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Abstract
Estrogen modulates tight junctional resistance through estrogen receptor-α-mediated remodeling of
occludin. The objective of the study was to understand the mechanisms involved. Experiments using
human normal vaginal-cervical epithelial cells showed that human normal vaginal-cervical epithelial
cells secrete constitutively matrix-metalloproteinase-7 (MMP-7) into the luminal solution and that
MMP-7 is necessary and sufficient to produce estrogen decrease of tight junctional resistance and
remodeling of occludin. Treatment with estrogen stimulated activation of the pro-MMP-7
intracellularly and augmented secretion of the activated MMP-7 form. Steady-state levels of MMP-7
mRNA and protein were not affected by estrogen. Estrogen modulated phosphorylation of the
MMP-7, but the changes were most likely secondary to changes in cellular MMP-7 mass. Estrogen
increased coimmunoreactivity of MMP-7 with the Golgi protein GPP130. Tunicamycin and
brefeldin-A had no effect on cellular MMP-7 but monensin (inhibitor of Golgi traffic) blocked
estrogen effects, suggesting estrogen site of action is at the Golgi system. Estrogen increased
generalized secretory activity, including of luminal exocytosis of polycarbohydrates. However,
estrogen increased coimmunoreactivity of MMP-7 with synaptosomal-associated protein of 25 kDa
in apical membranes, suggesting soluble N-ethylmaleimide sensitive fusion factor attachment protein
receptor-facilitated exocytosis of MMP-7. Treatment with the vesicular-ATPase inhibitor
bafilomycin A1 inhibited activation of MMP-7. These data suggest that estrogen up-regulates
activation of the MMP-7 intracellularly, at the level of Golgi, and augments secretion of activated
MMP-7 through soluble N-ethylmaleimide sensitive fusion factor attachment protein receptor-
dependent exocytosis. On the other hand, estrogen acidification of the luminal solution would tend
to alkalinize exocytotic vesicles and may lead to decreased activation of the MMP-7. These
mechanisms acting in concert could be important for regulation and control of estrogen modulation
of paracellular permeability in vivo.

The major route of transport in epithelia is the paracellular (intercellular) pathway, and
transport in the paracellular pathway is controlled predominantly by the resistance of the tight
junctions (RTJ). The RTJ is determined by tight junctional complexes that are usually located
at apical regions of the cells. Tight-junction complexes extend in a belt-like manner around
the perimeter of each epithelial cell and connect neighboring cells. The tight junction
complexes are composed of cytoplasmic and integral transmembrane proteins (1). Cytoplasmic
tight-junction proteins couple the transmembrane tight-junctional proteins to the cortical actin
and mediate signal-dependent modifications of the RTJ (2). Transmembrane tight-junctional
proteins are linear polymers with extracellular stretches that associate laterally with tight-
junction strands in the apposing membrane of adjacent cells to seal the intercellular space (3).

Address all correspondence and requests for reprints to: George I. Gorodeski, M.D., Ph.D., University MacDonald Women’s Hospital,
University Hospitals of Cleveland, 11100 Euclid Avenue, Cleveland, Ohio 44106. E-mail: gig@cwru.edu.
Disclosure: The author has nothing to disclose.

NIH Public Access
Author Manuscript
Endocrinology. Author manuscript; available in PMC 2008 May 29.

Published in final edited form as:
Endocrinology. 2007 January ; 148(1): 218–231.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In epithelia, transmembrane tight-junctional proteins are composed of claudins and occludins.
Claudins are the main building units of the tight junction and confer the baseline gating
properties of the intercellular space (4). Until recently the role of occludins was debated after
conflicting reports whether occludins are necessary (1,5–8) or sufficient (9,10) to gate the
intercellular space. In the low-resistance human, vaginal-cervical epithelia occludin is present
in two main forms: the full-length 65-kDa wild-type isoform and a truncated 50-kDa form
(11,12). A shift from 65- to 50-kDa dominance, e.g. that induced by treatment with estrogen,
was associated with a reversible decrease in RTJ (13–16), suggesting that occludin is important
for gating the intercellular space. The data also suggest that estrogen regulates epithelial
permeability through remodeling of occludin.

The main objective of the present study was to better understand the mechanism of estrogen
modulation of occludin. Previous experiments using cultured human vaginal-cervical epithelia
showed that the truncated 50-kDa occludin form is not a distinct translated product but probably
a calpain-mediated proteolytic fragment (11,12). Protease digestion analysis suggested that
estrogen, in an effect mediated by the nuclear estrogen receptor (ER)- α induces proteolysis of
occludin at the middle of extracellular loop-2, resulting in formation of a truncated 50-kDa
isoform (11). Because occludin extracellular loops are important for gating the intercellular
space, estrogen up-regulation of a defective truncated 50-kDa form can explain the estrogen
decrease in RTJ.

Expression of occludin can be regulated (1,17–21), but until recently no studies were published
about hormone regulation of occludin. Similarly, only few others groups studied hormone
regulation of RTJ (22–27), but the results did not provide in-depth understanding of the
mechanisms involved. Remodeling of proteins at extracellular sites in normal cells usually
involves matrix metalloproteinases (MMPs) (28,29), whereas cysteine, aspartyl, and serine
proteinases play a similar role in cancer cells or in cells exposed to bacterial and viral infections
(e.g. 30, 31). MMPs actions in uterine epithelial and stromal cells are relatively well understood
(e.g. Ref. 32), but until recently little was known about the expression, regulation, and actions
of MMPs in normal human vaginal-cervical epithelial cells. Twenty-six vertebrate MMPs and
23 human homologues have been identified (29). Preliminary experiments in the laboratory
showed that of those, only MMP-7 (matrilysin) was expressed, and estrogen regulated in human
normal vaginal-cervical epithelial cells.

MMP-7, a hydrolyzing protease of proteoglycans and extracellular matrix glycoproteins, exists
as an inactive pro from, which becomes activated by proteolytic cleavage. It is the smallest
member of the MMPs, containing only the common catalytic domain and the Zn2+ binding
region but missing the hemopexin-like domain common to the other MMPs (33). MMP-7 is
widely expressed and is the main MMP of epithelial cells (34), including of the female
reproductive tract (32,35,37). MMP-7 cleavage sites involve the Gly-Leu and Asp-Leu peptide
bonds (38). Interestingly, occludin extra-cellular loop-2 has a Gly226-Leu227 sequence that can
potentially serve as a MMP-7 cleavage site (39), and cleavage of occludin at the Gly226-
Leu227 site would generate a segment of about 50 kDa. Based on these considerations, the
hypothesis of the present study was that the 50-kDa occludin form found in estrogen-treated
cells is the result of MMP-7-mediated cleavage of occludin at the 226–227 position, suggesting
that MMP-7 mediates estrogen remodeling of occludin and the decrease in RTJ.

The results of experiments using cultured human normal vaginal-ectocervical epithelial cells
(hEVECs) support the hypothesis, and suggest three novel mechanisms of estrogen modulation
of occludin and the RTJ: 1) estrogen facilitates processing and activation of the MMP-7 in the
Golgi, leading to augmented secretion of already activated MMP-7; 2) estrogen facilitates
secretion of the pro-MMP-7 and the activated MMP-7 by soluble N-ethylmaleimide-sensitive
fusion factor attachment protein receptor (SNARE)-dependent exocytosis; and 3) estrogen-
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dependent luminal acid secretion mediated by the apically located vesicular (V)-ATPase would
tend to alkalinize cells and the exocytotic vesicles and may lead to decreased activation of the
MMP-7.

Materials and Methods
Chemicals and supplies

All chemicals and supplies were obtained from Sigma Chemicals (St. Louis, MO) unless
specified otherwise. [14C]glucosamine and [32P]orthophosphate were from PerkinElmer Life
Sciences (Boston MA). Trans35S-label (Translabel) was obtained from ICI (Irvine, CA).
Plasmin, leupeptin, and aprotinin were from Boehringer (Petersburg, VA); MMP-2 was from
Chemicon (Temecula, CA). Recombinant human promatrilysin (r-pro-MMP-7, specific
activity > 3100 U/mg) was from OYC Inc. (Andover, MA). Activation of MMP-2 and MMP-7
included pretreatment with 0.5 mM 4-aminophenylmercuric acetate (APMA; Aldrich
Chemical Co., Milwaukee, WI) and subsequent dialysis to eliminate the APMA. The
fluorescent dye FM1–43 was from Molecular Probes (currently Invitrogen,
http://www.invitrogen.com). Anocell (Anocell-10) filters were obtained from Anotec (Oxon,
UK, through Sigma). Millicell (Millicell-CM) filters were from Millipore (Bedford, MA).
Centricon filter tubes were obtained from Amicon (Beverly, MA).

Primary antibodies
Mouse monoclonal antioccludin antibody was from Zymed Laboratory Inc. (San Francisco,
CA) (no. 33–1500, which recognizes antigenic domains at the human C-terminal of the
protein). Anti MMP-7 antibodies were from Research Diagnostics Inc. [RDI; Concord MA;
and included the mouse antihuman MMP-7 (pro) monoclonal antibody (no. RDI-MMP7abm-
B2, which binds the human pro-MMP-7 29- but not the active/latent 21-kDa MMP-7); the
mouse antihuman MMP-7 monoclonal antibody (no. RDI-MMP7abm-F12, which binds the
human active MMP-7 21 kDa but not the pro-MMP-7 29 kDa); and the rabbit polyclonal anti-
MMP-7 antibody (no. RDI-MMP7Nab), which binds to human MMP-7, including the pro-
MMP-7 29 kDa and the activated 21 kDa MMP-7 but does not cross-react with other MMP
family members]. The mouse monoclonal anti-cis-Golgi integral membrane phosphoprotein
130-kDa (GPP130) antibody (A1/118, ALX-804–603) was from AXXORA (San Diego, CA).
The mouse monoclonal antisynaptosomal-associated protein of 25 kDa (SNAP25) antibody
was from Transduction Laboratories (BD Biosciences, San Diego, CA).

Cell culture techniques
Secondary/tertiary cultures of hEVECs were generated from minces of histologically normal
ectocervix/vagina as described (40). The discarded tissues were collected by the Cooperative
Human Tissue Network at University Hospitals of Cleveland and CASE University according
to the institutional review board protocol 03-90-TG. Tissues were collected from a total of nine
premenopausal women aged 37–46 yr who underwent hysterectomy for medical indications
unrelated to the present study. None of the women were treated with steroid sex hormones for
at least 3 months before surgery. hEVECs (also referred to in the past as hECE cells) were
previously characterized as phenotypically resembling the stratified squamous vaginal-
ectocervical epithelial cells (40). Cells chosen for experiments were those obtained from tissues
reported as human papillomavirus negative, and cultures were routinely tested for mycoplasma.
Cells were grown and maintained in culture dish at 37 C in DMEM/Ham’s F12 (3:1)
supplemented with nonessential amino acids, adenine (1.8·10−4 M), penicillin (100 U/ml),
streptomycin (100 mg/ml), gentamicin (50 ng/ml), L-glutamine (2 mM), insulin (5 μg/ml),
hydrocortisone (1·10−6M), transferrin (5 μg/ml), triiodothyronine (2·10−9 M), epidermal
growth factor (0.2 nM), and 8% fetal calf serum (Sigma) in 91%O2-9%CO2 humidified
incubator. For experiments using cells attached on filters, cells were plated on either Anocell
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or Millicell filters. Filters were coated on their upper (luminal) surface with 3–5 μg/cm2

collagen type IV as described (40). Unless stated differently, the filter experiments involved
treatments with drugs added to both the luminal and subluminal solutions. For assays, cultures
were shifted to modified Ringer solution, composed of (in millimoles) NaCl (120), CaCl2 (1.2),
MgSO4 (1.2), KCl (5), NaHCO3 (10 mM, before equilibration with 95% O2-5% CO2), HEPES
(10), glucose (5), and 0.1% BSA plus 0.2 nM epidermal growth factor.

Primary cultures of human normal cervical stromal fibroblasts were generated from discarded
ectocervix/vaginal tissues after the surface epithelium was dissected to generate the hEVEC
cultures. Tissues were immersed in Hanks’ balanced salt solution (HBSS) plus 2.5%
collagenase for 30 min at 37 C. The subepithelial surface was gently scraped with scalpel; the
resulting suspension of cells was incubated for 15 min at 37 C in HBSS plus 1.5% trypsin and
5 mM EDTA followed by two washes and incubation for 5 min at 37 C in medium composed
of DMEM/Ham’s F-12 (3:1) supplemented with 5% calf serum, L-glutamine (2 mM), penicillin
(100 U/ml), streptomycin (100 μg/ml), and gentamicin (50 ng/ml). Cells were plated in the
same medium, and the resulting secondary-tertiary cultures were composed of stromal
fibroblasts as determined by morphology, expression of vimentin, and lack of expression of
involu-crin and epithelial-type cytokeratins.

For experiments with estrogen-deficient conditions, cells on filters were shifted to steroid-free
medium (SFM) for 3 d. This medium was composed of phenol-red-deficient (DMEM)/Ham’s
F12 or RPMI 1640 (Sigma) containing 8% heat-inactivated fetal bovine serum that was
previously treated with charcoal to remove steroids. Preparation of charcoal-treated serum was
described (13); briefly, dextran-coated charcoal (Sigma) was dissolved at 8% in 0.15 M NaCl,
autoclaved, mixed by stirring, spun, and the pellet resuspended as 1 g per 1.25 ml in H2O. Fetal
bovine serum (Hyclone, Logan, UT) was mixed with the activated charcoal-dextran at 20:1
(vol/vol) and incubated for 45 min at 55 C. At the completion of incubation, the mixture was
spun twice at 800 × g for 20 min, and the supernatant (serum) was decanted and collected.

Throughout the paper the term estrogen-depleted cells describes cells shifted to SFM for 3 d,
whereas estrogen-treated cells refers to estrogen-depleted cells that were treated for 2 d before
experiments with a physiological concentration (10 nM) of the naturally occurring 17β-
estradiol.

Measurements of transepithelial electrical resistance (RTE)
Before experiments, filters containing cells were washed three times and preincubated for 15
min at 37 C in a modified Ringer buffer composed of (in millimoles) NaCl (120), KCl (5),
NaHCO3 (10, before saturating with 95% O2-5% CO2), CaCl2 (1.2), MgSO4 (1), glucose (5),
HEPES (10) (pH 7.4), and 0.1% BSA in volumes of 4.7–5.2 ml in the luminal and subluminal
compartments. Changes in paracellular permeability were determined as changes in the RTE
across filters mounted vertically in a modified Ussing chamber from successive measurements
of the transepithelial potential difference (ΔPD, lumen negative) and the transepithelial
electrical current (ΔI, obtained by measuring the current necessary to clamp the offset potential
to zero and normalized to the 0.6 cm2 surface area of the filter) as RTE = ΔPD/ΔI. The
experimental design of the electrophysiological measurements, including calibrations and
controls, the significance of the ΔPD and ΔI and the conditions for optimal determinations of
RTE across low resistance epithelia, e.g. hEV-ECs, have been described and discussed (41). In
some experiments, determinations of RTE were done using the EVOM epithelial voltohm-
meter (WPI, Sarasota, FL) (40). Those assays were done in a pediatric incubator to maintain
95% O2-5% CO2 and 37 C atmosphere, with a total volume of 0.2 and 1.0 ml in the luminal
and subluminal solutions, respectively (40).
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Determinations of the dilution potential (Vdil)
The experiments were performed in the Ussing chamber as described (41). Transepithelial
Vdils were determined by measuring the effect of lowering NaCl in the luminal solution on
changes in voltage generated across the epithelial culture. This was done by replacing the
Ringer’s buffer in the luminal compartment (130 mM NaCl) with low (10 mM) NaCl solution.
The latter buffer was similar to the Ringer’s solution except that it lacked the 120 mM NaCl
and was supplemented with 240 mM sucrose to compensate for osmolarity. The methods of
electrophys-iological data evaluation were previously described (41). Vdil was the measured
potential difference (voltageSL − voltageL) after lowering NaCl in the luminal solution,
corrected for the potential-electrodes asymmetry, where the subscripts SL and L are the
subluminal and luminal solutions. The Henderson diffusion equation for monocations and
monoanions was used to interpret the transepithelial dilution potential in terms of ionic
permeabilities. With the assumption that Na+ and Cl− are the major permeant ionic species,
the relative mobilities of Na+ and Cl− in the intercellular space uCl and uNa can be determined
as beta = uCl/uNa = (K + |Vdil|)/(K − |Vdil|), where K + (R·T/F).ln-(NaSL/NaL) = 68.5 mV at
the given [Na+ SL] = 130 mM and [Na+ L] = 10 mM (41). For simultaneous measurements of
changes in RTE and Vdil, filters containing cells were mounted in the Ussing chamber in
modified Ringer’s solution. After 10 min stabilization, the luminal solution was replaced with
modified Ringer’s solution containing low NaCl (10 mM) plus 240 mM sucrose (to compensate
for osmolarity). Drugs were added and determinations of changes in RTE and Vdil in real time
were made and analyzed as described (41).

Real-time fluoroscopy of FM1–43-loaded cells attached on filters
Cells on filters were incubated with 5 μM FM1–43 for 5 min at 37 C and loaded with the drug
using electroporation (Cell-Porator Electroporation system; Gibco, Los Angeles, CA). This
method results in less than 5% dead cells, an adequate intracellular incorporation of the dye
and minimal photobleaching and leakage of the dye (not shown). The fluorescent
styrylpyridium dye FM1–43 labels recycling populations of secretory vesicles within cells. It
is incorporated into the internal membrane of endosomes but does not cross the bilayer so that
only the dye bound to internal membranes is retained. The dye is more fluorescent in
hydrophobic than in hydrophilic environments, such that surface exposed dye is washed out
with dye-free solutions. Subsequently decreases in FM1–43 fluorescence in cells attached on
filters reflect dye loss by exocytosis. Changes in FM1–43 fluorescence were determined in a
custom-designed fluorescence chamber as previously described (42) with some modifications.
Filters containing FM1–43-loaded cells attached on filters were housed in a custom-designed
fluorescence chamber. The chamber was constructed as a modified Ussing chamber to allow
separation of the subluminal solution that bathes the basolateral membranes from the luminal
solution that bathes the apical membranes. A bifurcated custom-designed fiberoptics was
placed over the apical surface of the cells and served to send the excitation signal and capture
the emitted signal from a constant horizontal field (cross-section) of about 2·104 cells (42). For
assays, filters containing confluent cultures of FM1–43-loaded cells attached on filters were
housed in the fluorescence chamber. Cells were washed with modified Ringer buffer and
maintained for 3 h at 37 C in darkness with 15 sec fluorescent illuminations (488/565 nm
excitation/emission) every 10 min. Changes in intracellular FM1–43 were determined relative
to the signal strength at time 0.

Molecular biology techniques
The method for generation of ERα-antisense oligonucleotide (ASO; 5′-TCA TGG TCA TGG
TCC GT-3′) and random coil control (RC) oli-gonucleotide (5′-AGA ACG TTA CTT ACA
CTG-3′), and their usefulness in blocking ER′-dependent actions in human vaginal-cervical
cells was recently described (43). MMP-7 expression was modulated by using MMP-7
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antisense nucleotide (5′-GTA TAT GAT ACG ATC-3′) or the RC nucleotide (5′-GTA TTA
GTA TCG AAC-3′) (44). RT-PCR assays used the following primers and conditions: human
MMP-7 (matrilysin) (NM_002423) forward, 5′-TCT TTG GCC TAC CTA TAA CTG G-3′,
reverse, 5′-CTA GAC TGC TAC CAT CCG TC-3′ (product size 352 bp, cycles 29);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (XM_227696) forward, 5′-CCA TGT
TCG TCA TGG GTG TGA ACC A-3′, reverse, 5′-GCC AGT AGA GGC AGG GAT GAT
GTT C-3′ (product size 229 bp, cycles 25).

Real-time quantitative RT-PCR was done as described (11) using i-Cycler (Bio-Rad
Laboratories, Hercules, CA) following the manufacturer’s instructions and with the above
primers. PCR conditions were: 95 C for 2 min, 50 cycles of 30 sec denaturation at 95 C, 30
sec of annealing at 60 C, 1 min of extension at 70 C, 80 cycles of 30 sec reaction at 55 C
including data collection and real-time analysis, and cooling to 4 C. Results were calculated
using the comparative threshold cycle method of relative quantitation.

Protein assays
Cell-fractionation by the freeze/thaw method and preparation of cytosol and plasma membrane-
enriched fractions were described (45). Western immunoblotting were described (45).
Aliquots, normalized to 15 μg protein, were fractionated by 6–10% SDS-PAGE and blotted
by Western analysis, and bands were analyzed semiquantitatively by densitometry.
Immunoprecipitation/immunoblotting were described (45). For phosphorylation assays, cells
on filters were shifted to phosphate-free DMEM containing 10 mM HEPES (pH 7.4) at 37 C
and treated with 100 μCi/ml [32P]orthophosphate plus 1 μg/ml microcystin L-R (Calbiochem,
San Diego, CA). After treatments, cells were washed with ice-cold PBS, lysed in lysis buffer,
and processed by immunoprecipitation with the indicated antibody. Samples containing equal
amounts of protein were resolved on 6–10% polyacrylamide gels and dried under vacuum.
Radioactive bands were visualized by PhosphorImager [Molecular Dynamics (Amersham),
Piscataway, NJ] and exposure to x-ray film (45).

Translabel labeling
Cultures were washed with HBSS and incubated in methionine-deficient medium enriched
with 0.45% glucose and 10% regular medium plus 10 μCi/ml Translabel for 18 h.

[14C]glucosamine labeling
Cultures were washed with HBSS and incubated in medium plus 10 μCi/ml [14C]glucosamine
for 4 d during which time the medium was replaced once. Cultures were then washed with
HBSS and incubated for an additional 4–6 h in serum-free medium plus 10 μCi/ml of the
radiolabeled carbohydrate. At the end of incubation, the medium was collected for assay and
stored at 4 C (not more than 1 h).

Separation of secreted molecules by molecular weight (MW)
Collected conditioned medium was transferred to microcentrifuge tubes and spun briefly in a
high speed microcentrifuge to remove cell debris. The medium was then spun to separate
molecules by MW, using Centricon (San Diego, CA) filter tubes as described (40). The medium
was layered on top of a Centricon-100 filter and the tube was spun at 4 C in a Beckman
(Fullerton, CA; model J2–21) centrifuge (JA20 Rotor) at 5000 × g for 3–5 h. Upon completion
of spinning, 0.5 ml of 5 mM Tris/HCl (pH 7.4) was added to the top of the filter for an additional
40 min spin and the latter step repeated. The remaining fluid in the upper compartment (about
60 μl), containing secreted molecules with MW greater than 100,000 was collected and used
for assays.
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Zymography
Protease activity was analyzed by substrate gel electrophoresis (zymography) in
polyacrylamide gels containing 1 mg/ml pig gelatin. Samples (10 μl of total homogenates or
concentrated aliquots of conditioned medium) were dissolved in modified Laemmli sample
buffer [containing 2.5% (vol/vol) sodium dodecyl sulfate without β-mercaptoethanol] and
electrophoresed, without prior boiling, at 4 C. After removal of the sodium dodecyl sulfate by
washing in 2.5% (vol/vol) Triton X-100 in 50 mM Tris/HCl (pH 7.5) for 1 h, the gels were
incubated overnight at 37 C for 18 h with gentle shaking in a buffer containing 40 mM Tris/
HCl (pH 7.5), 10 mM CaCl2, and protease inhibitors (50 μM each of carbobenzoxy-L-Phe-
chloromethyl ketone, L-1-tosylamino-2-phenyl-ethylchloromethyl ketone, Nalpha-tosyl-L-
lysine chloromethyl ketone, and 4-[2-aminoethyl]benzenesulfonyl fluoride; Calbiochem).
Gels were stained with 0.1% Coomassie Brilliant Blue (Bio-Rad) in 40% MeOH and 10%
acetic acid for 45 min and destained with 7% acetic acid to allow the identification of
gelatinolytic activity as clear zones in a blue background (46).

Surface (apical) protein biotinylation
hEVECs cultured on Millicell filters were washed with ice-cold PBS for 5 min and incubated
with biotinylation buffer [composed of 1.25 mg/ml N-hydroxysuccinimide S-S-biotin (Pierce
Chemical Co., Milwaukee, WI) freshly diluted in 10 mM triethanolamine, 2 mM CaCl2, 150
mM NaCl (pH 7.5)], added to the luminal compartment facing the apical membranes. After 20
min incubation at 4 C with gentle stirring, cells were rinsed with PBS complemented with 0.1
mM CaCl2, 1 mM MgCl2, and 100 mM glycine (pH 7.5) for 20 min at 4 C to quench unreacted
biotin. The cells were then rinsed twice with ice-cold PBS complemented with 0.1 mM
CaCl2 and 1 mM MgCl2, scraped in ice-cold PBS, and pelleted by centrifugation at 800 × g at
4 C. The pellets were solubilized for 45 min in 20 μl of lysis buffer [1% Triton X-100, 150
mM NaCl, 5 mM EDTA, 50 mM Tris (pH 7.5)] supplemented with a cocktail of proteinase
inhibitor (Pierce) and 10 μM phenylmethylsulfonyl fluoride. The lysates were spun at 14,000
× g for 10 min at 4 C, and the supernatants were incubated overnight with streptavidin-agarose
beads to recover biotinylated proteins. Samples from the streptavidin beads were collected in
2× sample buffer containing 10% β-mercaptoethanol and incubated for 20 min at room
temperature. Samples were heated at 95 C for 3 min, separated by SDS-PAGE, and subjected
to Western blot analysis with the appropriate antibodies.

Tissue inhibitor of metalloproteinase (TIMP)-1-TIMP-2 quantification
Commercially available ELISA kits were used to measure TIMP-1 (MTM100; R&D,
Minneapolis MN) or TIMP-2 (RPN2618; Amersham,
http://proteomics.amershambiosciences.com) using 200–400 μg of protein per assay according
to suppliers’ protocols. The TIMP-1 ELISA detects approximately 80% of the TIMP-1
complexed with pro-MMP-9 and approximately 60% when complexed with active MMP-9,
and it does not recognize other TIMPs. The TIMP-2 ELISA recognizes free TIMP-2 (but not
TIMPs-1 or TIMPs-3) and TIMP-2 complexed with the active form of MMPs (with varying
increased efficiencies) but does not detect TIMP-2 complexed with pro-MMP-2. Samples and
standards were incubated in duplicate in the plates precoated with specific antibodies for 2 h
at room temperature, washed, and incubated with horse-radish peroxidase-conjugated antibody
to form an immobilized complex. The resulting color was read at 405 nm. TIMP-1 was
measured in the range of 3–50 ng/ml (sensitivity of 1.25 ng/ml). TIMP-2 was measured in the
range of 8–18 ng/ml (sensitivity of 3 ng/ml).

Data presentation and analysis
Data are presented as means (± SD), and significance of differences was estimated by ANOVA
using GB-STAT (Dynamic Microsystems Inc., Silver Spring, MD).
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Results
Modulation of the paracellular permeability

Treatment of hEVECs attached on filters with 10 nM 17β-estradiol for 2 d decreased the
RTE from 50 Ω·cm2 to about 25 Ω·cm2 (Fig. 1A). The dose and duration of treatment were
chosen to produce near maximal effect, based on previous studies (13–16). The effect of
estrogen involved a decrease in the RTJ because treatment with estrogen also increased the
paracellular ionic mobility of Cl− relative to Na+ (UCl/UNa) (Fig. 1B).

Similar to estrogen, treatments with extracellular proteases decreased the RTE as well. Using
amounts and durations of drugs that produce near maximal effects (based on preliminary
experiments), it was found that treatments with proteinase-K, plasmin, MMP-2, and MMP-7
decrease the RTE (Fig. 1A) by abrogation of the RTJ (Fig. 1B). The effects of estrogen on
RTE and RTJ could be blocked by cotreatment with the ERβ antisense oligonucleotide (Fig. 1,
C and D) but not with the antisense oligonucleotide for the ERβ or the antisense oligonucleotide
for the G protein-coupled receptor GPR30 (not shown). The effects of proteinase-K could be
blocked by cotreatment with leupeptin, those of plasmin by aprotinin, and those of MMP-2
and MMP-7 by BMS-275291 plus batimastate (Fig. 1, C and D). Cotreatments with leupeptin
or aprotinin did not affect estrogen effects on RTE (Fig. 1E) or RTJ (Fig. 1F). In contrast,
cotreatment with BMS-275291 plus batimastate inhibited estrogen decrease in RTE (Fig. 1E)
and blocked estrogen increase in RTJ (Fig. 1F).

MMP-7 mediates estrogen modulation of RTJ
To ascertain the specificity of MMP-7 modulation of permeability, hEVECs were cotreated
with the rabbit polyclonal anti-MMP-7 antibody MMP-7 Nab, which reacts with both the pro-
MMP-7 and the activated MMP-7. As is shown in Fig. 2A, coincubation with the MMP-7 Nab
blocked MMP-7 decrease in RTE.

Treatment of hEVECs with the antisense oligonucleotide of MMP-7 alone had no significant
effect on RTE, but it inhibited expression of MMP-7 mRNA and both the pro-MMP-7 (29 kDa)
and activated MMP-7 (20 –21 kDa) proteins (Fig. 2B). Treatment with the MMP-7 antisense
oligonucleotide did not affect decreases in RTE induced by cotreatment with MMP-7 (Fig. 2C).
However, in estrogen-treated cells, cotreatment with the MMP-7 antisense oligonucleotide
blocked estrogen decrease in RTE (Fig. 2D). Collectively, the data in Figs. 1 and 2 show that
MMP-7 are sufficient and necessary for estrogen decrease in RTJ and therefore suggest that
MMP-7 mediates estrogen decrease in RTJ.

MMP-7 effects on occludin
The reported mechanism by which estrogen modulates the RTJ is through remodeling of
occludin (11). The result in Fig. 3A confirms (11) that treatment with estrogen augments the
expression of a truncated 50-kDa form of occludin, which based on previous studies is a
proteolytic fragment of the protein (11,12). Treatment with the ERα antisense oligonucleotide
alone had no significant effect, but cotreatment with the ERα antisense oligonucleotide blocked
estrogen effect (Fig. 3A), suggesting that the ERα mediates estrogen effect.

To determine whether remodeling of occludin occurred intracellularly, estrogen-treated cells
were cotreated for 6 h before assays with lactacystin (proteasome inhibitor) or chloroquine
(inhibitor of lysosomes). Cytosolic and plasma-membrane-enriched fractions were prepared
in the presence of protease inhibitors (to prevent recycling into the cytosol of occludin
molecules degraded by extracellular proteinase) and were immunoblotted with antioccludin
antibody. Figure 3B shows occludin immunoreactivity in both the cytosolic and membrane
fractions, but the 50-kDa form was found predominantly in the membrane fraction.
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Cotreatment with lactacystin had no significant effect (Fig. 3B). Similar results were obtained
in cells cotreated with chloroquine (not shown). These data suggest that occludin remodeling
does not occur intracellularly.

The extracellular effects of MMP-7 on occludin expression are shown in Fig. 3C. Similar to
estrogen, treatment with MMP-7 also induced expression of a 50-kDa occludin form. In
contrast, proteinase-K induced de novo expression of 55-and 44-kDa bands (Fig. 3C and Ref.
11). Previous studies showed that plasmin induces expression of 55- and 48-kDa bands, and
MMP-2 induces expression of 60-, 58-, 53-, and 45-kDa forms (11).

Pretreatment of estrogen-depleted cells with the MMP-7 antisense oligonucleotide did not
affect occludin expression and did not affect MMP-7 induction of the occludin 50-kDa form
(Fig. 3D). However, in estrogen-treated cells, cotreatment with the MMP-7 antisense
oligonucleotide blocked expression of the occludin 50-kDa form (Fig. 3E). Collectively, the
data in Fig. 3 show that MMP-7 are sufficient and necessary for estrogen remodeling of
occludin and suggest that MMP-7 mediates estrogen remodeling of occludin.

Estrogen modulation of MMP-7 secretion and expression
Conditioned media were obtained from the subluminal and luminal compartments of hEVECs
attached on filters, and MMP-7 expression was determined using anti-MMP-7 antibodies. No
MMP-7 immunoreactivity was found in conditioned media obtained from the subluminal
compartment (not shown). In contrast, immunoblots using luminal conditioned media showed
significant MMP-7 immunoreactivity (Fig. 4, A–C). In those samples the anti-MMP-7 Nab
pAb reacted with 29- and 21-kDa forms, which presumably represent the pro-MMP-7 and the
activated MMP-7, respectively. The data in Fig. 4, A–C, also show a consistent pattern of
estrogen regulation of MMP-7 secretion: treatment with estrogen decreased the density of the
29-kDa form (Fig. 4, A and B) and increased the density of the 21-kDa form (Figs. 4, A and
C). Densitometry of three experiments showed that treatment with estrogen decreased the
density of the 29-kDa form by about 4-fold and increased the density of the 21-kDa form by
about 4-fold (Fig. 4, A–C). Cotreatment with the ERα antisense oligonucleotide blocked
estrogen effects (Fig. 4, A–C).

Estrogen modulation of activity of the secreted MMP-7 was determined by gelatin zymography
under nonreducing conditions. Positive controls were conditioned media of human normal
cervical stromal cells (fibroblasts). Conditioned media of cervical stromal cells treated with
estrogen plus progesterone showed a significant gelatinolytic activity at 92, 65, and 45 kDa
(Fig. 4D). In conditioned media of stromal cells treated with estrogen plus progesterone and
then deprived of the hormones, the gelatinolytic activity was even greater, including an activity
at 85 kDa (Fig. 4D). The 92/85-and 65/45-kDa gelatinolytic activities correspond, respectively,
to secreted pro-MMP-9/activated MMP-9, and pro-MMP-2/activated MMP-2 (47–50).

No gelatinolytic activity was found in subluminal conditioned media of hEVEC cultures
attached on filters; in contrast, a significant gelatinolytic activity at 29 and 21 kDa was found
in luminal conditioned media (Fig. 4D). In estrogen-depleted cells, the 29-kDa gelatinolytic
activity was more pronounced, whereas treatment with estrogen reversed the pattern of the
effect (Fig. 4D). Homogenates of the cells from which the conditioned media were obtained
showed a similar pattern of immunoreactivity with the MMP-7 antibodies (Fig. 4E) of the pro-
MMP-7/activated MMP-7 as described in Fig. 4, A–C, for the conditioned media.

Collectively, the data in Fig. 4, A–E, suggest that hEVECs secrete MMP-7 to the luminal
compartment and that treatment with estrogen stimulates activation of the pro-MMP-7
intracellularly to an activated MMP-7 form and augments secretion of the activated MMP-7.
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Mechanisms of estrogen modulation of MMP-7 secretion
Steady-state mRNA and protein levels—Figure 5A (left panel) shows that steady-state
levels of MMP-7 mRNA were not affected by estrogen treatment. Evaluation of estrogen
effects on intracellular MMP-7 protein was done by labeling cells with Trans35S-label and
immunoprecipitation of total cells homogenates with the MMP-7 Nab antibody. Figure 5A
(right panel) shows that steady-state levels of MMP-7 protein were also not affected by
estrogen treatment. Collectively, the data in Fig. 5A ruled out estrogen regulation of MMP-7
through transcription, posttranscriptional mRNA stabilization, and protein translation and
stability. Instead, the results suggest posttranslational regulation of the MMP-7.

Phosphorylation—Figures 5, B and C, show that treatment with estrogen decreased the
density of the radiolabeled 29-kDa band and increased the density of the radiolabeled 21-kDa
band. However, those changes paralleled the changes in total 29/21-kDa MMP-7 proteins
induced by estrogen. Therefore, most likely the data in Fig. 5B do not represent estrogen
modulation of MMP-7 phosphorylation, and the changes are secondary to changes in cellular
MMP-7 mass.

Processing in the endoplasmic reticulum (ER) and Golgi—The experiments in Fig.
6, A–D, tested estrogen modulation of MMP-7 processing and activation in the endoplasmic
reticulum/Golgi. In Fig. 6A, total homogenates of estrogen-depleted and of estrogen-treated
hEVECs were immunoprecipitated with the MMP-7 B-2 or MMP-7 F-12 antibodies and
immunoblotted with the anti cis-Golgi protein GPP130 antibody. Treatment with estrogen
increased the coimmunoreactivity of MMP-7 29 and 21 kDa with GPP130, without affecting
cellular GAPDH. These results suggest that estrogen increases activation of the pro-MMP-7
in the Golgi network. To gain better understanding of the site of estrogen effects, cells were
treated with tunicamycin (inhibitor of N-acetylglucosamine addition to dolicholphosphate, the
first step in the formation of the core oligosaccharide in N-linked glycosylation); brefeldin-A
(agent that fuses Golgi with endoplasmic reticulum and effectively blocks endoplasmic
reticulum processing); or monensin (inhibitor of intra-Golgi traffic). Neither of the agents had
any significant effect on cellular expression of the pro-MMP-7 when administered alone (Fig.
6, B–D). Also, when coadministered in estrogen-treated cells, neither tunicamycin nor
brefeldin-A had any significant effect on the estrogen increase in cellular pro-MMP-7 (Fig. 6,
B and C). In contrast, cotreatment with monensin blocked estrogen increase in cellular pro-
MMP-7 (Fig. 6D). These results suggest that the estrogen site of action is at the Golgi system.

Exocytosis—The experiments in Fig. 7, A–C, tested estrogen regulation of MMP-7 secretion
through exocytosis. Using fractions of apical membranes obtained by surface biotinylation, it
was found that treatment with estrogen increased the coimmunoreactivity of MMP-7 29- and
21-kDa forms with SNAP25 (Fig. 7A). SNAP25 is part of the heterotrimeric SNARE complex
that also includes the v-SNARE and syntaxin (51) and is the minimal machinery required for
the exocytotic membrane fusion process. The results in Fig. 7A therefore suggest that estrogen
facilitates exocytosis of MMP-7.

To determine whether the effects on exocytosis are specific, two additional experiments were
done. The first used the fluorescent styrylpyridium dye FM1–43, which labels recycling
populations of secretory vesicles within cells (52). Using FM1–43-loaded hEVECs attached
on filters, it was found that loss of FM1–43 fluorescence (i.e. exocytosis) was augmented by
treatment with estrogen (Fig. 7B). The second experiment studied estrogen effect on secretion
of [14C]glucosamine-labeled high MW (>100k) molecules, i.e. mucins (Ref. 40). The results
confirmed (40) that hEVECs secrete high MW [14C]glucosamine-labeled molecules
preferentially into the luminal compartment and that the effect is augmented by treatment with
estrogen (Fig. 7C). Collectively, the data of Fig. 7, A–C, suggest that: 1) estrogen facilitates
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exocytosis of proteins and polycarbohydrates; 2) estrogen facilitates exocytosis of MMP-7 into
the luminal compartment; 3) pro-MMP-7 and activated MMP-7 are both secreted by SNARE-
mediated exocytosis; and 4) estrogen facilitates exocytosis of the MMP-7s.

Effects of bafilomycin A1 on extracellular acidity—Extracellular acidity can modulate
activity of extracellular proteases (53,54). In the woman, the luminal fluid in the vaginal and
ectocervical canal is acidic, and the acidic milieu of the fluid is determined by active H+

secretion through V-ATPase located in the apical membrane of vaginal-ectocervical epithelial
cells (55). Because the activity of the V-ATPase is estrogen dependent (55), the hypothesis
was tested that secretion and luminal activation of the MMP-7 depend on estrogen regulation
of luminal acid secretion.

It was previously shown that cotreatment of estrogen-treated cells attached on filters with the
V-ATPase inhibitor bafilomycin A1 blocks acidification of the luminal fluid (55). However,
estrogen-depleted cells do not significantly acidify the luminal solution, and in those cells,
bafilomycin A1 does not induce a significant additional effect on luminal pH (55). Using a
similar experimental design, estrogen-depleted or estrogen-treated hEVECs were cotreated
with bafilomycin A1, added to the luminal solution. In estrogen-treated cells treatment with
bafilomycin A1 attenuated estrogen-increase in the expression of cellular pro-MMP-7 (Fig. 8,
A and B). Similarly, conditioned media of estrogen-treated hEVECs cotreated with
bafilomycin A1 showed lesser expression of the 29- and 21-kDa MMP-7 forms (Fig. 8, C and
D) and lesser MMP-7 gelatinolytic activity (Fig. 8E). The acidic milieu per se did not affect
MMP-7 activation (Fig. 8F).

TIMPs—The results in Fig. 8G show that treatment with estrogen did not affect significantly
the expression of immunoreactive TIMP-1 and TIMP-2 in the luminal conditioned medium.
The experiment in Fig. 8H tested whether the estrogen increase in MMP-7 secretion and
activation could be the result of blocking inhibitory control over TIMPs (56). Conditioned
media were collected from cultures of human cervical stromal cells previously treated with
estrogen plus progesterone followed by withdrawal from that treatment. In addition, luminal
conditioned media were also collected from cultures of estrogen-depleted and estrogen-treated
hEVECs and mixed with the anti MMP-7 Nab antibody to inactivate the MMP-7 (to eliminate
possible proteolysis of MMP-7 on MMP-9 and MMP-2). The conditioned media of the stromal
and hEVECs were mixed, fractionated by gel electrophoresis, and assayed by gelatin
zymography. The objective was to determine whether estrogen stimulates secretion of
inhibitors of TIMPs that would result in greater activation of the stromal cells’ MMP-9 and
MMP-2 (e.g. Fig. 4D). The results in Fig. 8H show that conditioned media of hEVECs tended
to decrease the gelatinolytic activity of the stromal cells’ activated MMP-2 (45 kDa) but had
no effect on the pro-MMP-2 (65 kDa) or the pro-MMP-9 (94 kDa) and the activated MMP-9
(85 kDa). Treatment with estrogen did not affect those responses (Fig. 8H), suggesting that in
hEVECs estrogen does not induce secretion of TIMPs inhibitors.

Discussion
The four novel findings of the present study are as follows: 1) MMP-7 is sufficient and
necessary for estrogen decrease in RTJ and remodeling of occludin; 2) estrogen, via an ERα-
mediated mechanism, up-regulates activation of MMP-7 in-tracellularly and its secretion into
the luminal solution; 3) estrogen facilitates activation of MMP-7 in the Golgi network and
augments SNARE-dependent exocytosis of pro- and activated MMP-7; and 4) treatment with
bafilomycin A1 attenuates secretion of the pro-MMP-7. The results support the hypothesis that
estrogen decrease in RTJ is mediated by MMP-7-dependent cleavage of occludin, possibly at
the Gly226-Leu227 site of extracellular loop 2. The expected product would be a 50-kDa form,
as we found (Refs. 11,12 and present results). Formation of a truncated form would result in
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defective transmembrane junctional protein that fails to gate the intercellular space, leading to
decreased RTJ. The results may be of physiological significance because experiments used a
well-characterized system of human normal vaginal-cervical cells that maintain phenotypic
characteristics of the native vaginal-ectocervical epithelia, and the doses of the natural 17β-
estradiol were within the physiological range in the woman.

Occludin 65-kDa form was found both in the cytosolic and plasma membrane fraction of
hEVECs (Fig. 3B). The cytosolic65-kDa occludin is most likely newly synthesized and
intransit occludin, whereas that in the membrane fraction is the protein inserted into the plasma
membrane junctional complex. Most of the occludin 50-kDa form was found in membrane
fractions. This finding and the fact that lactacystin and chloroquine did not modulate estrogen
occludin effect suggest that remodeling of occludin did not occur at intracellular sites because
intracellular remodeling of proteins occurs in compartmentalized cytoplasmic proteasomes or
lysosomes. MMP-7, on the other hand, exerted its effect on occludin extracellularly. Because
estrogen effect is possibly mediated by MMP-7, the results suggest that estrogen modulation
of occludin involves remodeling of occludin extracellular loop 2 by a direct effect at apical
extracellular domains of the tight junction. MMP-7 substrates are numerous and, in addition
to occludin, may include adherens junction proteins such as E-cadherin (29,57,58). Cleavage
of E-cadherin can disrupt epithelial confluence and secondarily abrogate the RTJ (57).
However, we have previously shown that in hEVECs estrogen does not affect E-cadherin
(11), ruling out modulation of E-cadherin as the estrogen/MMP-7 mechanism of RTJ decrease.

One of the objectives of the study was to understand how estrogen regulates MMP-7 activity.
The present results ruled out estrogen modulation of MMP-7 transcription and translation and
suggest at least three posttranslational mechanisms: modulation of MMP-7 processing in the
Golgi system, SNARE-dependent exocytosis, and modulation of vesicular acid secretion.
Posttranslational processing of proteins, including the MMP-7, involves glycosylation and
trafficking in the endoplasmic reticulum and Golgi networks before insertion in the plasma
membranes or exocytosis. MMPs are synthesized as inactive zymogens with a presignal
peptide at the N terminal that directs the MMP to the endoplasmic reticulum and is removed
on protein maturation. Attached to the predomain is a propeptide containing cysteine switch
element at the C-terminal end and a C-terminal catalytic domain. The prodomain maintains
enzyme latency until it is removed or disrupted. Proteolytic cleavage of the propeptide converts
inactive pro-MMP-7 into active MMP-7 through disruption of the Cys-Zn2+ interaction (29).
The past theory of MMP posttranslational activation was that MMPs are constitutively secreted
by exocytosis and activated in the extracellular fluid. More recent studies suggested that MMPs
can be activated by intracellular signals before they reach the cell surface or are secreted (59,
60) and that MMPs secretion by exocytosis can be regulated (29). The latter hypotheses are
supported by the present estrogen data.

The finding that treatment with monensin, inhibitor of intra-Golgi traffic, blocked estrogen
increase in cellular pro-MMP-7 indicates that the MMP-7 is activated already in the Golgi or
more proximal sites. Lack of an effect by tunicamycin (inhibitor of glycosylation) and
brefeldin-A (modulator of endoplasmic reticulum-Golgi fusion) suggests that estrogen
modulation of MMP-7 processing does not occur at the endoplasmic reticulum or endoplasmic
reticulum-Golgi fusion sites. Whether the effect occurs at the cis-, medial-, or trans-Golgi
systems is at present unknown.

The mechanism of estrogen activation of MMP-7 in the Golgi system is unknown. Treatment
with ASO-ERα blocked estrogen modulation of the RTJ, occludin remodeling, and MMP-7
activation, suggesting involvement of the ERα mechanism. Lack of an effect on MMP-7 steady-
state mRNA and protein levels rules out the involvement of the classical genotropic action
mediated by the ERα/coactivator complex. Alternatively, estrogen acting via the ERα could
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increase activity of intermediate cascades that secondarily affect MMP-7 activation. Examples
are genomic regulation of endothelial nitric oxide synthase leading to nongenomic modulation
of activity of target proteins that control actin polymerization (16) and actin-myosin interaction
(61). However, these cascades usually involve phosphorylation of the target protein, but the
present results ruled out phosphorylation of the MMP-7. Therefore, one possibility would be
modulation of activity of enzymes that are involved in the proteolytic cleavage of the propeptide
that converts inactive pro-MMP-7 into an active MMP-7 (62).

The present results showed that estrogen enhances secretion of MMP-7 by SNARE-related
exocytosis. The data also suggest that estrogen enhances secretion via other mechanisms.
However, whereas the FM1–43 data are compatible with generalized enhanced secretion
(63), the [14C]glucosamine-labeled high MW secretion and the SNARE-related exocytosis
showed predominantly apical secretion. Because in epithelial cells membrane polarization is
determined by the tight junctions, and because activated MMP-7 can disrupt occludin and
decrease the RTJ (present results), the present data predict that MMP-7 proteolysis of occludin
can unseal the intercellular space to diffusion of molecules. Transport of the MMP-7 and other
MMPs from the luminal compartment into the subluminal compartment can disrupt basolateral
aspects of the tight junctions as well as adherens molecules and desmosomes located more
basally than the tight junctions. Proteolysis of tight junction proteins at apical and basolateral
domains of the tight junction as well as other intercellular connecting proteins that form the
intercellular bridges could lead to loss of epithelial barrier capacity. The presence of
endogenous inhibitors of MMPs (TIMPs) and other control mechanisms is therefore important
for maintaining the delicate balance of estrogen decrease in RTJ vs. loss of epithelial barrier
capacity through overactivation and uncontrolled MMP-7 secretion. One such mechanism
could be estrogen regulation of acid secretion.

The third mechanism of estrogen activation of MMP-7 could be by regulation of vesicular
acidification. Treatment with bafilomycin A1 attenuated the gelatinolytic activity of secreted
MMP-7. The effect was not direct because the gel-atinolytic activity of MMP-7 was not
dependent on pH. More likely it was secondary to decreased intracellular activation of MMP-7
and decreased luminal secretion of the pro- and activated MMP-7. Treatment with bafilomycin
A1 blocks the apically located plasma membrane V-ATPase (55), which is the driving force
for apical acid secretion. However, treatment with bafilomycin A1 also blocks vesicular V-
ATPases, which control the acidic vesicular milieu, including in exocytotic vesicles (64).
Because treatment with bafilomycin A1 inhibited intracellular activation of MMP-7, it is
possible that the presence of an acidic milieu is necessary for the continued activation of
MMP-7 during its trafficking from Golgi through the exocytotic machinery.

hEVECs acidify their extracellular luminal milieu constitutively (55). This mechanism is
estrogen dependent, primarily through estrogen up-regulation of apical membrane V-ATPase
activity. The mechanism of estrogen action is not entirely clear. It involves the ERα but is not
the result of transcription or translation regulation (55). It could be secondary to the
metabotrophic effects of estrogen and its ability to increase influx of glucose and fluxes of
lactate via glycolysis (65) that control the assembly of the V-ATPase complex (66) and the
stoichiometry of the proton transport and AT-Pase activity (36). Whether estrogen also up-
regulates the activity of vesicular V-ATPases is at present unknown. However, the present and
our past data (55) suggest the opposite. Estrogen up-regulation of apical membrane V-ATPase
is associated with enhanced intracellular alkalosis (Gorodeski, G. I., unpublished results). This
effect would tend to increase the electrochemical gradient of the vesicular V-ATPases and may
result in less vesicular acidification. Therefore, estrogen acidification of the luminal solution
could lead to decreased vesicular acidification and inhibit MMP-7 activation.
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The present results ruled out modulation of TIMP-1 and -2 and their activity status as the
mechanism of estrogen modulation of MMP-7 activity. The possibility that estrogen modulates
activity of other MMPs that can secondarily activate or block MMP-7 was not determined.

In conclusion, the present data suggest that estrogen modulation of the RTJ is mediated by
MMP-7-dependent remodeling of occludin. Estrogen up-regulates activation of the MMP-7
intracellularly, at the level of Golgi, and augments secretion of activated MMP-7 through
SNARE-dependent exocytosis. On the other hand, estrogen acidification of the luminal
solution would tend to attenuate acidification of exocytotic vesicles and may lead to decreased
activation of the MMP-7. These mechanisms acting in concert could be important for regulation
and control of estrogen modulation of paracellular permeability in vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
APMA  

4-Aminophenylmercuric acetate

ASO  
anti-sense oligonucleotide

ER  
estrogen receptor

GAPDH  
glyceraldehyde-3-phosphate dehydrogenase

HBSS  
Hanks’ balanced salt solution

hEVEC  
human normal vaginal-ectocervical epithelial cell

ΔI  
change in electrical current

MMP  
matrix-metalloproteinase

MW  
molecular weight

ΔPD  
change in potential difference

RC  
random coil control

RTE  
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transepithelial electrical resistance

RTJ  
resistance of the tight junctions

SFM  
steroid-free medium

SNAP25  
synaptosomal-associated protein of 25 kDa

SNARE  
soluble N-ethylmaleimide-sensitive fusion factor attachment protein receptor

TIMP  
tissue inhibitor of metalloproteinase

V  
vesicular

Vdil  
dilution potential
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Fig. 1.
Modulation of RTE (A, C, and E) and the uCl/uNa (B, D, and F). Confluent cultures of hEVECs
attached on filters were shifted to SFM for 3 d and treated for 2 d before assays with the vehicle
(SFM), 10 nM 17β-estradiol (Est), or 10 nM 17β-estradiol plus 10 μM ERα anti-sense
oligonucleotide (Est+ASERα). Additional treatments were one of the following proteases,
alone or in combination with an inhibitor, added 15–30 min before assays to the luminal
solution: proteinase-K (Prt/k, 20 μg/ml) ± leupeptin (Leup, 10 μg/ml); plasmin (Plsm, 10 μg/
ml) ± aprotinin (Apro, 25 μg/ml); MMP-2 (10 μg/ml, plus 0.5 mM APMA) ± BMS-275291
(BMS, 5 μM) and batimastate (Bt, 5 μM); and MMP-7 (10 pg/ml, plus APMA) ± BMS-275291
and batimastate. Shown are means (± SD) of three to five repeats. A, P < 0.01, compared with
SFM (A, B, E, and F) or Est (C and D); b, P < 0.04–0.01, compared with SFM and +Est (A,
and B); Est+ASERα (C, and D); and SFM and Est+Leup and Est+Apro (E).
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Fig. 2.
MMP-7 modulation of RTE. A, Estrogen-depleted cells attached on filters were treated with
10 pg/ml MMP-7 (plus APMA) for 15 min in the absence (filled bars) or presence (hatched
bars) of excess MMP7Nab-pAb 1 μg/ml added to the luminal solution in a total volume of 0.2
ml 30 min before assays. Levels of RTE were determined using the EVOM epithelial
voltohmmeter. B, Modulation of MMP-7 mRNA and MMP-7 protein with antisense
oligonucleotides. hEVECs attached on filters were treated for 2 d with 10 μM of the MMP-7
antisense nucleotide (AS) or the RC nucleotide. C, Control (no transfections). Western blots
used the MMP7Nab-pAb. C, Estrogen-depleted cells attached on filters were treated for 2 d
with the vehicle (C, control, filled bars) or 10 μM MMP-7 ASO nucleotide (hatched bars).
Some cultures were also treated with 10 pg/ml MMP-7 (plus APMA) for 15 min before assays.
D, Estrogen-depleted (SFM) or estrogen-treated cells (Est) attached on filters were cotreated
for 2 d before experiments with the vehicle (C, control, filled bars) or 10 μM MMP-7 ASO
nucleotide (hatched bars). In C and D, levels of RTE were determined in the Ussing chamber.
Shown are means (± SD) of three to six repeats. a, P < 0.01, compared with SFM control.
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Fig. 3.
Modulation of occludin: occludin immunoblots of homogenates of hEVECs attached on filters.
A, Estrogen-depleted (SFM) or estrogen-treated cells (Est) were co-treated for 2 d before assays
with 10 μM ERα antisense oligonucleotide (ASO/ERα or Est+ASO/ERα). B, Estrogen-treated
cells were cotreated for 6 h before assays with either the vehicle (Est) or lactacystin (lact., 10
μM, Est+lact). Cells were harvested, fractionated into cytosol- and plasma membrane-enriched
fractions, and immunoblotted with antioccludin antibody. Similar results (not shown) were
obtained with treatment with chloroquine (15 μM, 6 h). C, Cells were treated with 17β-estradiol
(Est, 10 nM, 2 d); proteinase-K (Prt/k, 20 μg/ml, 30 min); or MMP-7 (10 pg/ml, plus 0.5 mM
APMA, 15 min). Proteinase-K, MMP-7, and APMA were added to the luminal solution. D,
Estrogen-depleted cells (SFM) were treated for 2 d before experiments with 10 μM MMP-7
antisense oligonucleotides (ASO/MMP-7) in the absence or presence of MMP-7 [10 pg/ml,
plus 0.5 mM APMA, added 15 min before assays (both added to the luminal solution)]. E,
Estrogen-treated cells were cotreated for 2 d before assays with the vehicle (Est) or 10 μM
ERα ASO (ASO/ERα) plus MMP-7 [10 pg/ml, plus 0.5 mM APMA, added 15 min before
assays (both added to the luminal solution)]. In A–E, after blotting with the antioccludin
antibody, membranes were reprobed for immunoreaction with anti GAPDH antibody. The
experiments were repeated three to four times with similar results.

Gorodeski Page 21

Endocrinology. Author manuscript; available in PMC 2008 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Estrogen modulation of MMP-7 secretion and expression. A–C, Conditioned media were
obtained from the luminal compartment of estrogen-depleted cells (SFM); estrogen-treated
cells (Est); or estrogen-treated cells that were cotreated for 2 d with 10 μM ERα ASO before
assays (Est+ASO/ERα). Samples were concentrated by centrifugation, and aliquots containing
equal amounts of proteins were separated by gel electrophoresis and immunoblotted with
MMP-7 Nab antibody (A), MMP-7 B-2 antibody (B), or MMP–7 F-12 antibody (C). Results
of three to six experiments are summarized in the graphs; densitometries of MMP-7 per
GAPDH were normalized to an arbitrary unit (A.U.) of 10 of the SFM category in A. a, P <
0.01, compared with SFM and Est+ASO ERα. D, Gelatin zymography of secreted proteins
from cervical stromal fibroblasts and hEVECs. Stromal cells (grown in cultures plates) and
hEV-ECs (grown on filters) were shifted to SFM for 3 d. Stromal cells were treated with 10
nM 17β-estradiol plus 1 μM progesterone for 2 d (E+P) or 10 nM 17β-estradiol plus 1 μM
progesterone for 2 d and then with SFM for additional 24 h[E+P/withdrawal (Wdr) to stimulate
secretion of MMPs]. hEVECs were treated with 10 nM 17β-estradiol for 3 d (E). Aliquots of
conditioned medium (10–20 μl) containing equal amounts of proteins were assayed by gelatin
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zymography under nonreducing conditions. Conditioned media of the stromal cells revealed
the presence of 92/85- and 65/45-kDa bands, corresponding, respectively, to secreted pro-
MMP-9/activated MMP-9 and pro-MMP-2/activated MMP-2. Conditioned media of hEVECs
revealed the presence of 29/21-kDa bands, corresponding, respectively, to secreted pro-
MMP-7/activated MMP-7. E, Total homogenates of the hEVECs from which conditioned
media of D were obtained were fractionated by gel electrophoresis and immunoblotted with
the MMP-7 Nab, MMP-7 B-2 or MMP–7 F-12 antibodies. The experiments in D and E were
repeated three times with similar trends.

Gorodeski Page 23

Endocrinology. Author manuscript; available in PMC 2008 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Estrogen effects on MMP-7 expression and phosphorylation. A, Left panel, Quantitative PCR
analysis of MMP-7 mRNA in homogenates of estrogen-depleted (SFM) and estrogen-treated
cells (Est). Data were normalized to GAPDH mRNA. Right panel, MMP-7 protein analysis.
Estrogen-depleted and estrogen-treated cells were labeled with Trans35S-label. Total cells
homogenates were immonoprecipitated (IP) with the MMP-7 Nab antibody, and radioactivity
was determined in aliquots containing equal amounts of proteins. Data were normalized to cell
number per dish. Shown are means (± SD) of three experiments. B and C, Effects on MMP-7
phosphorylation. Estrogen-depleted or estrogen-treated cells were labeled with [32P]
orthophosphate. Total homogenates were immonoprecipitated with the MMP-7 Nab antibody
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and fractionated by gel electrophoresis. After visualization of the radioactive bands (upper
panel), gels were immunoblotted (IB) with the MMP-7 Nab antibody, reblotted, and
immunoblotted with anti GAPDH antibody (lower panels). The experiment was repeated three
times with similar trends. C, Densitometry of the data in B (MMP-7 per GAPDH normalized
to an arbitrary unit (A.U.) of 10 for the [32]P-29kDa-SFM category in panel B).
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Fig. 6.
Estrogen modulation of MMP-7 processing. A, Total homogenates of estrogen-depleted (SFM)
or estrogen-treated cells (Est) were fractionated by gel electrophoresis and immunoprecipitated
(IP) with the MMP-7 B-2 or with the MMP-7 F-12 antibodies and immunoblotted (IB) with
the anti-GPP130 antibody. B–D, Estrogen-depleted or estrogen-treated cells were cotreated
with tunicamycin (B, tun; 10 μg/ml for 72 h), brefeldin-A (C, Bre; 10 μM for 120 min), or
monensin (D, Mon; 10 μM for 150 min). Total homogenates were fractionated by gel
electrophoresis and immunoblotted with the anti-MMP-7 F-12 antibody. Parallel fractions
were immunoblotted with the anti-GAPDH antibody. The experiments were repeated three
times with similar trends.
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Fig. 7.
Estrogen modulation of MMP-7 exocytosis. A, Apical membranes were obtained by
biotinylation from estrogen-depleted and estrogen-treated cells. Fractions were
immunoprecipitated (IP) with the MMP-7 B-2 or the MMP-7 F-12 antibodies and
immunoblotted (IB) with the anti-SNAP25 antibody. Parallel fractions were immunoblotted
with the anti-GAPDH antibody. The experiments were repeated four times with similar trends.
B, Effects on FM1–43 fluorescence. Estrogen-depleted or estrogen-treated cells attached on
filters were loaded with FM1–43. The luminal and subluminal solutions were flushed
continuously, and intracellular fluorescence (488/565 nm exc/emm) was determined at the
indicated times. Data were normalized to fluorescence at t = 0 in the SFM category. a, P < 0.01,
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compared with t = 0, SFM or Est. b, P < 0.01, compared with t = 3 h, SFM category. C, Effects
on secretion of high MW carbohydrates. Estrogen-depleted or estrogen-treated cells attached
on filters were labeled with [14C]glucosamine. Conditioned media were obtained from the
luminal or subluminal compartments. Samples were concentrated by centrifugation and
separated by gel electrophoresis, and total radioactivity was counted in aliquots containing
equal amounts of proteins. a, P < 0.01, compared with subluminal; b, P < 0.01, compared with
SFM luminal. B and C show means (± SD) of three to four experiments.
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Fig. 8.
A–E, Effects of treatment with bafilomycin A1. Estrogen-depleted or estrogen-treated cells
were cotreated for 30 min with bafilomycin A1 (Baf-A1, 1 μM, added to the luminal solution).
A, Total homogenates were fractionated by gel electrophoresis and immunoblotted with the
anti-MMP7-F-12 antibody. Parallel fractions were immunoblotted with the anti-GAPDH
antibody. B, Densitometry of the data in A (means ± SD of three experiments). Veh, vehicle.
Ratios of MMP-7 21 kDa per GAPDH were normalized to an arbitrary unit (A.U.) of 10 for
the SFM-Veh category in A. C, Conditioned media were obtained from the luminal
compartment of estrogen-only-treated cells (Est) or Est + Baf-A1-treated cells. Samples were
concentrated by centrifugation, and aliquots containing equal amounts of proteins were
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separated by gel electrophoresis and immunoblotted (IB) with the MMP-7 Nab antibody. D,
Densitometry of the data in C (means ± SD of three experiments). Ratios of MMP-7 per total
(T.) protein were normalized to an arbitrary unit (A.U.) of 10 for the 29-kDa-Est category in
C. a and b, P < 0.01, compared with Est. E, Samples of conditioned media from C were analyzed
by gelatin zymography. Experiments were repeated three times with similar trends. F, pH
effects on MMP-7 activity in vitro. MMP-7 (± APMA) were dissolved in PBS (pH 7.4 or 6.0),
separated by gel electrophoresis, and assayed by gelatin zymography. The experiments were
repeated three times with similar trends. G, Levels of TIMP-1 and TIMP-2 (means ± SD of
three experiments) in luminal conditioned media of estrogen-depleted and estrogen-treated
cells were determined by ELISA. H, Conditioned media were collected from the luminal
compartments of cultures containing estrogen-depleted or estrogen-treated hEVECs and mixed
with 1 μg/ml anti-MMP-7 Nab antibody (to inactivate the MMP-7). Eight microliters of the
samples were mixed with 2 μl of conditioned media collected from cultures of stromal cells
previously treated with estrogen plus progesterone followed by withdrawal from that treatment
(as in Fig. 4). The combined mixed samples were fractionated by gel electrophoresis and
assayed by gelatin zymography. The experiments were repeated three times with similar trends.
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