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Abstract. To identify key regulatory mechanisms in the
growth and development of the human endometrium, mi-
croarray analysis was performed on uncultured human
endometrium collected during menstruation (M) and the
late-proliferative (LATE-P)-phase of the menstrual cycle,
as well as after 24 h incubation in the presence of oestra-
diol (17B-E2). We demonstrate the expression of novel
gene transcripts in the human endometrium. i.e. mucin-9,
novel oestrogen-responsive gene transcripts, i.e. gelsolin
and flotillin-1, and genes known to be expressed in hu-
man endometrium but not yet shown to be oestrogen re-

sponsive, i.e. connexin-37 and TFF1/pS2. Genes reported
to be expressed during the implantation window and im-
plicated in progesterone action, i.e. secretoglobin family
2A, member 2 (mammaglobin) and homeobox-contain-
ing proteins, were up-regulated in uncultured LATE-P-
phase endometrium compared to M-phase endometrium.
Some gene transcripts are regulated directly by 178-E2
alone, others are influenced by the in vivo environment as
well. These observations emphasise that the regulation of
endometrium maturation by oestrogen entails more then
just stimulation of cell proliferation.
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During the menstrual cycle, the growth and differentia-
tion of the human endometrium is controlled by oestro-
gen and progesterone. After shedding of the functional
layer of the endometrium during menstruation, a series of
events occurs in the proliferative phase of the menstrual
cycle, aimed at regeneration of damaged endometrium,
subsequently followed by the creation of a new functional
layer. A variety of biological processes occurs during hu-
man endometrium maturation in the proliferative phase,
mainly governed by oestrogen. i.e. cell proliferation [1],
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cell differentiation, extracellular matrix remodelling, an-
giogenesis and vasculogenesis [2]. However, the genes,
molecular mechanisms and pathways by which oestrogen
regulates these events are only partly understood, mainly
due to the complexity and the large number of factors act-
ing in concert. Although endometrium physiology has
been an important subject of research, most attention has
focussed on determining the expression of gene tran-
scripts and proteins during the implantation window
[3—6]. Recent studies demonstrated that endometrium re-
ceptivity declines when primed inappropriately, i.e. ex-
posed to either high [7] or low doses of oestrogen [8, 9]
prior to ovulation.

CMLS 4435/K



240 C. Punyadeera et al.

The aim of this study was to unravel key mechanisms that
underlie oestrogen-controlled maturation in the human
endometrium. Two approaches were taken to increase our
current understanding of the role of oestrogen in regulat-
ing gene expression in the human endometrium. In the
first approach, we compared the gene expression profiles
of endometrium tissue in the menstrual phase (M phase)
that has not been exposed to increased peripheral con-
centrations of follicular oestrogens with endometrium tis-
sue that has been exposed to increased concentrations of
follicular oestrogens for several days (late proliferative,
LATE-P phase). In the second approach, the gene tran-
scripts directly modulated by oestrogens were discrimi-
nated from those that require in vivo oestrogen priming.
To this end, we compared the expression profiles of en-
dometrium explants cultured in the absence or presence
of oestradiol (17p-E2) for 24 h.

Material and methods

Human endometrial tissue

All patients were 2045 years old, had regular ovulatory
cycles and were not receiving hormonal treatment. En-
dometrium was collected by pipelle biopsy or from hys-
terectomy specimens. Endometrial biopsies were ob-
tained with a Pipelle catheter (Unimar, Prodimed,
Neuilly-Enthelle, France) under sterile conditions, from
female volunteers who came to the clinic for a diagnostic
laparoscopy as part of their fertility work-up, or for a ster-
ilisation procedure. Indications for hysterectomy were
excessive menstrual bleeding or myomas. The en-
dometrium was inspected macroscopically by the pathol-
ogist, and normal-appearing endometrium was scraped
gently from the surface of the uterine cavity with a sterile
surgical blade. Part of the endometrial tissue used for the
study was fixed in 4% formaldehyde for histological ex-
amination. Endometrium biopsies were dated according
to the microscopic criteria of Noyes et al. [10], and the
dating was adjusted finely according to clinical informa-
tion with respect to the start of the last menstrual period
whenever available. All women gave their written in-
formed consent, according to a protocol approved by the
Medical Ethical Committee of the Academic Hospital
Maastricht.

A total of 24 biopsy samples were obtained during the M
phase, i.e. cycle days (CD) 2—-5 and LATE-P phase, i.e.
CD 11-14 (prior to ovulation). Of the 24 biopsies, 4 were
used for microarray studies and 20 were used for valida-
tion with real-time PCR analysis. Tissue was transported
to the laboratory in DMEM/Ham’s F12 medium on ice. A
portion of each sample was fixed in 10% buffered forma-
lin for histology evaluation. The samples that were used
to determine the in vivo oestrogen-regulated genes (des-
ignated as uncultured) were immediately placed in lysis
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buffer and stored at —70°C. A part of the explants were
cultured on Millicell culture inserts as described previ-
ously (Punyadeera et al., J Steroid Biochem Mol Biol,
2004, in press).

Human endometrial explant cultures

and RNA extractions

Human endometrium tissue was cut into pieces of
2-3 mm?. Twenty-four explants were applied on Milli-
cell-CM culture inserts (pore size 0.4 um, 30 mm diame-
ter; Millipore, B, France) in six-well plates containing
phenol red-free DMEM/Ham’s F12 medium (1.2 ml)
(Life Technologies, Grand Island, N. Y.). The medium
was supplemented with L-glutamine (1%), penicillin and
streptomycin (1%, P/S) and this was used in all stages of
explant preparation. Cultures were performed for
20-24 h. Previous experiments have shown that collage-
nase activity remains low in proliferative endometria dur-
ing the first 24 h of culture [12], and that the tissue via-
bility is not affected after 24 h culture [13]. The treat-
ments included: (i) control (0.1% ethanol) and (ii)
17B-E2 (1 nM). 17B-E2 was a gift from Organon N.V.
(Oss, The Netherlands).

Total cellular RNA was extracted from explants using the
SV total RNA isolation kit (Promega, Madison, Wis.) ac-
cording to the manufacturer’s protocol, with slight modi-
fications. The concentration of DNase-1 during DNase
treatment of the RNA samples was doubled and the incu-
bation time was extended by 15 min to completely re-
move genomic DNA. Total RNA was eluted from the col-
umn in 50 pl RNase-free water and stored at —70 °C until
further analysis. The quality of the RNA samples was de-
termined with the Agilent bioanalyzer 2100 lab-on-a-chip
(Agilent, I, HN). All the samples analysed gave 28S to
18S ratios higher than 1.5. A PCR for a housekeeping
gene, GAPDH, was performed to confirm that the RNA
samples were free of genomic DNA.

Affymetrix gene chip micro-arrays

The RNA samples were pooled according to the phase of
the menstrual cycle and to the treatment conditions, i.e.
two RNA samples from the M phase and two RNA sam-
ples from the LATE-P phase were pooled. From pooled
RNA, cRNA was generated and labelled with biotin ac-
cording to the Affymetrix protocol (Santa Clara, i, ).
cDNA was hybridised to the Affymetrix HU-133A chips,
which contain approximately 22,000 human oligonu-
cleotide probe sets, including 68 controls. The chip hy-
bridisations were carried out in triplicate. After washing,
the chips were scanned and analysed using the MicroAr-
ray suite MASS. A detailed description of the Affymetrix
chip content is available at the NetAffy analysis web page
(http://www.affymetrix.com/analysis/index.affx).
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Micro array data analysis

Following Gene chip data quality control, data files
(.EXP, .DAT, .CEL) generated by MASS were transferred
by FTP to the server housing the Rosetta Resolver Gene
Expression Data Analysis System. Resolver uses its
Affymetrix gene chip error model to transform the raw
data into a processed form that can be used in various ex-
pression analyses. Rosetta Resolver allows normalisation
of sample data of triplicate hybridisations using one-way
analysis of variance (ANOVA) [14]. After data transfor-
mation, the scatter plots of log relative intensities of all
detected gene transcripts had slopes of around 1, indicat-
ing that hybridisation efficiency was similar for the arrays
in both groups and array comparisons could be made.
The use of microarrays results in a massive amount of
data, which require special tools to filter and extract the
relevant information. By combining the fold changes or
log ratios and the p value, we generated a so-called signif-
icance code, which simplified the selection and extraction
of genes of interest, especially when analysing various
conditions. The significance code assigned to the genes
was based on ANOVA-retrieved p values, and up- or
down-regulation compared to the untreated samples. A
significance code of +1 was used for genes with p < 0.01
and log ratio >0 (stimulated or up-regulated); a signifi-
cance code of —1 was used for genes with p <0.01 and log
ratio <0 (inhibited or down-regulated). Genes which did
not show a significant regulation received the significance
code of 0. Data were then exported from Rosetta Resolver
to Spot fire decision site 7.1 (Spotfire, Goteborg, Swe-
den), in which gene sets of interest were visualised and
subsequently selected. Figure 1 presents an illustrative ex-
ample of the significance code approach when comparing
more than two treatments. Using this strategy, gene tran-
scripts that are modulated under three different treatment
conditions could easily be identified.

The genes were annotated using the Affymetrix annota-
tion data base [15]. After annotation, the genes were allo-
cated to 1 of 18 functional categories based either on the
biological process or their cellular or molecular func-
tions.

Real-time PCR analysis

Newly identified gene transcripts in the endometrium
that showed more than a twofold stimulation (or down-
regulation), and gene transcripts with documented bio-
logical relevance to human endometrium physiology
were selected for validation using real-time PCR analy-
sis. Samples from additional experiments were analysed
using endometrium tissue obtained throughout the prolif-
erative phase to validate the microarray results. Total
RNA (1 pg) was incubated with random hexamers
(1 pg/pl, Promega) at 70 °C for 10 min. The samples were
chilled on ice for 5 min. To this mixture, a reverse tran-
scriptase (RT)-mix consisting of 5x RT buffer (4 ul),

Research Article 241

[}
£ .

o (S0
3 o © & 88°
O 1 ool 80 e
€ a0 o O. g >
K O'O'.oo Sepec®
o
x &
(4]
[«/]
s

o

£ & :
a0
= L)
g & Cl
[
=
©°
= pol oo oo ® ©
c © b
<) ® o rs® O
9 p (‘o% o‘% 090? g
o~ ° [
L %00% &> ° .OO
A s e 8% o
~
-~

-1 0 1
173-E2/control using LP phase explant cultures

Figure 1. An illustrative example of the significance code when
comparing more than two treatment conditions. The coordinates —1,
0 and +1 present the assigned significance codes (detailed descrip-
tion in Materials and methods). The y-axis represents the ratio of
17B-E2/control for M-phase endometrium explant cultures (treat-
ment 1); the x-axis represents the ratio of 17-E2/control for LATE-
P-phase endometrium explant cultures (treatment 2); the z-axis
(colours) represents the ratio of uncultured LATE-P-phase/uncul-
tured M phase (treatment 3). The yellow dots represent the up-reg-
ulated genes; blue dots represent down-regulated genes and the grey
dots represent genes that are not regulated. If the coordinates are —1
and —1 and the dot is blue, this would represent the down-regulated
genes by 17B-E2 treatment in both M- and LATE-P-phase en-
dometrium tissue and expressed lower in LATE-P-phase uncultured
endometrium compared to M-phase uncultured endometrium.

10 mM dNTP mix (1 pl) (Pharmacia, Uppsala, Sweden),
0.1 M DTT (2 pl) (Invitrogen, I, Calif.) and superscript
IT reverse transcriptase (200 U/ul) (Invitrogen, Califor-
nia, USA) was added and the samples were incubated at
42°C for 1 h, after which the reverse transcriptase was in-
activated by heating the samples at 95°C for 5 min. The
cDNA was stored at —20 °C until further use. In each real-
time PCR reaction 50 ng of cDNA template was used.

Primers and probes were purchased from Perkin-Elmer
Applied Biosystems as pre-developed assays. Human cy-
clophylin A was selected as an endogenous RNA control
to correct for the differences in the amount of total RNA
added to each reaction. Uncultured human endometrium
tissues were included as positive controls. All PCR reac-
tions were performed using an ABI Prism 7700 sequence
detection system (Perkin-Elmer Applied Biosystems,
Foster City, Calif.). The thermal cycling conditions com-
prised an initial decontamination step at 50°C for 2 min,
a denaturation step at 95°C for 10 min and 40 cycles of
15s at 95°C followed by 1 min at 60°C. Experiments
were performed for each sample in duplicate. Quantita-
tive values were obtained from the threshold cycle num-
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ber (Ct) at which the increase in the signal associated
with exponential growth of PCR products is first detected
with the ABI Prism 7700 sequence detector software
(Perkin-Elmer, Foster City, Calif.). The relative expres-
sion of the target gene in the human endometrium tissue
was calculated by 1/22¢" (AC, = C, urget — Cicyclophitina)- The
fold-change in expression was calculated using the AA Ct
method, with cyclophylin A mRNA as an internal control
[16]. For detailed description of the procedure please re-
fer to the ABI user manual: http://www.uk1.unifreiburg.
de/core/facility/tagman/userbulletin_2.pdf).

Statistical analysis of quantitative real-time

PCR data

Statistical tests were carried out using the SPSS 10
(SPSS, Chicago, Ill.) statistical analysis package. The
non-parametric unpaired Mann-Whitney U test at a con-
fidence level of 95% was employed to analyse the real-
time PCR data generated from uncultured LATE-P-phase
endometrium tissue and uncultured M-phase en-
dometrium tissue. The effects of 175-E2 on cultured ex-
plants were analysed using the non-parametric paired
Wilcoxon signed-rank test at a confidence level of 95%.

Results

Gene expression was studied in the human endometrium
tissue, collected either directly from the M phase and
LATE-P phase (uncultured) or after 24 h culture in the
presence of 17B-E2 or vehicle. The differences in gene
expression between groups (i.e. LATE-P phase versus M
phase, and 178-E2 versus control for both M) and LATE-
P-phase explant cultures) were calculated, and gene tran-
scripts with a significant decrease or increase of twofold
or more were used.

Oestrogen regulation in human endometrium

Validation of array data

The expression of six genes was validated in the original
RNA samples used for the array hybridisations (table 1).
In addition, eight additional samples were collected and
analysed to evaluate the biological variation between
women for the expression of the six genes validated from
the array hybridisations (table 1). The genes were selected
based on known 17$-E2 responsiveness, i.e. progesterone
receptor (PR), trefoil factor-1 (TFF1/pS2), and cyclin A,
on novelty, i.e. mucin-9, and on documented involvement
in endometrial function, i.e. connexin-37, matrix metal-
loproteinase-1 (MMP-1), cyclooxygenase-2 (COX-2)
and 178-HSD type 2. In addition, two gene transcripts
were selected that have not been previously documented
to be expressed in the endometrium, i.e. secretoglobin
1D, member 2 or lipophilin B, and regarded as being reg-
ulated by progesterone only, i.e. secretoglobin 2A, family
member 2, mammaglobin A.

The findings of the array results could be confirmed with
real-time PCR (table 1). However, when screening addi-
tional biopsies, only the expression of secretoglobulin
2A, family member 2 and MMP-1 was significantly
higher in LATE-P-phase compared with M-phase en-
dometrium. The differences detected with the arrays for
PR, cyclin Al, connexin-37 and mucin-9 could not be
confirmed in the extra set of tissues. This was due to the
fact that in the array hybridisations, one sample was ex-
pressed higher in LATE-P-phase endometrium, and the
other not.

In the cultured endometrial explants, however, the re-
sponse to 17B-E2 as detected in the array hybridisations
could be confirmed for all selected genes (table 2). In the
independent set of experiments, six of the seven tested
genes were responsive to 17-E2 (fig. 2). Only the secre-
toglobin family 2A, member 2 was not responsive to 17 -
E2 in the additional set of experiments.

Table 1. Validation of microarray data for the uncultured M- and LATE-P-phase endometrium tissue. Real-time PCR was performed on
the same samples as used for the array hybridisations (columns 1 and 2), as well as on an additional set of M- and LATE-P-phase en-
dometrium samples (columns 3—5). Validation of array data are presented as ratios of LATE-P-phase/M, and data on the additional set are

presented as relative expression levels (+ SE).

Gene name Array data Real-time PCR  Additional experiments
(LP/M) phase (LP/M) phase
(uncultured) (uncultured) M phase LATE-P phase
(uncultured) (uncultured)
(mean + SE) (mean + SE)
Progesterone receptor 9.1 34 0.23 +0.08 0.38 £0.15 p=NS
Cyclin Al 34 22 0.015 +0.003 0.021 +£0.007 p=NS
Secretoglobin family 1D, member2 4.9 2.8 0.111 £0.008 0.725 £ 0.402 p<0.01
Mucin-9 36.3 10.3 0.30 +£0.20 0.09 +0.04 p=NS
Matrix metalloproteinase- 10.01 0.002 0.66 = 0.49 0.0004 +0.0002 p<0.01
Connexin-37 10.0 3636 0.019 +0.0089 0.015 £ 0.0053 p=NS
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Figure 2. Validation of the microarray findings with quantitative real-time PCR analysis in an independent set of experiments. En-
dometrium tissue collected from M phase (O, n =9 or 10) and LATE-P phase (A, n = 8) was cultured in the presence of 17-E2 or vehi-
cle. Values are expressed as fold-changes relative to the vehicle and the average values are presented by a horizontal bar. (4): Progesterone
receptor. (B): Cyclin Al. (C): Secretoglobin family 2A, member 2. (D): Secretoglobin family 1D, member 2. (E): Trefoil factor-1. (F): Cy-

clooxygenase-2. (G): Connexin-37.
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Table 2. Validation of microarray data for the cultured M- and LATE-P-phase endometrium explants in the presence or absence of

17B-E2.
Gene name Array data Real-time PCR Array data Real-time PCR
M phase M phase LP phase LP phase
(cultured) (cultured) (cultured) (cultured)
Progesterone receptor 3.0 2.0 1.1 1.3
Cyclin Al 3.5 5.9 1.1 1.6
Secretoglobin family 1D, member 2 8.9 6.4 1.9 2.1
Secretoglobin family 2A, member 2 3.7 6.7 1.6 1.4
Trefoil factor 1 7.8 50.0 1.2 5.0
Cyclooxygenase-2 35 6.5 1.2 1.3
17--HSD Type 2 2.5 2.6 1.4 1.3
Connexin-37 3.5 3.5 0.9 2.2

Values are presented as fold changes in the induction by 173-E2 (+SE) compared to the control.

Long-term oestrogen exposure (uncultured)

Of the 22,000 transcripts present on the HU133A chip,
282 transcripts were found to be up-regulated in LATE-P
phase versus M phase and 512 transcripts were down-reg-
ulated in the LATE-P-phase versus the M-phase en-
dometrium biopsies. In tables 3 (parts A and B), the ten
most regulated genes are presented.

Short-term oestrogen exposure (cultured)

To distinguish the genes that are directly regulated by
17B-E2 from those affected by the in vivo uterine envi-
ronment, the differential gene expression profiles were
determined for endometrium tissue fragments that were
incubated with or without 173-E2 for 24 h. After incuba-
tion of M-phase endometrium explants with 173-E2, 148
transcripts were found to be stimulated and 45 transcripts
were inhibited (for the top ten regulated genes see table 3,
parts C and D. In contrast, in LATE-P-phase endo-
metrium cultures, the expression of a lower number of
genes was changed: only 12 transcripts were stimulated
and 4 transcripts were inhibited. Table 3, parts E and F
present the most regulated genes.

The expression of six genes was stimulated by 17-E2 in
both M- and LATE-P-phase endometrium explants indi-
cating gene transcripts that are directly regulated by oe-
strogens, whereas the expression of two genes was inhib-
ited by 17B-E2 in both M- and LATE-P-phase en-
dometrium explants (table 4).

Thirteen genes were stimulated by 178-E2 in cultures of
M-phase endometrium and up-regulated in vivo (LATE-
P phase versus M). Seven genes were inhibited by 17-E2
in vitro and down-regulated in vivo (LATE-P phase vs.
M) (table 5).

In contrast, 15 genes were stimulated by 17-E2 in cul-
tures of M-phase endometrium and down-regulated in
vivo (LATE-P phase vs. M). Three gene transcripts were
inhibited by 178-E2 in vitro and up-regulated in vivo
(LATE-P phase vs. M) (table 5, bold font).

Discussion

To enhance our current understanding of the role of oe-
strogen in the development of the human endometrium
during the proliferative phase of the menstrual cycle,
gene expression profiles were compared between uncul-
tured menstrual (M) phase and uncultured late prolifera-
tive phase (LATE-P-phase) endometria, and between M-
phase and LATE-P-phase endometrium tissue explants
after short-term incubation with 173-E2.

This study revealed the expression of a number of novel
gene transcripts in the human endometrium (i.e. mucin-9,
dipeptidyl peptidase VI). In addition, we found novel
genes that were oestrogen responsive (gelsolin, flotillin-
1, TUWD12), and genes known to be expressed in human
endometrium (TFF1/pS2, connexin-37, placental alka-
line phosphatase) but not yet shown to be oestrogen re-
sponsive. Based on the observed in vitro responses and in
vivo differences in M and LATE-P phase, some gene
transcripts are apparently either regulated directly by
17B-E2, or by 173-E2 in concert with the changing uter-
ine environment. Genes reported to be expressed during
the implantation window and implicated in progesterone
action, i.e. secretoglobin family 2A, member 2 (mamma-
globin) and homeobox containing proteins, were up-reg-
ulated in uncultured LATE-P-phase endometrium com-
pared with uncultured M-phase endometrium, implying
that these genes may also be regulated by oestrogens.
These observations emphasise that the regulation of en-
dometrium maturation by oestrogen entails more then
just stimulating cell proliferation and growth.

To study the effects of oestrogens on human en-
dometrium, an explant culture system was used. The ad-
vantage of using explant cultures over other systems is
the fact that no enzymatic manipulations are used, leav-
ing the original structure intact. To find oestrogen-re-
sponsive genes, we had to select tissues that had not been
exposed to oestrogens produced by the ovaries. Only
menstrual endometrium meets this criterion. The findings
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Table 4. Gene transcripts that responded similarly to 174-E2 treatment in explant cultures of both M- and LATE-P-phase endometrium
tissue.

Gene Symbol M phase LP phase GenBank no.
Ribosomal protein L27a RPL27A -8.3 -10.7 BE737027
Ribosomal protein S20 RPS20 5.5 —6.5 AF113008.1
Orosomucoid 1 ORM1 2.1 1.7 NM_000607.1
Secretoglobin, family 2A, member 1 SCGB2A1 2.6 1.5 NM_002407.1
Ras-related associated with diabetes RRAD 2.6 1.9 NM_004165.1
Chromosome 14 open reading frame 137 Cl4orf137 3.5 1.7 NM_023112.1
Lipopolysaccharide binding protein LBP 5.2 1.6 NM_004139.1
Secretoglobin, family 1D, member 2 SCGBI1D2 8.9 1.8 NM_006551.2

Data are presented as fold changes.

Table 5. Gene transcripts that were affected by 17-E2 treatment in M-phase endometrium explants, and that were also increased or de-

creased in LATE-P-phase endometrium when compared to M-phase endometrium.

Gene Symbol Uncultured  Cultured GenBank no.
Acidic (leucine-rich) nuclear phosphoprotein 32 family, member A ANP32A 2.0 3.0 NM_006305.1
Carboxypeptidase M CPM 6.3 2.5 NM_001874.1
CD44 antigen (homing function and Indian blood group system) CD44 -3.2 -2.0 AW851559
Cyclin Al CCNALl 34 35 NM_003914.1
Dual specificity phosphatase 1 DUSP1 —6.5 2.3 AAS530892
Eyes absent homologue 2 (Drosophila) EYA2 4.7 3.0 U71207.1
Fibroblast growth factor 18 FGF18 -6.9 22 BC006245.1
Fibroblast growth factor 9 (glia-activating factor) FGF9 -3.6 -2.1 NM_002010.1
Gap junction protein, alpha 4, 37-kDa (connexin-37) GJA4 10.0 3.5 NM_002060.1
Glycerol kinase GK -5.8 2.1 Al830490
GREBI protein GREBLI 2.6 -2.1 AF245390.1
Histone 1, H2bh HISTIH2BH  -2.6 2.1 NM_003524.1
Insulin-like growth factor-binding protein 3 IGFBP3 —4.1 -2.5 BF340228
Inter-alpha trypsin inhibitor heavy-chain precursor 5 ITIHS 8.9 2.5 NM_030569.1
Interferon-induced protein with tetratricopeptide repeats 1 IFIT1 -2.6 2.6 NM_001548.1
Keratin 7 KRT7 2.4 —4.5 AI920979
Leukocyte-specific transcript 1 LST1 -11.2 2.6 AV713720
Leukocyte-derived arginine aminopeptidase LRAP 32 3.6 NM_022350.1
Lysyl oxidase-like 2 LOXL2 -6.9 2.4 BE251211
Major histocompatibility complex, class 11, DQ beta 1 HLA-DQBI  -11.5 2.3 M16276.1
Mitochondrial solute carrier protein MSCP -2.3 2.6 NM_018586.1
Natriuretic peptide receptor B/guanylate cyclase B NPR2 4.6 23 NM_003995.2
Natural cytotoxicity-triggering receptor 3 NCR3 —6.6 2.3 Al735692
PiggyBac transposable element derived 5 PGBD5 2.6 2.5 NM_024554.1
Pituitary tumour-transforming 1 PTTGI 3.9 -2.0 NM_004219.2
Pituitary tumour-transforming 3 PTTG3 2.7 2.2 NM_021000.1
Pleckstrin PLEK -3.9 2.6 AI433595
Progesterone receptor PGR 9.1 3.0 NM_000926.1
Protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting 1 PIN1 2.0 2.2 NM_006221.1
Prostaglandin-endoperoxide synthase 2 PTGS2 -14.8 35 NM_000963.1
Ras-related associated with diabetes RRAD —4.0 2.6 NM_004165.1
Ras-related GTP binding D RRAGD -7.6 2.8 AF272036.1
Ribosomal protein L37a RPL37A -2.6 -8.3 BE857772
S100 calcium-binding protein A8 (calgranulin A) S100A8 -26.9 -2.1 AW238654
Secretoglobin, family 1D, member 2 SCGB1D2 4.9 8.9 NM_006551.2
Solute carrier family 15, member 3 SLC15A3 -5.9 2.3 NM_016582.1
SRY (sex-determining region Y)-box 4 SOX4 —4.5 2.0 AI989477
TUWDI12 TUWDI12 2.6 5.5 NM_003774.2

The bold text indicates genes that are oppositely regulated in vitro and in vivo. The expression of these genes is induced by 174-E2 in vitro
in M-phase endometrium, but reduced in LATE-P-phase endometrium when compared to M-phase endometrium, or reduced by 17-E2 in
vitro in M-phase endometrium, but induced in LATE-P-phase endometrium.
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in this study justify our choices. Even though the men-
strual endometrium was sometimes partly ischaemic,
which impairs the tissue structure, we showed that the
menstrual phase endometrium was superior with regard
to oestrogen responsiveness (the number of differentially
expressed transcripts being 200 vs 4 transcripts). In addi-
tion, when repeating the experiments using a selection of
genes, most of the M-phase explants responded to 17-
E2. The fact that oestrogen receptor (ER) levels in M and
LATE-P phase were similar [11] can therefore not explain
the difference in responsiveness, indicating that other in-
fluences determine the high sensitivity of the menstrual
endometrium. If an intact tissue structure was an impor-
tant determinant in regulating gene expression, LATE-P-
phase endometrium should be more responsive to oestra-
diol. However, this appeared not to be the case in this
study.

A stringent scoring system was employed when filtering
the array data, to minimise the occurrence of false-posi-
tive results, as a limited number of samples were used in
the array hybridisations. The validity of this filtering sys-
tem is confirmed by the finding that a number of genes
known to be regulated by oestrogen were also revealed in
the comparisons in this study (PR [17], TFF1/pS2 [18]
and secreted frizzled-related protein 1 [19]). In addition,
the responses found for the selected genes in the array
comparisons, were verified using quantitative real-time
PCR as an independent technique. The stringent scoring
system could not account for all biological variation. In
the additional uncultured endometrial tissues, the expres-
sion of selected genes did not always corroborate the ar-
ray findings, which shows that the use of limited numbers
of samples in the array hybridisations requires more elab-
orate validation. However, in the cultured biopsies, the
findings in the independent experiments corroborated
much better. Six of the seven tested genes also responded
in the additional series of experiments. Apparently, the
culture conditions alleviate some of the biological vari-
ability between biopsies.

Of the 794 transcripts differentially regulated when com-
paring uncultured endometrium tissue obtained from
LATE-P phase and M phase, the majority were down-reg-
ulated (64%) in LATE-P-phase endometrium tissue. This
may be due to the multiple processes that are ongoing
during menstruation, i.e. tissue degeneration, inflamma-
tion, hypoxia, epithelial repair and angiogenesis. As ex-
pected, many inflammatory cytokines, enzymes involved
in eicosanoid biosynthesis and immunomodulators and
their receptors, as well as various angiogenic modulators
were highly expressed in M-phase endometrium com-
pared to LATE-P-phase endometrium. In addition, the
destruction of the vasculature during menstruation cre-
ates a hypoxic environment which is illustrated by the el-
evated expression of hypoxia-induced proteins in M-
phase endometrium, ie. haem oxygenase-1 [20],
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adrenomedullin [21], carbonic anhydrase 11 [22], VEGF
and hypoxia-inducible protein-2 [23].

The breakdown of the endometrium prior to and during
menstruation involves MMPs [24]. In this study the ex-
pression of a number of MMPs was significantly higher
in M-phase endometrium compared to LATE-P-phase en-
dometrium. In contrast, MMP-26 (endometase) expres-
sion was higher in LATE-P-phase endometrium tissue.
Endometase is an epithelial MMP, and is highly ex-
pressed around the period of implantation [25, 26]. This
suggests that MMP-26 may not be involved in the en-
dometrial breakdown process, but in endometrial remod-
elling prior to and during trophoblast invasion.

The wound-healing process after menstruation begins
with the re-epithelialisation of the uterine surface [27].
This process is complete on day 5 or 6 of the menstrual
cycle. In the absence of oestrogen (i.e. after ovariectomy),
the endometrium has the capacity to end endometrial
bleeding and to begin the healing process, indicating that
other factors are involved. Factors that have been impli-
cated in epithelial cell repair are the trefoil peptides.
Three trefoil peptides, TFF1/pS2, TFF2/SP and
TFF3/ITF were found to be stimulated by 17-E2 in M-
phase endometrium. The trefoil family of peptides con-
sists of mucin-associated peptides found predominantly
in mucus-secreting cells of the gastrointestinal mucosa
[28] and have been implicated in the regeneration of the
mucosal surface after damage [29]. The trefoil factors
possibly play a similar role in the regeneration of the en-
dometrium.

Oestrogen responsiveness was also demonstrated for
three members of the uteroglobin family: secretoglobin
1D2 (lipophilin B), secretoglobin 2A1 (mammoglobin B)
and secretoglobin 2A2 (mammoglobin). Mammaglobins
were first identified in glandular epithelium of the breast
[30], and were later also described in human en-
dometrium [31]. This study showed that this family of
genes is regulated by oestrogen. Mammaglobin B forms
covalent heteroduplexes with lipophilin B [32] and this
complex was found to be the biologically relevant form of
mammaglobin. No detailed information is available with
regard to the functions of lipophilin B and the mamma-
globins. However, uteroglobin or lipophilin A was shown
to inhibit tumour [32] and trophoblast invasion, to inhibit
tumour angiogenesis and transform normal tissue into a
neoplastic phenotype [33]. In other words, the secreto-
globins may transform the proliferating cells into a dif-
ferentiated state. Furthermore, roles as immunoregulators
and anti-inflammatory proteins have also been suggested
[34].

Analogous to the reduced expression of the majority of
genes in LATE-P-phase endometrium compared to M-
phase endometrium, the responsiveness of LATE-P-
phase endometrium to 17B-E2 in vitro was also much
lower compared to that of M-phase endometrium (16 vs
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193 genes). The reduced responsiveness of the LATE-P-
phase endometrium is in line with the supposition that
prolonged exposure to oestrogen desensitises the en-
dometrium [35, 36]. One is tempted to suggest that this
may be an intrinsic mechanism that maintains the en-
dometrium in a proper state of differentiation. This is fur-
ther supported by the findings Younis et al. of [37,38] and
others [39] who demonstrated that oestrogen exposure for
less than 6 days is not sufficient to support successful im-
plantation, whereas after prolonged exposure to oestro-
gen (35 days), the endometrium is still responsive to
progesterone and is receptive.

Two groups of genes that were shown to be involved in
the morphogenesis of the urogenital tract and adult uteri
and that were shown to be differentially expressed in un-
cultured LATE-P-phase endometrium tissue when com-
pared to uncultured M-phase endometrium tissue are me-
diators of Wnt signalling and the homeobox-containing
genes. Expression of Wnt5a and Wnt7a genes was lower
in LATE-P-phase endometrium, whereas the expression
of secreted frizzled-related proteins 1 and 4 (sFRP) and
Wnt inhibitory factor-1 (WIF-1), which are known Wnt
antagonists [40], was significantly higher in LATE-P-
phase endometrium. The homeobox-containing proteins
Hoxal0, Hoxall and Hoxb7 were all increased in LATE-
P-phase compared to M-phase endometria.

WntSa is predominantly expressed in stroma, whereas
Wnt7a is mostly expressed in luminal epithelium [41, 42]
and they play crucial roles in uterine gland development
in the mouse. As these genes are also expressed in a sim-
ilar manner in human endometrium [43], Wnt5a and
Wnt7a are likely also involved in gland development in
the human endometrium. Carta and Sassoon [44] demon-
strated that exposure to diethylstilbestrol (DES), an oes-
trogen agonist, reduces Wnt7a expression in the murine
uterus, and this response is dependent on the presence of
Wnt5a [42].

The expression of Hoxal0 and Hoxall genes is down-
regulated by DES in normal mice [45], but not in Wnt5a
and Wnt7a —/— mice [42, 44]. Low oestrogen levels dur-
ing the menstrual period may allow expression of Wnt5a
and Wnt7a, which initiate gland development, and in-
creasing levels of circulating oestrogens could suppress
the expression of Wnt5a and Wnt7a to allow expression
of Hoxal0 and Hoxal 1, which complete the gland devel-
opment and differentiation process. However, even
though DES is an potent oestrogen agonist, its effects are
not always similar to that of oestradiol [45, 46]. These
findings do illustrate, however, the importance of con-
certed actions between the stroma (Wnt5a) and epithe-
lium (Wnt7a) in the regulation of endometrial develop-
ment.

Surprisingly, we also observed up-regulation of several
inhibitors of Wnt signalling, sFRP1, sFRP4 and WIF-1,
in LATE-P-phase endometrium. Their significance is not
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known; however, they may protect the silencing of Wnt
signalling to allow the expression of HoxalO and
Hoxall, promoting endometrium differentiation. Re-
cently, evidence was provided that sFRP1 is also directly
involved in vascular remodelling and maturation. sFRP1
expression was highest in vascular endothelium [47], ex-
pression could be stimulated by oestrogens [19], and
sFRP1 induces larger, longer vessels and is apparently as-
sociated with more pericytes compared with vessels
formed under control conditions [48]. sFRP4 expression
is particularly high in proliferating stroma [49] and may
be a paracrine factor involved in the stimulation of en-
dometrial growth.

The gene coding for the homeobox-containing protein
Hoxb7, also shown to be an inducer of vascular develop-
ment [50], was up-regulated in LATE-P-phase compared
to M-phase endometria as well. The elevated expression
in LATE-P-phase endometrium suggests a role for
Hoxb7 in vascular development under normoxic condi-
tions.

With regard to the differentiative actions of oestrogen in
the human endometrium, of interest is that the expression
of connexin-37 is up-regulated by 173-E2 in M-phase
endometrial explants. Connexin-37 is a gap junction pro-
tein expressed in endometrium, predominantly in en-
dothelial cells [51]. In connexin-37 knockout mice, early
vasculogenesis proceeds normally, but by the age of 18.5
days, animals display abnormal vascular channels with
localized haemorrhages in various organs [52, 53]. As a
result of these developmental defects, the mice lack ma-
ture Graaffian follicles, fail to ovulate and develop nu-
merous inappropriate corpora lutea [54]. Connexin-37 is
therefore likely to play a role in the oestrogen-dependent
regeneration of the vasculature after menstruation, and is
thus involved in the development of the endometrium.

In summary, we have shown that the role of 173-E2 in the
repair and development of the endometrium during the
proliferative phase of the menstrual cycle is certainly not
limited to just the regulation of proliferation. This is il-
lustrated by the differential expression of genes involved
in processes such as blood vessel growth and maturation,
and morphogenesis of the endometrium in the late prolif-
erative phase. Some genes are regulated directly by 17-
E2, whereas the expression of others is modulated by the
changing uterine environment. This study emphasises the
importance of oestrogen with regard to endometrium
maturation and differentiation.
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