods were used to exclude cross-species
hybridization and, although some transcripts may be ex-
cluded that are truly present in nude mouse lesions, this
conservative approach is preferable to incorrectly includ-
ing data from cross-hybridizing transcripts. Due to the
small number of replicate xenografts analyzed in this

study and because of the possibility of confounding due
to differences in xenograft tissue composition, transcript
abundance was not quantified, rather the transcripts
were identified as either present or absent in the human
or mouse compartments of the lesions. This approach
provided valuable information about the molecular path-
ways involved in the dialogue between endometrial and
peritoneal tissues in endometriotic lesions.

Cellular Injury

One pathway identified in nude mouse lesions contained
numerous transcripts encoding endometrial and host-de-
rived proteasome subunits (Figure 3A); for example five of
the seven �-type subunits (PSMA2, PSMA3, PSMA4,
PSMA6, and PSMA7) and six components of the 19S reg-
ulatory particle (PSMD1, PSMD6, PSMD7, PSMD8,
PSMD10, and PSMD11) were present. Proteasomes are
multi-subunit complexes that degrade ubiquitin-tagged
proteins in a highly regulated ATP-dependent manner. The
identification of transcripts encoding these subunits sug-
gests that protein recycling and turnover is occurring in the
xenografts. This is borne out by the histological observation
that a large necrotic core was present in the day 7 nude
mouse lesions. Becker et al demonstrated increased stain-
ing density of the hypoxia probe, pimonidazole hydrochlo-
ride, in central locations of early xenografts from the nude
mouse model of endometriosis.32 These findings suggest

Table 2. Gene Ontology Analysis of Genes Differentially Expressed in Human Eutopic/Ectopic

Gene ontology category Level

Number of genes
differentially
expressed in

microarray analysis

Percentage of
genes differentially

expressed in
microarray analysis

Number of
genes on

U133A
GeneChip

Percentage of
genes on

U113A
GeneChip

Unadjusted
P value

Adjusted
P value

Biological process
Cell adhesion 3 35 14.71 475 5.67 4.50E-07 3.59E-04
Defense response 3 29 12.18 372 4.44 1.70E-06 9.03E-04
Primary metabolic

process
3 104 43.7 4830 57.62 2.57E-05 1.02E-02

Macromolecule
metabolic process

3 86 36.13 4162 49.65 4.20E-05 1.57E-02

Cellular metabolic
process

3 112 47.06 4953 59.09 2.32E-04 4.92E-02

Biopolymer metabolic
process

4 50 21.65 3154 38.33 1.30E-07 1.19E-04

Nucleobase, nucleoside,
nucleotide, and
nucleic acid process

4 34 14.72 2359 28.67 1.19E-06 7.55E-04

Response to wounding 4 22 9.52 303 3.68 7.48E-05 2.10E-02
Cell-cell adhesion 4 14 6.06 153 1.86 1.83E-04 4.15E-02
Calcium-independent

cell-cell adhesion
5 5 2.3 11 0.14 4.68E-05 1.66E-02

Inflammatory response 5 18 8.29 215 2.75 5.47E-05 1.76E-02
DNA metabolic process 5 2 0.92 530 6.77 7.58E-05 2.10E-02
Molecular function

Nucleic acid binding 3 30 11.95 2001 22.91 1.62E-05 6.86E-03
Cellular component

Extracellular space 4 28 12.07 358 4.4 2.59E-06 1.27E-03
Intercellular junction 8 10 7.94 93 1.59 5.53E-05 1.76E-02
Extracellular matrix
(Sensu Metazoa) 4 17 7.33 193 2.37 6.96E-05 2.10E-02
Integral to membrane 7 85 52.47 2546 37.5 1.48E-04 3.94E-02
Nuclear part 9 4 7.55 705 29.87 1.77E-04 4.15E-02
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that ischemia-mediated cell death in the inner poorly vas-
cularized core of day 7 nude mouse lesions may cause
central necrotic changes.

Inflammation

Tissue damage activates the innate immune system and
triggers an inflammation and repair response.33 Nuclear
factor �B1 (NF-�B1) and RELA were central components of
another ingenuity pathway (Figure 3B) describing relation-
ships between transcripts derived from endometrial and host
site tissues in nude mice. The NF-�B transcription factor sys-
tem up-regulates the transcription of proinflammatory medi-
ators such as cyclooxygenase-2, MCP-1, regulated on ac-
tivation normal T cell expressed and secreted (RANTES),
granulocyte macrophage–colony-stimulating factor (Gm-
CSF), interleukin (IL)-6, IL-8, MHC class I, and matrix met-
alloproteinase (MMP) 7,33 all of which are associated with

endometriotic disease (Table 3). Tumor necrosis factor
(TNF)-� and IL-1�, which up-regulate the inflammatory
NF-�B pathway, have been found at high levels in the
peritoneal fluid from women with endometriosis.34,35 NF-�B
was shown to be activated in endometriotic lesions29 and in
peritoneal macrophages from women with endometriosis.36

Moreover, two inhibitors of the NF-�B pathway significantly
reduced xenograft development in the nude mouse model
of endometriosis.37

The presence of numerous leukocytes in the xeno-
grafts38 (Figure 5) and an elevation of activated macro-
phages in the peritoneal environment of women with endo-
metriosis39 are further indicators of the inflammatory
response in both the animal model and human disease. In
the human microarray analysis, transcripts in GO catego-
ries “inflammatory response” and “response to wounding”
were significantly over-represented (Table 3). In addition,
several inflammation-related transcripts were differentially

Table 3. Transcripts That Are Present in Nude Mouse Xenografts and Differentially Regulated in Human Endometriotic Lesions
Versus Eutopic Endometrium

Official gene
symbol Title Species specificity

Ratio of ectopic to
eutopic samples

IL11RA Interleukin 11 receptor, alpha Mouse 2.41
LMNA Lamin A/C Mouse 2.42
IGFBP5 Insulin-like growth factor binding protein 5 Mouse 2.44
IGFBP5 Insulin-like growth factor binding protein 5 Mouse 2.44
FMOD Fibromodulin Mouse 2.74
CR1 Complement component (3b/4b) receptor 1

(Knops blood group)
Mouse 2.87

CXCL12 Chemokine (C-X-C motif) ligand 12 (stromal
cell-derived factor 1)

Mouse 3.07

MCAM Melanoma cell adhesion molecule Mouse 3.45
MGP Matrix Gla protein Mouse 3.67
ITM2A Integral membrane protein 2A Mouse 4.17
AQP1 Aquaporin 1 (Colton blood group) Mouse 4.39
COL14A1 Collagen, type XIV, alpha 1 (undulin) Mouse 4.63
COL14A1 Collagen, type XIV, alpha 1 (undulin) Mouse 4.63
MNDA Myeloid cell nuclear differentiation antigen Mouse 4.72
CCL2 Chemokine (C-C motif) ligand 2 Mouse 4.95
LPL Lipoprotein lipase Mouse 6.23
FHL1 Four and a half LIM domains 1 Mouse 6.69
DPT Dermatopontin Mouse 8.44
DPT Dermatopontin Mouse 8.44
PAPSS1 3�-Phosphoadenosine 5�-phosphosulfate

synthase 1
Human and mouse 0.21

CSPG2 Chondroitin sulfate proteoglycan 2 (versican) Human and mouse 0.32
CSPG2 Chondroitin sulfate proteoglycan 2 (versican) Human and mouse 0.32
CSPG2 Chondroitin sulfate proteoglycan 2 (versican) Human and mouse 0.32
MSX1 msh homeobox 1 Human and mouse 0.39
MSX1 msh homeobox 1 Human and mouse 0.39
TUBB2A Tubulin, beta 2A Human and mouse 2.98
ACTA2 Actin, alpha 2, smooth muscle, aorta Human and mouse 3.18
S100A4 S100 calcium binding protein A4 Human and mouse 3.23
TPM1 Tropomyosin 1 (alpha) Human and mouse 3.54
DEFB1 Defensin, beta 1 Human 0.13
INDO Indoleamine-pyrrole 2,3 dioxygenase Human 0.17
HOMER2 Homer homolog 2 (Drosophila) Human 0.26
SPINT2 Serine peptidase inhibitor, Kunitz type, 2 Human 0.28
WFDC2 WAP four-disulfide core domain 2 Human 0.31
ARHGEF5 Rho guanine nucleotide exchange factor

(GEF) 5
Human 0.37

DLX5 Distal-less homeobox 5 Human 0.38
SLPI Secretory leukocyte peptidase inhibitor Human 0.46
KRT19 Keratin 19 Human 0.48
MXRA5 Matrix-remodeling associated 5 Human 4.31

Ratios in italics denote down-regulation in ectopic tissue.
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expressed in human eutopic and ectopic endometrial tissue
and present in the xenograft model (for example CXCL12,
CCL2, and IL11RA; Table 4).

Tissue Repair and Remodeling

In tissue injury, inflammatory processes are self-limited
and are followed by healing and repair.40 Transforming
growth factor (TGF)-�1 promotes Thy2� interleukin activ-
ity, inhibiting macrophage activation and inducing cellu-
lar proliferation and extracellular matrix formation.41

TGF-�1 was a central factor in another xenograft-derived
ingenuity pathway (Figure 3C), and several ECM tran-
scripts (COL1A2, COL3A1, FN1, and MGP) were down-
stream of TGF-�1 in the IPA networks generated from
nude mouse lesions. Furthermore, elevated levels of
TGF-�1 are present in the peritoneal fluid from women
with endometriosis,42 and endometriosis is associated
with a Thy2 immune response pattern.43,44

Myofibroblast-associated transcripts were present in
both human and nude mouse microarray gene lists, for
example �-SMA (ACTA2). Myofibroblasts attracted to in-
flammatory sites, deposit collagen and other ECM pro-
teins that provide structure for proliferating stromal and

epithelial cells.45 In addition to the ECM components in
the IPA network mentioned above, transcripts encoding
other matrix components or matrix-modifying factors
were identified in both the human and xenograft arrays
(CSPG2, COL14A1, MXRA5, SLPI, MCAM, DPT). Staining
of nude mouse lesions for collagen showed a progres-
sively central and more intense staining pattern that en-
circled the epithelial glands over time (Figure 7, B and E).

In the nude mouse, host myofibroblasts (identified by
staining for �-SMA; Figure 6, H–K) were in the periphery
of day 7 lesions, whereas by day 14 they were located
centrally. Cellular motility is achieved by restructuring the
actin cytoskeleton,46 and several actin-associated pro-
teins were present in both species compartments from
nude mouse explants (for example CTTN, DSTN, ACTB
ACTR3, ARPC2, and ARPC1B). Other transcripts encod-
ing proteins involved in cell motility are also present in
both xenografts and human tissue (TUBBA2, TPM1, and
S100A4). Integrins mediate cell matrix signaling and pro-
vide anchorage during cell migration and several integrin
transcripts were present in the xenografts (ITGB1, ITGB5,
and ITGAV). MMPs and other proteases degrade pro-
teins in the pathway of motile cells and cleave integrin-
mediated anchoring interactions between cells and the

Table 4. Summary of Correlation between Ingenuity Pathways, Histology of Xenografts, Other Transcripts Present in Xenografts,
Human Eutopic/Ectopic GO-Ontology Analysis, and Findings in the Literature

Cellular events
Ingenuity
pathway

Microscopic
findings in
xenografts

Transcript associations
in xenografts

GO ontology analysis
in human endometrial

tissues (P � 0.05) Literature citations

Cellular injury Proteasome
pathway

Central necrosis in
day 7 lesions

Ubiquitin/proteasome
pathway

Oxidative damage58

Breakdown Hypoxia32

Inflammation NF-�B
pathway

Infiltration of
host-derived
macrophages

Macrophages Response to
wounding (n � 22)

TNF-�29

TNF-� and IL-1� NFKB,59 COX-2,60

MHC class I61

NF-�B Inflammatory
response (n � 18)

RANTES,62 MCP-1,63

GM-CSF,64

macrophages65,66

Chemokines
Tissue repair and

remodeling
TGF-�

pathway
Morphometric

evidence of
glandular
remodeling

Myofibroblasts, actin
cytostructure

Cell adhesion
(n � 35)

TGF-�,67,68 �-SMA,69

Thy243,44

Infiltration of
myofibroblasts

Integrins and cell
adhesion molecules

Calcium-independent
cell adhesion
(n � 5)

Interleukin-6,70

interleukin 8,71

interleukin 10,70

integrins,72,73

MMP-7,74

fibrinogen,75

tenascin,76

collagen77

Collagen and other
ECM laid down

Matrix
metalloproteinases

Extracellular matrix
(n � 17)

Cell matrix
interaction

Extracellular matrix Intracellular junction
(n � 10)

Cellular
proliferation

KRAS
pathway

Increased volume
fraction of glands
and stroma over
time

Oncogenes DNA metabolic
process (N � 2)

KRAS,48 VEGF-A,8

proliferation,78

cell survival79,80

Mitotic figures in
glands and
stromal cells

Cell survival Nucleic acid binding
(n � 30)
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ECM,46 and both mouse MMP7 and MMP11 transcripts
were identified in the lesions.

In healing intestinal glandular tissue, actin fibers were
seen connecting subepithelial myocytes and epithelial
cells. The contraction of myocytes promoted epithelial
cell-to-cell contact and re-epithelialization of damaged
intestinal glands.47 A similar interaction may occur be-
tween human endometrial glands and host derived myo-
cytes in endometriotic tissues as murine myofibroblasts
were seen encircling human ectopic endometrial glandu-
lar cells in nude mouse lesions (Figure 6, I and J).

Cellular Proliferation

Ectopic regeneration of the endometrial glandular epithe-
lium was evidenced by several epithelial specific tran-
scripts in the human nude mouse-derived transcriptome
(KRT18 and KRT19). Additionally, the volume fraction,
size, and number of endometrial glands were higher in
day 14 nude mouse xenografts when compared to day 7
lesions, whereas mitotic figures were seen in both glan-
dular epithelial and stromal cells.

The KRAS transcript was a central transcript in the last
IPA network (Figure 3D) derived from nude mouse xeno-
grafts. KRAS participates in cell proliferation, regulating
the cell cycle through its GTPase activity. In a mouse
model, activation of KRAS activity was associated with
the development of endometriosis and endometrioid
ovarian cancer,48underlining its importance in the endo-
metriotic disease process. Other tumor-associated tran-
scripts were present in the endometrial component of
nude mouse xenografts (for example ABL1 and AKT)
suggesting that similar proteins direct cell proliferation in
both tumor cells and grafted ectopic human endome-
trium. Furthermore, epidemiological studies that show an
increased incidence of ovarian cancer in patients diag-
nosed with endometriosis.49 The molecular studies re-
ported here and those of Dinulescu et al48 may suggest
a mechanism behind the population-based studies but
this warrants further investigation.

Other Cellular Processes

Like tumors, ectopic endometrium must attract a vascular
supply to survive. In our study complexes of small blood
vessels and endothelial cells were seen at the edge of
day 7 nude mouse lesions, whereas by day 14 the endo-
thelial cells were centrally located (Figure 7, G and H).
We have previously determined that these endothelial
cells are mouse-derived,8 and it may be that hypoxia
inducible factor up-regulates VEGF-A50 in the center of
the nude mouse xenografts, attracting host endothelial
cells to the lesion to form blood vessels. This would
account for the success of antiangiogenic agents in sup-
pressing lesion formation in in vivo models of endometri-
osis.8,9 In our study, mouse VEGF-A was present in the
nude mouse xenografts, suggesting secretion of this fac-
tor by infiltrating host cells such as macrophages,39 al-
though previous data suggested that inhibition of human
VEGF-A was critical to lesion suppression.8

Inflammatory cell infiltration, extracellular matrix re-
modeling, cellular proliferation, and vascular formation
are integral to the development of both tumors and en-
dometriosis.51 In a similar fashion to cancer, endometri-
otic cellular interactions were more complex than a mere
host-graft dialogue in ectopic endometrial lesions.52,53

Three different host-derived cell types (macrophages,
myofibroblasts, and vascular endothelial cells) were
identified in the stroma of nude mouse xenografts, and
stromal cells derived from the endometrium were also
present. Furthermore, an interaction between the ECM
and cells in nude mouse lesions was apparent, with
cells directly visualized lying along fibers of the ECM
(Figure 7E).

The xenograft model of endometriosis we used has two
great advantages over other methods. First, it incorpo-
rates human endometrium, which, if the retrograde men-
struation theory is correct, is the ultimate source of the
diseased tissue. Second, it allows us to dissect the epi-
thelial and stromal components of the disease using spe-
cies-specific microarray analysis. However, in xenograft
models the molecular cross-talk between endometrium
and stromal cells is potentially reduced by species-spe-
cific differences in receptor-ligand affinities and the im-
munosuppressed nature of the mice. Therefore, we have
supplemented our xenograft analysis with analysis of
transcript abundance in human patients with this dis-
ease. The nude mouse model of endometriosis is likely to
be a good representation of human disease, as highly
significant numbers of transcripts were present in both
nude mouse xenografts and in the differentially regulated
gene lists from the human eutopic/ectopic microarray
analysis (Table 3).

Two groups have performed a microarray analysis of
endometriosis-like lesions after autologous transplanta-
tion of uterine fragments in a rat endometriosis model.
Several transcripts were revealed that were present in the
nude mouse xenograft transcriptomes.54,55 Although
both the rat and nude mouse model of endometriosis
provide a similar picture of the longitudinal development
of an ectopic endometrial lesion,54 the interaction be-
tween ectopic endometrial tissue and its site of attach-
ment can only be explored in detail in nude mouse
xenografts.

Although this study revealed many components in the
dialogue between ectopic endometrial tissue and its peri-
toneal site of attachment, several transcripts that were
anticipated to be differentially regulated were not present
in our human eutopic/ectopic analysis (for example aro-
matase4). Similarly Wren et al found several molecular
associations in the endometriosis literature that were not
apparent in published endometriosis microarray stud-
ies.56 These findings point to other mechanisms par-
ticpating in the disease process for example post-
translational protein modification or post-
transcriptional regulation of protein production by
microRNAs.57

Unique bioinformatics methods were used to charac-
terize cellular and molecular changes in lesions from the
nude mouse model of endometriosis and link them to
gene signatures in human disease (Table 4). Several

Endometriotic Lesion Establishment 713
AJP September 2008, Vol. 173, No. 3



networks were identified that broached endometrial and
host site tissue compartments in ectopic endometrial le-
sions. We believe that disruption of the dialogue between
peritoneum and ectopic endometrium is likely to inhibit
the cellular interactions necessary for endometriotic le-
sion development. Delineating the interactions between
endometrial tissue and its ectopic environment may be
the first step in the development of novel pharmacologi-
cal therapies for this disabling condition.
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