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Olfactomedin-4 (OLFM-4) is an extracellular matrix
protein that is highly expressed in human endome-
trium. We have examined the regulation and function
of OLFM-4 in normal endometrium and in cases of
endometriosis and endometrial cancer. OLFM-4 ex-
pression levels are highest in proliferative-phase en-
dometrium, and 17�-estradiol up-regulates OLFM-4
mRNA in endometrial explant cultures. Using the lu-
ciferase reporter under control of the OLFM-4 pro-
moter, it was shown that both 17�-estradiol and OH-
tamoxifen induce luciferase activity, and epidermal
growth factor receptor-1 is required for this estro-
genic response. In turn, EGF activates the OLFM-4
promoter, and estrogen receptor-� is needed for the
complete EGF response. The cellular functions of
OLFM-4 were examined by its expression in OLFM-4-
negative HEK-293 cells, which resulted in decreased
vimentin expression and cell adherence as well as
increased apoptosis resistance. In cases of endometri-
osis and endometrial cancer, OLFM-4 expression cor-
related with the presence of epidermal growth factor
receptor-1 and estrogen receptor-� (or estrogen sig-
naling). An increase of OLFM-4 mRNA was observed in
the endometrium of endometriosis patients. No
change in OLFM-4 expression levels were observed in
patients with endometrial cancer relative with con-

trols. In conclusion, cross-talk between estrogen and
EGF signaling regulates OLFM-4 expression. The role
of OLFM-4 in endometrial tissue remodeling before
the secretory phase and during the predisposition
and early events in endometriosis can be postulated
but requires additional investigation. (Am J Pathol

2010, 177:2495–2508; DOI: 10.2353/ajpath.2010.100026)

In a recent gene expression profiling study we compared
the expression of genes in late proliferative-phase endo-
metrium to that of menstrual-phase endometrium in an
attempt to identify genes that are potentially regulated by
17�-estradiol during endometrial growth and differentia-
tion.1 One of the genes found to be up-regulated in late
proliferative-phase endometrium but not reported in the
previously published1 short list of up-regulated genes,
was olfactomedin-4 (OLFM-4).

The OLFM-4 gene, also called human granulocyte col-
ony stimulating clone-1 or GW112, is located on chromo-
some 13q21.1 and encodes for the 510-amino acid-long
(55 kDa) extracellular matrix protein OLFM-4.2,3 National
Center for Biotechnology Information databases4 re-
vealed that OLFM-4 is expressed in human bone marrow,
prostate, breast, pancreas, stomach, and colon.2–4

Moreover, this protein is overexpressed in gastrointesti-
nal cancers,4–10 in inflamed colonic mucosa11 and in
gastric biopsies from patients infected with Helicobacter
pylori.12 Transcript levels of OLFM-4 are also higher in
breast tumors compared to normal breast.4,13
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Several authors have investigated the cellular func-
tions of OLFM-4, but results do not always agree. Zhang
et al4 overexpressed OLFM-4 cDNA in HEK-293 cells and
described an antiapoptotic action of this protein. In an-
other study on pancreatic cancer cells, down-regulation
of OLFM-4 by small interfering RNA resulted in impaired
S-phase transition and inhibition of proliferation, but no
effect on apoptosis was observed.14 Liu et al3 used HEK-
293 and NIH3T3 cells and showed that OLFM-4 directly
binds to lectins and E-cadherin and leads to increased
cell-cell interaction. The same authors in a separate study
using myeloma cells, showed that OLFM-4 represses
both motility and cell adherence.9 Therefore, this protein
seems to play important roles in cell cycle control, cell
adherence and motility, cell-cell interaction, and tissue
architecture but probably its role may depend on the
tissue type.

Because of the important role in multiple cellular func-
tions and because of its strong association with estrogen
exposure in human endometrium, we further investigated
the regulation and the potential role of OLFM-4 in this
tissue. We examined its expression throughout the men-
strual cycle and studied its responsiveness to 17�-estra-
diol. In addition, we investigated the regulation of the
OLFM-4 promoter using a luciferase reporter system.
These experiments showed the OLFM-4 promoter is re-
sponsive to both 17�-estradiol and OH-tamoxifen and
that this regulation depends on the cross-talk with the
epidermal growth factor receptor (EGFR)-1. In OLFM-4-
negative cells, its re-expression decreased vimentin
level, cell adherence and increased resistance to apo-
ptosis. OLFM-4 expression was also observed in clinical
samples of endometriosis and endometrial cancer pa-
tients and correlated with the presence of estrogen re-
ceptor-� (ER-�) and EGFR1, thus confirming the obser-
vation obtained with the luciferase experiments. In
addition, since OLFM-4 is overexpressed in the eutopic
endometrium of endometriosis patients, our results sug-
gest a possible role of OLFM-4 in the early events of
disease onset.

Materials and Methods

Human Endometrial Tissue

Normal Pre- and Postmenopausal Endometrial
Samples

Endometrial tissue was collected from healthy volun-
teers (n � 48) of 26–52 years of age with regular men-
strual cycle. Twelve samples were collected during the
menstrual phase (cycle day (CD) 1–5); 18 were collected
during the proliferative phase, subdivided into early (CD
6–10, n � 9) and late (CD 11–14, n � 9); and 18 samples
were collected in the secretory phase: early secretory
phase (CD 15–19, n � 8), mid-secretory phase (CD
20–24, n � 8) and from the late secretory phase (CD
25–28, n � 2). The endometrial tissues were dated based
on the start of the last menstrual period and confirmed by
histological examination of the tissue by a pathologist as

described previously.15 All women were documented not
to be pregnant.

In addition, endometrium was obtained from 13 post-
menopausal women. Pre- and postmenopausal tissue
was collected from hysterectomy specimens or by pipelle
biopsies during laparoscopy (Pipelle catheter; Unimar,
Prodimed, Neuilly-Enthelle, France) in women who under-
went surgery for benign indications other than endome-
triosis. After macroscopic inspection for abnormalities by
a pathologist, tissue was transported to the laboratory.
Portions of each sample were fixed in 10% buffered
formalin for histological examinations, frozen in liquid
nitrogen for DNA, RNA, and protein isolation, and frozen
by immersion in isopentane (�80°C) for cryosectioning
and microscopy. Tissue from the menstrual and prolifer-
ative phase endometrium was also used for the prepara-
tion of explant cultures (see below).

Endometriosis Tissue

An independent group of biopsies was used for the
endometriosis study and consisted of eutopic and ec-
topic endometrial tissues from endometriosis patients
and eutopic tissues from controls. Biopsies were col-
lected at the University Hospital Gasthuisberg Leuven
(Leuven, Belgium), and clinicopathological characteris-
tics of these patients and controls have been described
previously.16 In brief, controls consisted of 20 normal
endometrial tissues from women with regular menstrual
cycle undergoing surgery for benign indications and
found free of endometriosis at laparoscopy/laparotomy.
Samples of eutopic and ectopic endometrial tissue from
endometriosis patients were collected from 14 women.
Patients had moderate to severe disease, classified ac-
cording to the revised system of the American Society
for Reproductive Medicine.17 All samples were col-
lected during the proliferative phase of the menstrual
cycle as determined by the start of the last menstrual
period and confirmed by histological examination by
the pathologist.15

Endometrial Cancers and Controls

Endometrial carcinomas were primary and type I. Can-
cer samples (n � 9; age at diagnosis between 50 and 81;
mean age: 64; additional clinical features are listed in
Table 1) and postmenopausal endometrial control tissues
with no malignancy (n � 14; age range: 50–80; mean
age: 65) were collected from women undergoing hyster-
ectomy at the Maastricht University Medical Centre
(Maastricht, The Netherlands). Tissues were fixed in for-
malin for immunohistochemistry and immediately frozen
in liquid nitrogen for RNA/DNA/protein isolation. A pathol-
ogist confirmed the presence of endometrial cancer in all
specimens and the grade and stage of the disease (In-
ternational Federation of Gynecology and Obstetrics cri-
teria 2009).18

An additional group of endometrial cancers was used
for immunohistochemistry analysis only and consisted of
archival material selected from the Dutch national pathol-
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ogy database (PALGA), pathological anatomy national
automated archive and described in an earlier study.19

For the present investigation, 21 type I endometrial can-
cer biopsies were used. Clinical features according to the
International Federation of Gynecology and Obstetrics
criteria 200918 are shown in Table 1. All specimens used
in the present study originated from primary tumors. Nine
patients developed recurrent disease.

All women prospectively enrolled in the present study
did not receive steroid medications during the six months
before tissue collection. All women agreed to participate
in the study by signing an informed consent, according to
a protocol approved by the local Medical Ethical
Committee.

Steroid Hormones and Chemicals

OH-tamoxifen and 17�-estradiol were purchased from
Sigma-Aldrich Chemie (Zwijndrecht, The Netherlands).
ICI-164384 was a gift from Schering-Plough (Oss, The
Netherlands). Human recombinant EGF was purchased
from R&D Systems (Minneapolis, MN). The EGFR1 and
erythroblastic leukemia viral oncogene homolog 2
(ERBB2) inhibitor GW2974 was purchased from Sigma-
Aldrich Chemie. The inhibitors SB20190 (p38 mitogen-
activated protein kinase (MAPK)), PD98059 (extracellular
signal-regulated kinase 1), U-0126 (mitogen-activated

protein kinase kinase (MEK)1/2), and Ly294002 (phos-
phatidylinositol 3-kinase (PI3K)) were purchased from
Calbiochem (La Jolla, CA).

Explant Cultures

After collection, menstrual (n � 8) and late proliferative
endometrium (n � 8) used for explant cultures was im-
mediately transported to the laboratory in Dulbecco’s
modified Eagle’s medium/Ham’s F12 medium (Life Tech-
nologies, Grand Island, NY) on ice. Explant cultures were
prepared as described by Punyadeera et al.20

Cell Culture

Human endometrial cancer cell line ECC1, embryonic
kidney cell line HEK-293, breast cancer cell line T47D,
and cervical cancer cell line HeLa were purchased
from the American Type Culture Collection (Manassas,
VA). Cell maintenance, transfection, luciferase assay,
and other in vitro procedures have been described
previously.21,22

Plasmids

The expression plasmid for the ER-� was a gift from Prof.
R. Schüle (Freiburg University, Germany) and has been
described elsewhere.23 Expression plasmids for the
EGFR1 and the EGFR-dominant negative variant (CD-
533) were gifts from Dr. J. Theys (Maastricht University)
and are described elsewhere.24,25

Luciferase Reporter Plasmids Driven by OLFM-4
Promoter

Nucleotide numbering refers to the study by Chin et
al.26 The 1.3-kb fragment at the 5� of OLFM-4 was cloned
by PCR (TaqDNA polymerase; Fermentas, St. Leon-Rot,
Germany) as follows: two PCR fragments corresponding
to the nucleotides �1357/�606 (primers OLM-1/OLM-2;
Table 2) and �816/�24 (primers OLM-3/OLM-4; Table 2)
were amplified, cloned into vector pGEM-T-easy (Pro-
mega, Madison, WI), and reassembled after digestion
with restriction enzyme BglII (�779). The complete
1.3-kb promoter or the 0.8-kb promoter proximal to the
start site of transcription (fragment generated with prim-
ers OLM-3/OLM-4) was cloned in pGL3 basic vector
(Promega). To delete the activator protein 1 (AP1)
site, the 137-bp EcoRV/NcoI fragment (nucleotides �56/
�192) from the 1.3-kb promoter vector (EcoRV lies 46 bp
at the 5� of the AP1 site) was substituted with the 47-bp
EcoRV/NcoI fragment corresponding to nucleotides
�56/�102, located at the 3� of the AP1 site and there-
fore missing the AP1 site. This fragment was generated
by PCR (primers OLM-5/OLM-6; Table 2), and the
EcoRV site was included by primer extension at the 3�
of the fragment (primer OLM-5).

Table 1. Clinical Features of Endometrial Cancer (according
to the International Federation of Gynecology and
Obstetrics Criteria 2009)18

Specimen
Age at

diagnosis Stage Grade

Maastricht Medical
Centre
prospective
collection

1 50 II 3
2 58 IA 2
3 61 IB 2
4 62 IB 2
5 62 IB 2
6 67 IB 1
7 70 IA 1
8 76 IVB 1
9 81 IA 1

PALGA
(pathological
anatomy national
automated
archive)
collection

1 54 IA 1
2 59 IA 2
3 60 III 3
4 62 IB 3
5 68 IA 2
6 68 IA 1
7 68 IA 1
8 69 IB 2
9 71 IA 2

10 78 II 3
11 79 IB 2
12 90 IB 2
13 PM� IA 2
14 PM� IB 1
15 PM� IA 3
16 PM� IB 1
17 PM� IA 2
18 PM� IB 3
19 PM� IA 1
20 PM� IB 1
21 PM� IB 1

�The precise age at diagnosis was not recorded but was
documented to be after menopause.
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OLM-4 Expression Plasmids

OLFM-4 cDNA was amplified by PCR (TaqDNA polymer-
ase; Fermentas) as two fragments (nucleotides �12/�648
with primer pairs OLM-7/OLM-8 and nucleotides � 558/�
1546 with OLM-9/OLM-10; numbering from accession
NCBI NM_006418: �1 � translation start site; stop
codon: 1531; primers are listed in Table 2). PCR frag-
ments were cloned in pGEM-T-easy (Promega) and the
complete cDNA was recomposed using HindIII restric-
tion site (nucleotide � 597). Restriction sites EcoRI (�9)
and XhoI (�1538) were included by primer extension at
the 5� and 3� respectively of the cDNA, and used to clone
the complete cDNA in pCDNA3.1 (Invitrogen, Breda, The
Netherlands). Given that two EcoRI sites (�9 and �84)
are present in the 5� part of the cDNA, partial digestion
was performed. To introduce the PY tag sequence, the
BamHI restriction site was introduced at the 3� of the
OLFM-4 cDNA before the stop codon (nucleotide �1531)
using primer OLM-11 in combination with primer OLM-9
(Table 2). The BamHI was used to clone the PY sequence
generated by oligo PY (Table 2). All plasmids were
checked by sequencing.

Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from explant cultures and en-
dometrial tissues using the SV total RNA isolation kit
(Promega), according to the manufacturer’s protocol.
RNA from the cell lines was isolated using the TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA) as
recommended by the manufacturer. cDNA was synthe-
sized using the Moloney murine leukemia virus reverse
transcriptase (Invitrogen Life Technologies) as described
earlier.21,22

Real-Time PCR

Primers and probes for OLFM-4 (GW112: Hs00197437-
m1) were purchased from Applied Biosystems (Foster
City, CA) as a predeveloped assay. EGFR1 was amplified
using the Sybr Green ABGene system (ABGene, Epsom,

UK), as recommended by the manufacturer. Primers
EGFR1/EGFR2 (Table 2) purchased from MWG Biotech
(Ebersberg, Germany) were used. Primers for TFF1, and
for the house-keeping genes �-actin and cyclophilin,
have been published previously.21 All real time-PCRs
were performed using the BioRad MyIQ apparatus. Fold
changes in the gene expression were assessed by com-
paring the ct values between the gene of interest and two
housekeeping genes (�-actin and cyclophilin).

Additional Molecular Biology and Biochemistry

All molecular biology techniques were performed using
standard protocols and have been described previous-
ly.21,22 For Western blots of OLFM-4, primary rabbit poly-
clonal antibody (1/500, IMG-5983; Imgenex, San Diego,
CA) was used; EGFR1 was visualized with rabbit poly-
clonal antibody AB-6 (1/100; Oncogene, San Diego, CA);
ERBB2 and ER-� were visualized with mouse monoclonal
antibodies CB11 (1/250; GenWay Biotech, San Diego,
CA) and rabbit polyclonal HC20 (1/1000; Santa Cruz
Biotechnology, Heidelberg, Germany), respectively.
Rabbit polyclonal antibodies against Akt, phospho-Akt
(Ser473), phospho-p42/44 (Thr202/Tyr204) and phospho-
p38 MAPK (Thr180/Tyr182) were purchased from Cell Sig-
naling Technology (Danvers, MA) and used according to
the manufacturer’s recommendations. As loading control,
mouse monoclonal anti-human �-actin antibody AC-15
(Sigma-Aldrich Chemie) was used. For Western blotting
using the kinase antibodies, cells were starved for 24 hours
in medium without any fetal calf serum and supplemented
with 0.1% bovine serum albumin before stimulation.

Proliferation, Apoptosis, and Adherence Assay

Cell viability was assessed with the 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide assay (Sigma-
Aldrich Chemie) as described earlier.22 The cell cycle was
analyzed using flow cytometry after propidium iodide stain-
ing as previously described22 with aid of the computer
programs WinMDI 2.9 and Cylchred. Cell apoptosis was

Table 2. Primers Used for Cloning

Name Sequence Cloned fragments

Cloning
OLM-1 5�-GACAAGCTTACTCTGTCACCCATGCTGCAGTG-3� �1357/�606
OLM-2 5�-GAGAAAACACCCAAATAAACAAAG-3�
OLM-3 5�-TGCATCTTATTTCTCAGTTTTATG-3� �816/�24
OLM-4 5�-TGTTTTTGGCGTCTTCCATCTTGTCCTCTTAGCTGGAGC-3�
OLM-5 5�-GGTGTTCTAGATATCGCAGTTCACAGTTCCCTGGC-3� AP1 site deletion
OLM-6 5�-GTGATTTCCCCATGGCCAGCAT-3�
OLM-7 5�-AAGAATTCCACCATGAGGCCCGGCCTCTCATTTCT-3� cDNA 5�
OLM-8 5�-GATTTCTCGGCGAATGGCAAGG-3�
OLM-9 5�-GCTGGAGGTGGAGATAAGAAATATG-3� cDNA 3�
OLM-10 5�-CTCCTCGAGACATTTACTGGGGCTTCTGCAAGACAG-3�
OLM-11 5�-CTAAACAGGATCCCTGGGGCTTCTGCAAGACAG-3� cDNA 3� TAA-less
PY 5�-CAGGGATCCATGGAATATATGCCAATGGAAATGGAATATATG

CCAATGGAACATATATGA-3�
PY-tag

Real-time PCR
EGFR1 5�-GGGCTCTGGAGGAAAAGAAA-3� EGFR1 expression
EGFR2 5�-AAATTCCCAAGGACCACCTCA-3�
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measured by flow cytometry after labeling the apoptotic
cells with the M30 antibody (Roche Diagnostics Nederland,
Almere, The Netherlands) as described previously.27

Cell adherence was assessed by plating equal num-
bers of cells in a 24-well plate and allowing cells to attach
to the surface for different periods of time (as indicated).
Wells were rinsed with PBS and the number of viable
adhering cells was assessed with the 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide assay.

Immunohistochemistry, Fluorescence, and
Confocal Laser Microscopy

Paraffin sections were stained using standard protocols.
Sections were dewaxed, and endogenous peroxidases
were blocked. Pepsin was used as antigen retrieval
method for OLFM-4 and EGFR1, whereas Tris-EDTA
buffer was used to retrieve the antigen for staining with
ER-�. Antibodies IMG-5983 (1/40 rabbit polyclonal; Im-
genex), 31G7 (1/20, monoclonal; Zymed/Invitrogen,
Breda, The Netherlands), and D-5 (1/100, monoclonal;
DakoCytomation, Glostrup, Denmark) were used to de-
tect OLFM-4, EGFR1, and ER-�, respectively. Chemate
Envision and 3,3-diaminobenzidine solution (DakoCyto-
mation) were used to visualize antibody binding.

Immunofluorescence staining for microscopy and for
confocal laser scanning microscopy was performed on
cells plated on microscope coverglasses. Cells were
fixed in 4% paraformaldehyde (10 minutes at room tem-
perature) followed by permeabilization with PBS supple-
mented with 0.1% Tween 100.

OLFM-4 was stained with the IMG-5983 antibody
(1:40) and vimentin with the M0725 antibody (1/500,
monoclonal; DakoCytomation). Mouse-�-2PY was used
to detect the PY tag. Goat-�-mouse IgG-FITC (1/100;
DakoCytomation) and swine-anti-rabbit IgG-FITC (1/
100; DakoCytomation) were used as secondary anti-
bodies. For the co-staining protocols we combined the
swine-anti-rabbit-FITC antibody (1/100; DakoCytomation)
and goat-anti-mouse-Texas Red antibody (1/80; ITK Di-
agnostics, Uithoorn, The Netherlands).

Confocal laser scanning microscopy was performed
using the Leica CTR 4000/CTC SPE and the Leica
Application Suite/advance fluorescence software
package (Leica Microsystems, Rijswijk, The Nether-
lands). The Image-J program was used to make three-
dimensional images.

Accession Numbers

National Center for Biotechnology Information (http://www.
ncbi.nlm.nih.gov, last accessed September 15, 2010) en-
tries for human OLFM-4 gene name: OLFM4 (additional
names GC1, OLM4, OlfD, GW112, human granulocyte col-
ony stimulating clone-1; hOLfD, UNQ362, KIAA4294,
bA209J19.1, and OLFM4) (GeneID: 10562).

Results

OLFM-4 Expression in the Endometrium During
the Menstrual Cycle

Expression of OLFM-4-mRNA is significantly increased in
the early and late proliferative phase compared with the
menstrual-phase endometrium and decreases after ovu-
lation (Figure 1A). For the immunohistochemical staining
of OLFM-4, the antibody clone IMG-5983 was used.
Since this antibody was used for Western blot only, its
specificity to detect the correct protein in whole cells was
confirmed in the HEK-293 cells transfected with the
OLFM-4 cDNA fused to a PY tag. Antibody IMG-5983 and
the anti-PY antibody colocalized perfectly in costaining
experiments (Figure 1B), and therefore, IMG-5983 was
further used.

In the human endometrium, OLFM-4 protein is local-
ized in the cytoplasm and the cell membrane of the
glandular epithelium, although some immunoreactivity in
the stroma cells is also observed (Figure 1C). Its expres-
sion is highest in the early and late proliferative phase
(Figure 1C).

Using endometrial explant cultures, we confirmed the
estrogen dependence of OLFM-4: its mRNA level is in-
duced significantly by 17�-estradiol in explant cultures
prepared from menstrual endometrium but not in ex-
plants prepared from late proliferative endometrium (Fig-
ure 1D; see Discussion).

Regulation of the OLFM-4 Gene Promoter

To further investigate the transcriptional regulation of
OLFM-4, we cloned the 1.3-kb fragment upstream of the
transcription start site in front of the luciferase gene (Fig-
ure 2A).26 The OLFM-4 promoter does not contain any
canonical estrogen response element (ERE), but instead
it has three half EREs (AGGTCA) and an AP1 site
(TGACTCA). This construct was used for transfection of
ER-� positive cell lines ECC1 (endometrial cancer) and
T47D (breast cancer) as well as for transfection of two
ER-� negative cell lines (endometrial cancer RL95.2 and
cervical cancer HeLa) along with the ER-� expression
plasmid (results not shown). The ER-� status for ECC1,
T47D and HeLa cells, further used in this study, is shown
in Figure 2B.

Surprisingly, the OLFM-4 promoter responds to estro-
gens in HeLa cells only after co-transfection with the
OLFM-4-luciferase and the ER-� expression plasmid.
Both 17�-estradiol and OH-tamoxifen induce luciferase
activity and this response is antagonised by the anti-
estrogen ICI-134384 (Figure 2C).

Given that an agonistic action of OH-tamoxifen is fre-
quently associated with cross talks between ER-� and
kinase pathways, and given that AP1 binding sites (acti-
vated by kinase cascades) are frequently functionally
linked to half-EREs (both AP1 and half-EREs are present
in the OLFM-4 3�; Figure 2A),26 we examined whether
growth factor signaling is involved in the regulation of
OLFM-4. EGF but not insulin-like growth factor (IGF) (re-
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sults not shown) strongly enhances OLFM-4 promoter
luciferase activity (Figure 2C). Interestingly, ICI-164384
impairs the response to EGF, besides the inhibition of the
estrogen signaling.

The interaction between the ER-� and EGFR signaling
pathways was further explored. ER-� is necessary for the
estrogenic response of OLFM-4, because when ER-� is
not cotransfected into the HeLa cells, the responses to
17�-estradiol and OH-tamoxifen are completely abol-
ished (Figure 2D). Under these circumstances, also the
response to EGF is partly impaired (�50%; Figure 2D),
indicating that ER-� is required for the full EGF response.
This is further illustrated by the fact that the ER antagonist
ICI-164384 abolishes the EGF-mediated response (Fig-
ure 2C).

Similarly, EGF signaling is needed for the estrogen
response. In HeLa cells cotransfected with a dominant
negative variant of EGFR (EGFR-CD-533), the activation
of the OLFM-4 promoter by EGF, 17�-estradiol and OH-

tamoxifen is impaired (Figure 2E). To confirm this obser-
vation, a general inhibitor of the membrane EGFR family
(GW2974) was used. Pretreating HeLa cells with
GW2974 inhibits the response to EGF as well as to 17�-
estradiol and OH-tamoxifen (Figure 2F).

Several members of the EGFR family are known.
Among them, EGFR1 and ERBB2 (HER2/NEU) are the
most important ones. Western blot analysis (shown in
Figure 2B) revealed that ERBB2 is expressed in HeLa
(OLFM-4 promoter responsive to both estrogens and
EGF) as well as in ECC1 and T47D cells (OLFM-4 pro-
moter neither responsive to estrogens nor to EGF),
whereas EGFR1 is expressed in HeLa cells only, but not
in ECC1 and T47D cells. Therefore, we hypothesized that
EGFR1 may be involved in the regulation of OLFM-4.
Re-expression of EGFR1 by transient transfection in T47D
cells is sufficient to recover the EGF response. However,
EGFR1 re-expression recovers only partly (non-signifi-
cantly) the estrogenic response of the OLFM-4 promoter

Figure 1. OLFM-4 expression in the human endometrium. A: OLFM-4 mRNA expression in healthy cyclic endometrium. M, menstrual phase (n � 12); EP, early
proliferative (n � 9); LP, late proliferative (n � 9); ES, early secretory (n � 8); MS, midsecretory (n � 8); and LS, late secretory (n � 2). mRNA levels were
determined by quantitative real-time PCR. �P � 0.05 versus menstrual phase (Mann-Whitney U-test). B: Specificity of the IMG-5983 antibody for OLFM-4. We
confirm perfect colocalization of OLFM-4 (polyclonal IMG-5983, Swine-anti-rabbit-FITC, green) and the PY tag (mouse-anti-2PY MMS-115R, goat-anti-mouse-
Texas Red, red). Magnification �40. C: OLFM-4 protein expression during the menstrual cycle determined by immunohistochemistry. M, menstrual phase; EP,
early proliferative; LP, late proliferative; ES, early secretory; MS, midsecretory; and LS, late secretory. D: OLFM-4 mRNA expression in explant cultures of menstrual
(n � 8) and late proliferative-phase endometrium (n � 8) exposed for 24 hours to vehicle (0.1% ethanol) or 17�-estradiol (1 nmol/L). mRNA levels were
determined by quantitative real-time PCR. �P � 0.05 (Wilcoxon signed-rank test).
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(Figure 3A). Similar results were obtained with ECC1 cells
(results not shown).

We next investigated which pathways are involved in
the EGFR-ER-� cross talk using specific intracellular sig-
naling inhibitors (Figure 3, B and C). The signaling in-
duced by EGF is efficiently blocked by the MEK1/2 inhib-
itor (U-0126), only partially blocked by inhibition of PI3K
(LY294002) and not influenced by p38 MAPK inhibition
(SB20190). The signaling induced by 17�-estradiol is
most prominently blocked by pretreatment with the PI3K
inhibitor LY294002 (Figure 3B) and partially inhibited by
the MEK1/2 inhibitor (U-0126) and the MEK1 inhibitor
(PD98059). The only difference between 17�-estradiol
and OH-tamoxifen induced signaling is the fact that the
p38 MAPK inhibitor SB20190 is able to repress the ac-
tivity mediated by OH-tamoxifen but not the activity in-
duced by 17�-estradiol. The Western blot in Figure 3B,
top panel, shows that the used inhibitors were specific
and efficient in our experimental conditions.

The activation by 17�-estradiol and OH-tamoxifen of
PI3K/Akt was confirmed by Western blot using phos-
pho-Akt-Ser473 antibody (Figure 3C). In addition, West-
ern blotting using phospho-p38 MAPK (Thr180/Tyr182)
antibody confirmed that p38 MAPK is phosphorylated
by OH-tamoxifen but not by 17�-estradiol (Figure 3C).

Finally, we investigated the promoter sequences that
are needed for estrogen and EGF responses. A truncated
form of the 1.3-kb OLFM-4 promoter was generated,
which contains the first 0.8-kb promoter fragment. This is
enough to mediate the complete response of estrogen
but only part of the EGF response (Figure 3D). The AP1
site is present in this 0.8-kb promoter (Figure 3D). There-
fore, to examine whether this site is needed to mediate
the estrogenic and the EGF response, the AP1 site was
deleted from the 1.3-kb OLFM-4 promoter (Figure 3E).
The responses to EGF and to 17�-estradiol are abolished
after deletion of the AP1 binding sequence. The response
to OH-tamoxifen, however, appears to be independent

Figure 2. OLFM-4 is regulated by estrogen and EGFR signaling. A: Scheme of the 1.3-kb OLFM-4 promoter that was cloned in front of the luciferase reporter.
Nucleotide numbering as in the study of Chin et al.26 B: Western blot analysis for ER-� and EGFR1 and ERBB2 in HeLa, ECC1, and T47D cells. C–F: Luciferase
response in HeLa cells transfected with the OLFM-4 promoter-luciferase along with: the expression plasmid for ER-� (the panel on the right shows ER-�
expression after transfection with ER-� plasmid or with an empty vector) (C), and the ICI-164384 alone had no effect on the luciferase activity (not in figure); the
empty vector (without the expression plasmid for ER-�) (D); the ER-� expression plasmid and a dominant-negative variant for of the EGFR (CD-533) (E); and the
expression plasmid for ER-� in presence or absence of the EGFR inhibitor GW2974 (F). Bars indicate mean values (n � 3) � SD. P values were calculated with
the t t-test; �P �0.05; ��P �0.01. All results were repeated in at least two independent experiments.
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from the presence or absence of the AP1 binding site
(Figure 3E).

OLFM-4 Decreases Cell Adherence and
Vimentin Expression and Protects Against
Apoptosis

OLFM-4-negative HEK-293 cells were transiently trans-
fected with the OLFM-4 expression plasmid to assess the
function of this protein. After transfection, OLFM-4 is
highly expressed both as native and as PY tagged (Fig-
ure 4, A and B) and is mainly present in the cytoplasm
and the cell membrane. We observed that when OLFM-4
is expressed on the cell membrane (Figure 4B, right
panels), cells assume a spherical shape and clearly de-
tach from the plate surface, whereas in cells with a more

adherent phenotype (Figure 4B, left panels) OLFM-4 is
present throughout the cytoplasm (see the three-dimen-
sional reconstruction in Figure 4B). In line with this ob-
servation, re-expression of OLFM-4 (native or PY fused)
decreases the adherence to the plate surface compared
with cells transfected with the empty vector (Figure 4C).

Re-expressing OLFM-4 in HEK-293 cells also results
in increased cell number compared with untransfected
or empty vector transfected cells (Figure 4D). We did
not find increased proliferative activity as determined
by the DNA histograms generated with flow cytometry
(results not shown); however, HEK-293 cells re-ex-
pressing OLFM-4 are slightly, but significantly, more
resistant to topotecan induced apoptosis (Figure 4E).

Intermediate filaments, ie, vimentin, establish intimate
interactions with extracellular matrix components (such

Figure 3. Intracellular regulation of the OLFM-4 promoter. A: Luciferase response in T47D cells transfected with the OLFM-4 promoter-luciferase along with the
expression plasmid for EGFR1 (the panel on the left shows the EGFR1 expression after transfection with EGFR1 plasmid or with an empty vector). B: Luciferase
response of HeLa cells transfected with the OLFM-4 promoter-luciferase and the expression plasmid for ER-�. Cells were preincubated with the inhibitors for p38
MAPK (SB20190, 20 �mol/L), MEK1 (PD98059, 50 �mol/L), MEK1/2 (which is upstream both p38 MAPK and p42/44; U-0126, 10 �mol/L), and PI3K (Ly294002,
10 �mol/L). The Western blot on the top indicates that the inhibitory conditions used were efficient and specific: Ly294002 completely blocked EGF-induced
phosphorylation of Akt (downstream of PI3K); PD98059 and U-0126 blocked phosphorylation of p42/44 MAPK; phosphorylation of p38 MAPK is partly inhibited
by Ly294002, PD98059, and U-0126 as this kinase lies downstream of both PI3K/Akt and MEK1/2 but not by SB20190, which blocks phosphorylation downstream
of p38 MAPK. C: Western blotting indicating the in HeLa cells transiently transfected with the expression plasmid for ER-�, stimulation with both 17�-estradiol
and OH-tamoxifen activates the PI3K/Akt signaling, whereas OH-tamoxifen only activates p38 MAPK. D: Luciferase response of HeLa cells transfected with the
expression plasmid for ER-� and the OLFM-4 promoter-luciferase, comprising only the 0.8-kb most proximal promoter part (shown on the left). E: Luciferase
response of HeLa cells transfected with the expression plasmid for ER-� and the OLFM-4 promoter-luciferase where the AP1 site has been abolished. All inhibitors
were also tested alone, and no effect on luciferase activity was observed. Bars indicate mean values (n � 3) � SD. P values were calculated with the t-test; �P �
0.05; ��P � 0.01. All results were repeated in at least two independent experiments.

2502 Dassen et al
AJP November 2010, Vol. 177, No. 5



as OLFM-4) and can influence a large number of cellular
events including cell differentiation, adherence and apo-
ptosis.28,29 Therefore, we examined whether vimentin ex-
pression and filament organization were affected by
OLFM-4 expression. The level of vimentin in OLFM-4-
positive and -negative cells was assessed by immunoflu-
orescence (Figure 4, F and G). HEK-293 cells transiently
transfected with the OLFM-4 cDNA were costained with
the OLFM-4 antibody (green fluorescence) and with the
vimentin antibody (red fluorescence). The efficiency of
transient transfection never reaches 100%; therefore, in
the same microscopic preparation, cells expressing and
cells nonexpressing the transfected plasmid could be
observed. Using confocal laser scanning microscopy,
the red fluorescence (vimentin expression) was quanti-
fied through the complete volume of cells expressing
OLFM-4 (green) or not (cells without green fluorescence)
in the same transfection plate/reaction. Expression of

OLFM-4 clearly results in reduced staining for vimentin
(Figure 4, F and G). When we performed the same ex-
periment in cells transfected with the green fluorescence
protein expression vector, the vimentin staining in cells
expressing and in cells nonexpressing green fluores-
cence protein did not differ (Figure 4G).

OLFM-4 Expression in Endometriosis and
Endometrial Cancer

OLFM-4 and EGFR1 are expressed in pre- and post-
menopausal endometrium (Figures 1 and 5, A and B),
although significant individual variations are present.
OLFM-4 is mostly localized in the glands. EGFR1 stains
the membrane of the stroma cells and, less intensively,
the epithelial cells, with the strongest immunoreactivity
during the proliferative phase. OLFM-4 and EGFR1 are

Figure 4. OLFM-4 re-expression in HEK-293 cells infers apoptosis resistance and reduces cell adherence and vimentin expression. A–E: OLFM-4 was re-expressed
in HEK-293 cells (OLFM-4 negative) by transient transfection with the OLFM-4 expression plasmid (or empty vector as control). A: Western blot with antibody
IMG-5983 against the native OLFM-4. Equal amounts of protein were loaded on the “extract fractions.” B: Confocal laser scanning microscopy of HEK-293 cells
transfected with OLFM-4 cDNA fused to PY tagging and detected with the anti-PY antibody (similar results were obtained with the native nontagged protein). On
the left, a cell with predominant cytoplasmic localization of OLFM-4. On the right, membrane localization of OLFM-4. After three-dimensional reconstruction
(ImageJ program), cells were (virtually) sectioned through the plane indicated on the top image (dashed line). The cell on the left is well attached to the plate
surface, and staining for OLFM-4 is seen through the cytoplasmic section (Cyt). On the right, the OLFM-4 protein is fully localized on the membrane, which is
accompanied by detachment (spherical shape) of the cell. We exclude that the rounded shape of the cell was associated to apoptosis because nuclear morphology
looked normal, and apoptosis was diminished rather than augmented in cells overexpressing OLFM-4 (E). Magnification �40. C: Adherence of cells to the culture
plate is decreased after re-expression of OLFM-4 compared with cells transfected with the empty vector. �P � 0.05 versus empty vector, t-test. Transfected cells
were seeded on a 24-well plate, and the number of attached cells was determined by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide after different
periods of time. Four and one-half hours after plating, all cells were seeded. D: The number of viable cells (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide assay) increased after OLFM-4 re-expression compared with cells transfected with the empty vector. �P � 0.05 versus empty vector, t-test. E: M30
staining/FACS analysis indicating that HEK-293 cells re-expressing OLFM-4 are more resistant to topotecan-induced apoptosis compared with cells transfected with
the empty vector. �P � 0.05 versus empty vector, t-test. F: HEK-293 cells were transiently transfected with OLFM-4 cDNA and costained for OLFM-4 (FITC-green)
and vimentin (Texas Red). Confocal laser scanning microscopy was used to visualize and quantify vimentin filament throughout the whole volume of cells that
re-expressed OLFM-4 and cells that did not. The ImageJ program was used to make three-dimensional images. Magnification �40. G: Quantification of the
vimentin expression in cells transfected as described in F that were positive or negative for OLFM-4 expression. The same experiment was performed by
transfecting HEK-293 cells with GFP expression plasmid, and no reduction in vimentin expression could be observed (GFP-positive cells).
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also expressed in endometriosis (Figure 5C) and endo-
metrial cancer (Figure 5D). In endometriosis lesions,
EGFR1 immunoreactivity is weak, and besides this, no
additional difference in the staining intensities between
normal endometrium and endometriosis lesions or endo-
metrial cancer were observed.

Interestingly, when comparing the immunohistochem-
ical staining scores of OLFM-4 with that of EGFR1 and
ER-� in endometrial cancer (Figure 5D), we observed
that high OLFM-4 stainings correlate with high staining
scores of EGFR1 and ER-� (Figure 5E). Quantifying im-
munohistochemical stainings is semiquantitative at best;
therefore, we also assessed the mRNA levels of OLFM-4
and EGFR1 by real-time PCR. In addition, instead of as-
sessing the level of ER-�, we examined the activation of the
ER-� signaling by assessing the expression of the estro-
gen-responsive gene TFF1, as described previously.16 The
levels of OLFM-4, EGFR1, and TFF1 were measured in
endometriosis, endometrial cancer, and controls.

At the mRNA level, OLFM-4 expression is significantly
higher in the eutopic endometrium of patients compared
with the endometrium of controls but also compared with
the endometriotic tissue (Figure 6A). EGFR1 mRNA levels
are significantly lower in the eutopic and ectopic endo-
metrium of patients when compared to the normal endo-
metrium (Figure 6B), confirming the immonostaining. The
expression level of the 17�-hydroxysteroid-dehydroge-
nase-4 (17�-HSD-4; Figure 6C) was used as a control of
the endometriotic biopsies used for RNA isolation: this
enzyme was previously shown to be similar in eutopic
and ectopic endometrium and not to be expressed in
nonendometrial tissue surrounding the lesions.16 Equal
levels of 17�-HSD-4 in eutopic tissues (from both patients
and controls) and ectopic material (Figure 6C) indicates
the presence of comparable endometrial cells in all bi-
opsies used for RNA isolation.

We next examined the fold-change of the expression of
TFF1, OLFM-4, and EGFR1 between the eutopic and

Figure 5. OLFM-4 and EGFR1 expression in endometriosis and endometrial cancer. A: EGFR1 expression in healthy premenopausal endometrium. Enlarged
panels (�60) show the membrane expression of EGFR1. B: OLFM-4 and EGFR1 expression in postmenopausal endometrium. C: OLFM-4 and EGFR1 expression
in endometriosis lesions. Little expression of EGFR1 is evident (area indicated with the arrowhead). D: OLFM-4, EGFR1, and ER-� expression in endometrial
cancer. E: Correlation between OLFM-4, EGFR1, and ER-� expression in endometrial cancer (n � 18 biopsies from the pathological anatomy national automated
archive (PALGA) collection; 3 of the 21 samples from this collection were not stained for OLFM-4, EGFR1, and ER-� because of lack of material). Protein expression
was semiquantitatively assessed by calculating a staining index as described earlier.40 Afterward, samples were grouped in three categories for OLFM-4 expression
(low, medium, high; x-axis) and in two for EGFR1 and ER-� (low and high). A combination of different expression levels of EGFR1 and ER-� are indicated with
white, gray, and black. IH SCORE � staining index.
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ectopic endometrium in each single patient. In this way,
we assessed if the expression of these genes differs in
the endometrium located inside the uterus (eutopic) com-
pared to the endometriotic lesions. As previously
shown,16 TFF1 expression is lower in the eutopic com-
pared to the ectopic endometrial tissue of each single
patient (expression ratios lower than one; Figure 6D).
However, OLFM-4 expression shows the opposite trend
and is higher in the eutopic endometrial tissue compared
with the levels in the ectopic endometrium in the same
patient. The levels of EGFR1 mRNA are also slightly
higher in the eutopic than in the ectopic lesions.

In contrast to the differences in expression levels ob-
served in endometriotic tissue, mRNA levels of OLFM-4,
EGFR1, and TFF1 are comparable in endometrial cancer
and healthy postmenopausal endometrium (Figure 6E).
In line with the correlation of high OLFM-4 protein level
and high expression of EGFR1 and/or ER-�, the same

relationship becomes evident in both healthy postmeno-
pausal endometrium and endometrial cancer when the
OLFM-4 mRNA levels are plotted against the product of
the mRNA levels of EGFR1 and TFF1 (Figure 6F).

Discussion

OLFM-4 is an estrogen-responsive gene, highly up-reg-
ulated during the proliferative phase of the menstrual
cycle. The response to 17�-estradiol was confirmed in
vitro using explants cultures of human endometrial tissue
(Figure 1D). The magnitude of the in vitro response was
higher using menstrual-phase endometrial explants com-
pared with late proliferative-phase explants. This phe-
nomenon of differences in estrogen sensitivity in different
preovulatory stages has been described previously.20 It
can be attributed to the fact that late proliferative-phase

Figure 6. mRNA levels of OLFM-4, EGFR1, and TFF1 in endometriosis and endometrial cancer. A: OLFM-4 mRNA levels in the endometrium of healthy
controls and ectopic/eutopic endometrium of endometriosis patients (statistic significance was maintained after removal of the outsider sample with a fold
change 	104 in the “eutopic” group). B: EGFR1 mRNA levels in the endometrium of healthy controls and ectopic/eutopic endometrium of endometriosis
patients. C: 17�-HSD4 mRNA in the endometrium of healthy controls and ectopic/eutopic endometrium of endometriosis patients. This enzyme is known
to be expressed at comparable levels in the eutopic and ectopic endometrium,30 and it was used as a control for the presence of endometrial tissue in the
ectopic lesions. D: Ratios between the levels of mRNA in the eutopic versus the corresponding ectopic endometrium (matched samples in each patient)
for OLFM-4, EGFR1, and TFF1. The levels in the eutopic tissues were set to one (REF, indicated); therefore, a value higher than one indicates that in that
patient the level of expression of the gene under investigation is higher inside the uterus than in the lesion; vice versa, a value lower than one indicates
higher expression in the lesion compared to the endometrium at its normal location. E: OLFM-4, TFF1, and EGFR1 mRNA levels in the endometrium of
postmenopausal healthy controls and endometrial cancer (none is significantly different between the two groups). F: Correlation between OLFM-4 mRNA
levels and the product of EGFR1 and TFF1 mRNA levels in endometrium of healthy postmenopausal women (R2 value � 0.3) and endometrial cancer (R2

value � 0.8). All mRNA values were calculated by quantitative real-time PCR and were normalized using cyclophilin as a housekeeping gene. Results did
not change when �-actin was used for normalization; data not shown). Nonparametric Mann-Whitney U statistical test was used and P values are indicated.
Ns, nonsignificant.
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endometrium has been exposed in vivo to 17�-estradiol
for an extended period of time. This renders the endo-
metrium refractory to further stimulation in vitro.

Despite its estrogenic response, the promoter region
of the OLFM-4 gene does not contain any perfect EREs.
Three half-palindromic EREs are present plus an AP-1
binding site. The presence of the AP1 site suggests that
growth factor signaling may be involved in the full regu-
lation of this gene. Indeed, OLFM-4 transcription is in-
duced by EGF, 17�-estradiol, and OH-tamoxifen (Figures
2 and 3). From our experiments, we can infer that the
signaling pathways activated by these three compounds
are distinct but merge at various levels. In addition, both
ER-� and EGFR signaling are required for full activation
of the OLFM-4 promoter. The responses to EGF, 17�-
estradiol, and OH-tamoxifen are impaired when EGFR is
blocked by the dominant-negative receptor variant, or
cells are pretreated with an EGFR inhibitor (GW2974). In
turn, these same responses are impaired when ER-� is
not expressed (only partly, in case of EGF) or when cells
are exposed to the anti-estrogen ICI-164384 (Figure 2). In
the HeLa clone used in these experiments, neither ER-�
nor ER-� is endogenously expressed (as visualized by
Western blot). Re-expression of ER-� clearly recovers the
OLFM-4 promoter response, but the effects of introduc-
ing ER-� have not been investigated.

With respect to the EGF, its response is mediated by
EGFR1, as indicated by the re-expression experiment in
EGFR1-negative cells (ie, T47D cells; Figure 3A). The
main signaling route of EGF-EGFR1 appears to be medi-
ated via MEK1/2 and p42/44 MAPK and involves AP1
activation as well (Figure 3, B and E). Because the full
EGF response also requires the presence of ER-�, the
well-described tethering mechanism of ER-� and c-Fos/
c-Jun at the AP1 region30 may control OLFM-4 promoter
activation by EGF.

With respect to the estrogenic response, besides ER-�,
EGFR is required, as mentioned earlier. However, re-ex-
pression of EGFR1 alone in T47D (Figure 3A) or in ECC1
cells (data not shown) is not enough to re-establish the full
response of the OLFM-4 promoter to 17�-estradiol and
OH-tamoxifen. Apparently, additional signaling paths are
needed for the full estrogenic response. It is unlikely that
other members of the EGFR family such as ERBB2, ERBB3,
or ERBB4 may be involved. ERBB3 is expressed in T47D
but not in HeLa cells (where we observed high OLFM-4
promoter activation); ERBB2 is expressed in both cells
(Figure 3A), whereas ERBB4 is neither expressed in HeLa
nor in T47D cells (expression data for ERBB3 and ERBB4
derived from GNF SymAtlas: http://biogps.gnf.org/, last ac-
cessed September 15, 2010). Preliminary results of our
group have indicated that, in contrast to Akt Ser473, which
becomes phosphorylated in an EGF/estrogen-dependent
manner, Akt Thr308 is constitutively phosphorylated in HeLa
cells but not in ECC1 or in T47D cells. PI3K-Akt signaling via
Thr308 may be therefore needed for the estrogenic re-
sponse of OLFM-4.

Subsequently, the estrogenic response requires PI3K-
Akt/PKB and MEK1/2 activation (Figure 3, B and C). The
further downstream events leading to the regulation of
OLFM-4 transcription are not the same for 17�-estradiol

and OH-tamoxifen. In case of 17�-estradiol-bound ER-�,
the AP1 site in the promoter region is necessary, sug-
gesting that, also in this case, a tethering mechanism of
ER-� at the AP1 site may operate. However, induction of
the OLFM-4 promoter by OH-tamoxifen-bound ER-� does
not require the interaction with AP1. Instead, after activa-
tion of Akt/PKB and MEK1/2, it depends on p38 MAPK
activation.

To corroborate our findings, we have assessed the
presence of the half-EREs and the AP1 site in different
species and observed that these sequences are con-
served among rat, mouse, and human (results not
shown).

The function of OLFM-4 in the endometrium is still
elusive. In HEK-293 cells, OLFM-4 localizes in the cell
membrane. Its overexpression decreases the adherence
capability of cells and confers a slight resistance to ap-
optosis, confirming other reports.4,10 We have not inves-
tigated why in some cells OLFM-4 localizes on the cell
membrane, whereas in other cells, the protein seems to
remain trapped inside the cytoplasm (Figure 4B). Most
probably, in this latter case, OLFM-4 is not correctly
processed because of its overexpression after transient
transfection.

The effects of OLFM-4 seem to be mediated by de-
creased vimentin expression (or filament re-organiza-
tion). Similar results with respect to cell number/apopto-
sis and cell adherence were also obtained using ECC1
endometrial cancer cells (results not shown). Other au-
thors have observed similar effects using colon cancer
cells: OLFM-4 interfered with cytoskeleton filaments and
caused cells to round up and detach.9

OLFM-4 is particularly associated with tissues with
high regenerative potential (ie, bone marrow, the gastro-
intestinal tract, prostate, murine ovaries, rat testis,31 and
endometrium). In addition, the fact that OLFM-4 affects
processes such as cell adherence, cell-cell interaction,
motility, and apoptosis, rather than proliferation, implies
that this protein plays a determining role in differentiation
of cells. Accordingly, Liu and coworkers9 have reported
that OLFM-4 expression in colon carcinoma correlates
with well-differentiated tumors, and we have shown that
vimentin (a marker of cell de-differentiation during epithe-
lial-mesenchymal transition)32 is down-regulated by
OLFM-4 re-expression. These evidences and the fact that
OLFM-4 expression is highest in proliferative endome-
trium indicate that OLFM-4 may promote the differentia-
tion of endometrial epithelial cells at the late proliferative
phase when the endometrium has finished the exponen-
tial growth and is preparing to respond to the luteal
progesterone. Overall, our results are in line with previous
investigations. Cross-talks between estrogens and EGF
signaling are well documented,30,33 and they control cell
migration and other remodeling and cell differentiation
features of the endometrium.34

The synergy between ER-� and EGFR is corroborated
by the fact that in the proliferative phase, when OLFM-4
expression is high, the levels of 17�-estradiol in the
circulation are peaking and the expression of EGFR, in
particular EGFR1,35 and its ligands (EGF and TGF�)
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are also significantly higher compared to the secretory
phase.36,37

Investigating the human clinical samples gave support
to our in vitro findings on the regulation of OLFM-4.
OLFM-4 level is correlated to ER-� (or estrogen signaling
measured as TFF1 expression) and EGFR1 expression in
endometrial tumors and controls (mRNA and immunohis-
tochemistry; Figures 6F and 5E, respectively). In endo-
metriosis patients, the same trend is also observed. The
ectopic locations have an increased estrogenic activity
compared with the tissue inside the uterus as suggested
by the lower TFF1 expression in the eutopic tissue com-
pared with the corresponding ectopic endometrium in the
same patient (16; see also Figure 6D). However, OLFM-4
mRNA levels are lower in the ectopic than in the eutopic
endometrium of the same patient. This may be the result
of the low level of EGFR1 expression in the lesions, which,
despite their high estrogenic activity, have low EGF sig-
naling and therefore low OLFM-4 transcription.

With respect to a possible role of OLFM-4 in endome-
trial pathologies, in endometrial cancer, the expression
levels of OLFM-4 are comparable with those of healthy
postmenopausal endometrium, indicating that this pro-
tein plays no role in the carcinogenesis of the endome-
trium. In contrast, the eutopic endometrium of women
with endometriosis showed higher OLFM-4 expression
compared with controls. Given that OLFM-4 reduces cell
adherence, endometrial cells inside the uterus of patients
may have increased ability to move into the peritoneum
and to spread. At the same time, these cells may also
have a survival advantage in the peritoneal cavity, be-
cause of the intrinsic apoptosis resistance conferred by
OLFM-4. Interestingly, MEK1/2-p42/44 MAPK activation
is elevated in endometrial stromal fibroblasts of women
with endometriosis compared with women without dis-
ease,38 which supports the hypothesis that OLFM-4 has
high expression in the eutopic endometrium of endome-
triosis patients and may predispose endometrial cells to
spread, survive, and implant at ectopic locations. In ad-
dition, the fact that OLFM-4 expression is back to “healthy
control” levels once the lesions are established (in the
surgically excised ectopic lesions; Figure 6A) indicates
that this protein may be involved in the initial steps of
endometriosis onset only (spread, survival, infiltration),
and it plays no additional role once the disease is
established. In line with this, established disease is no
longer characterized by tissue remodeling events, but
rather by blood supply acquisition and exposure to es-
trogen/proliferative stimuli,16,39 events where OLFM-4
plays no role.

In conclusion, together with the recent finding that cell
migration and other remodeling features of the endome-
trium are the result of an intimate interaction between
estrogen signaling, PI3K, and extracellular signal-regu-
lated kinase 1/2 signaling,34 the observations from this
study suggest a role for OLFM-4 in these processes,
under the tight regulation of 17�-estradiol and EGF. Un-
balances in these regulations may favor the early onset of
endometrial pathologies, like endometriosis.
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