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Abstract

Endometriosis is a gynecologic disease characterized by the ectopic presence of endometrial tissue on organs within the
peritoneal cavity, causing debilitating abdominal pain and infertility. Current treatments alleviate moderate pain symptoms
associated with the disorder but exhibit limited ability to prevent new or recurring lesion establishment and growth. Retrograde
menstruation has been implicated for introducing endometrial tissue into the peritoneal cavity, but molecular mechanisms
underlying attachment and invasion are not fully understood. We hypothesize that cysteine cathepsins, a group of powerful
extracellular matrix proteases, facilitate endometrial tissue invasion and endometriosis lesion establishment in the peritoneal wall
and inhibiting this activity would decrease endometriosis lesion implantation. To test this, we used an immunocompetent
endometriosis mouse model and found that endometriotic lesions exhibited a greater than 5-fold increase in active cathepsins
compared to tissue from peritoneal wall or eutopic endometrium, with cathepsins L and K specifically implicated. Human endo-
metriosis lesions also exhibited greater cathepsin activity than adjacent peritoneum tissue, supporting the mouse results. Finally, we
tested the hypothesis that inhibiting cathepsin activity could block endometriosis lesion attachment and implantation in vivo.
Intraperitoneal injection of the broad cysteine cathepsin inhibitor, E-64, significantly reduced the number of attached endometriosis
lesions in our murine model compared to vehicle-treated controls demonstrating that cathepsin proteases contribute to endo-
metriosis lesion establishment, and their inhibition may provide a novel, nonhormonal therapy for endometriosis.
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Introduction matrix (ECM) proteins such as collagen, fibronectin, and lami-
nin that comprise peritoneal and uterine walls,”'® may facili-
tate invasion. Cathepsin D has been shown to be increased in
peritoneal fluid of patients with endometriosis,'"'? but it is
an aspartic protease, a different family of proteases regulated
differently, though similarly named to the cysteine cathepsins.
Matrix metalloproteinases (MMPs) have also been shown to be
upregulated in endometriosis and lesion establishment.'*'*
Yet, cysteine cathepsins are the most potent ECM proteases
and can hydrolyze 2 to 6 times the proteins per unit time com-
pared to the more commonly studied MMPs.'>!'® Cysteine
cathepsins are also elevated in a number of tissue invasive/

Endometriosis affects an estimated 5.5 million women in North
America alone.! Symptoms of endometriosis including dys-
menorrhea, menorrhagia, and infertility likely result from the
ectopic implantation of endometrial tissues, causing lesion
formation on the peritoneal wall, uterus, and ovaries among
other sites.>* Although current treatments can alleviate mod-
erate pain symptoms, their ability to prevent lesion formation
is inconsistent and varies among patients.* Retrograde men-
struation has been highly implicated in disease pathogenesis,
since it enables endometrial fragments to travel upward
through oviducts into the peritoneal cavity.” However, this
is unlikely the sole cause of the disorder since retrograde men-
struation occurs in 90% of women,® but only 6% to 10% of |
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destructive diseases,'”2° motivating pharmaceutical compa-

nies to develop small molecule cathepsin inhibitors,>'** but
their activity has not been demonstrated in endometriosis.
Here, we investigate the contribution of cysteine cathepsin pro-
teases to endometriotic lesion establishment using a nonsurgi-
cal, immune-competent endometriosis mouse model. This
model is closer to endometriosis etiology by maintaining the
immune and lesion attachment aspects of the disease.?®> Our
work investigates whether pharmacological inhibition of cathe-
psins could serve as a novel therapy to reduce endometriosis
lesion establishment.

Materials and Methods

Murine Endometriosis Model

This previously established and validated*>**® model provides an

immunocompetent and nonsurgical approach to study endome-
triosis lesion establishment. The green fluorescent protein trans-
genic (GFP-Tg) donor mice were treated subcutaneously with
100 mg/kg estradiol valerate (dissolved in corn oil) 1 week
before being sacrificed to stimulate endometrial tissue prolifera-
tion. Uterine tissue from GFP-Tg mice was dissected, finely
minced with iris scissors, and further fragmented by serial titra-
tion in 0.5 mL of sterile phosphate-buffered saline (PBS).’
Phosphate-buffered saline only (Sham) or GFP-Tg donor uterine
fragments (~ 35 mg) were then injected into peritoneal cavities
of syngeneic mice (ages 8-19 weeks, but age-matched per experi-
ment) to mimic lesion establishment via retrograde menstruation.
To determine the contribution of cathepsin proteases to endome-
triotic lesion establishment, a subset of mice were administered
either vehicle or the broad cathepsin inhibitor, E-64 (9 mg/kg/d,
EMD Millipore, Darmstadt, Germany) by intraperitoneal (ip)
injection for 9 days. At day 10 postinjection, mice were eutha-
nized and the uteri and peritoneum removed. The GFP-
positive endometriotic lesions were visible under 488 nm light
(excitation wavelength peak of GFP), collected, counted, and
measured. All studies were completed in compliance with proto-
cols approved by the Institutional Animal Care and Use Commit-
tee of Emory University (Permit No: DAR-2002462-100416BN)
and performed according to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

Human Endometriosis Tissues

Human tissues were obtained from patients with endometriosis
(n = 3; ages 29, 33, and 40) undergoing surgery for infertility
or pelvic pain as part of a previously published study.?’ Perito-
neal tissue excised from that same woman was also collected.
None of the women had been on estrogen- or progesterone-
containing medications or other forms of pituitary suppression
in the previous 3 months. The stage of endometriosis in all 3
women was classified as stage III according to the Revised
American Society for Reproduction Medicine classification
of endometriosis, 1996.>% The protocols were approved by the
Institutional Review Boards of the Emory University School of

Medicine. Written informed consent was obtained from all par-
ticipants prior to surgery.

Multiplex Cathepsin Zymography

Experiments were based on our previously published proto-
col.”” Briefly, equal protein amounts from tissues were
resolved by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) containing 0.2% gelatin. Enzymes
were renatured, then incubated in assay buffer at pH 4 which
is preferable for cathepsins L and V activity,=! for 18 to 24
hours in the presence or absence of E-64 or Z-FY-DMK (EMD
Millipore, Darmstadt, Germany). Afterward, the gels were
stained with Coomassie Blue followed by destaining. Gels
were imaged with ImageQuant LAS 4000 (GE Healthcare,
Pittsburgh, USA). Cleared white bands indicate cathepsin
activity, and specific cathepsin activity was identified by mole-
cular weight and quantified by densitometry.

Western Blot Analysis

Briefly, 25 pg of protein resolved by SDS-PAGE, transferred to
nitrocellulose membranes, blocked with Odyssey Li-cor block-
ing buffer (Li-Cor, Lincoln, USA), and incubated overnight
with primary antibodies: goat anti-murine cathepsin L and
mouse anti-cathepsin V (R&D Systems, Minneapolis, USA);
mouse anti-cathepsin K (Millipore, Darmstadt, Germany).
Appropriate fluorescently tagged secondary antibodies were then
used (Rockland, Pottstown, USA). Membranes were imaged on
Odyssey Li-cor, and immunoreactive bands were quantified by
densitometry with ImagelJ software (NIH).

Statistical Analysis

Data are shown as mean + standard error of the mean. Student
t test analysis was used for comparison of 2 groups. One-way
analysis of variance with Tukey posttest was used for compar-
ison of multiple groups. Statistical significance was defined as
P <.05.

Results

Mouse Endometriotic Lesions Exhibit Elevated Cathepsin
Proteolytic Activity

To investigate the contribution of cysteine cathepsins to endo-
metriotic lesion establishment, we employed a nonsurgical,
immunocompetent mouse model of endometriosis. Briefly,
minced uterine fragments from GFP-Tg donors were injected
into the peritoneal cavity of recipient mice and allowed to
implant (Figure 1A). This model simulates retrograde menses
and peritoneal lesion establishment with lesions confirmed by
hematoxylin and eosin histology to be nearly identical to those
observed in the human counterpart. These lesions are also capa-
ble of forming cysts containing blood cells and enveloped by
dense epithelial tissues and endometrial stroma.>> After 10
days, GFP-positive lesions, neighboring peritoneum tissue
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Figure |. Mouse endometriotic lesions exhibit elevated cathepsin
proteolytic activity. Uterine tissues from green fluorescent protein
transgenic (GFP-Tg) mice were minced into solution and injected into
the peritoneal cavity of recipient mice. Lesions were allowed to
implant over 9 days (A). On day 10, the peritoneum and attached
endometriosis lesions were collected and analyzed by multiplex cathe-
psin zymography (B). Endometriotic lesions exhibited a greater than
5-fold increase in cathepsin activity (20 and 100 kD) when compared
to peritoneal samples (C, n = 8; *P < .05).

where no lesion implanted, and peritoneum tissue (Peri) of
mice receiving injections of PBS only (Sham) were collected.
This tissue was homogenized and prepared for multiplex cathe-
psin zymography to quantify the amounts of active, mature
cathepsins to test the hypothesis that cathepsins were elevated
during endometriotic lesion implantation and invasion. Cleared
white bands on the dark background indicate active cathepsins.
Cathepsin activity was significantly elevated in endometriotic
lesions for the 100 and 20 kDa cathepsin signatures compared
to the peritoneum of injected (Peri) or sham injected (Sham)
mice by more than 5-fold (n = 8; *P < .05; Figure 1B). Perito-
neal tissue was used for comparison since excising the lesions
for testing may have contained some of the peritoneal wall tis-
sue to which the lesions were attached.

Active cathepsin levels in attached endometriotic lesions
were also compared to that of uterine tissue since the

endometrial tissue injected into recipient mice was derived
from uteri of GFP-mice. Attached lesions exhibited greater
cathepsin activity when compared to animal-matched uterine
tissue that included tissue from both endometrium and myo-
metrium layers (Figure 2A). To confirm the activity was due
to cysteine cathepsins, the broad cathepsin small molecule
inhibitor E-64 was incubated with zymograms overnight dur-
ing the substrate degradation phase of the assay. Failure of
white bands to appear confirmed that signals were due to
active cysteine cathepsins in the uterus and lesion samples
(Figure 2A). Since zymography only indicates the active
form of the enzymes, we used Western blots to quantify the
amount of protein expression of cathepsins L and K in the
uterus and attached lesions (Figure 2B). Both the pro- and
mature forms of the cathepsin L were detected with a 1.5-
fold increase in procathepsin L (37 kDa) and a 2-fold
increase in mature cathepsin L (25 kDa) in lesions compared
to uterine tissue (n = 6, P <.05; Figure 2C). Statistically sig-
nificant elevations in mature cathepsin K were also detected
in lesions when compared to the uterine tissue and quantified
with densitometry (n = 6, P < .05; Figure 2C).

Cathepsin L is highly active among the other cathepsin
bands induced in attached endometriotic lesions but is not
responsible for all of the activity.

Cathepsin L and its human ortholog cathepsin V show
increased activity by zymography when incubated at pH 4,2°"
which was used here to show the highest cathepsin signatures.
However, in our previous examinations by multiplex cathepsin
zymography of other tissues for active cathepsins, including
arteries, lungs, muscle, bone, cervix, and breast,'?° these
cathepsin proteolytic profiles were different. To confirm the
identity of these bands and whether their signal was due to
cathepsin L, we repeated cathepsin zymography but incubated
the gel in the presence or absence of the cathepsin L inhibitor
Z-FY-DMK (5 pmol/L) during the overnight degradation step.
Z-FY-DMK reduced the intensity of many of the active cathe-
psin bands, leaving only faint bands of activity at ~40 to
50 kDa (Figure 3); this was determined previously to be where
cathepsin K appears in multiplex cathepsin zymography,?*-*!
supporting the cathepsin K Western blot data (Figure 2B).

Human Endometriotic Lesions also Contain Active
Cathepsin L

If cathepsin L was elevated in our immunocompetent, nonsur-
gical mouse model of endometriosis, the next question was
whether it would also be active in human endometriotic lesions.
Similar to murine lesions, cathepsin L activity was found in
human endometriotic lesions and could be abrogated by incu-
bation with the cathepsin L inhibitor, Z-FY-DMK, which con-
firmed the identity as cathepsin L/V (Figure 4A). Particular
bands of activity at the 20 and 37 kDa sizes were reduced, indi-
cative of cathepsins L and V, respectively,” and the protein
identity and amounts were confirmed by Western blotting (Fig-
ure 4B). It is important to clarify that human cathepsin V is the
ortholog of mouse cathepsin L, sharing greater than 80%
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Figure 2. E-64 blocks all cathepsin proteolytic activity in murine endometriotic lesions. Incubation with the broad cathepsin inhibitor, E-64,
completely abolished cathepsin activity detected by zymography identifying the active bands as cysteine cathepsins (A). Cathepsin protein levels
in lesions were compared to eutopic uterine tissue by Western blot (B, n = 6). Representative immunoblots are shown. Cathepsins L and K
were significantly increased in endometriotic lesions as compared to eutopic uterine controls (C; n = 6; *P < .05).

sequence homology, and there is no murine ortholog for human
cathepsin L.*?

In Vivo, Broad Inhibition of Cysteine Cathepsins With
E-64 Reduces Endometriotic Lesion Establishment in Mice

Since the proteolytic profile of mouse lesions exhibited strong
similarities to the cathepsin signature of human patients, we
tested the hypothesis that inhibiting all cysteine cathepsin
activity could block endometriosis lesion attachment and
implantation in vivo. E-64 was selected over Z-FY-DMK since
Z-FY-DMK left residual, noncathepsin L activity in the zymo-
grams (Figures 3 and 4), whereas E-64 showed complete inhi-
bition (Figure 2A). Recipient mice were administered 9 mg/kg
of the broad cathepsin inhibitor, E-64 daily via ip injection after
implantation of the minced GFP-uterine fragments (Figure
5A). After 10 days, recipient mice were sacrificed, and lesions
were collected, counted, and measured for size to assess lesion
establishment. E-64 significantly reduced the number of
implanted lesions in treated mice (n = 10) compared to vehicle

control (n = 8, P <.01; Figure 5B), such that 2 of the mice even
had complete prevention of lesion establishment by E-64 as
they did not have any attached lesions at the end of the experi-
ment. There also appeared to be a reduction in the volume of
lesions with E-64 treatment, but this was not statistically signif-
icant (Figure 5C).

Discussion

This work demonstrates the novel role of cysteine cathepsin
proteases in endometriosis lesion establishment. Cysteine
cathepsin expression and activity were significantly increased
in endometriosis lesions that implanted and attached to the
peritoneal wall when compared to either eutopic uterine or
peritoneal tissues. Incubating the zymograms with the cathe-
psin L inhibitor Z-FY-DMK inhibited most of the cathepsin
signal, implicating cathepsin L, but E-64, the broad cathepsin
inhibitor, blocked all of this activity confirming the activity of
other cathepsins in the attached endometriotic lesions. Fur-
ther, endometriosis lesions excised from female patients also
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petent, nonsurgical mouse model. These data suggest a signif-
icant role for cysteine cathepsins in the invasion and
implantation of endometrial tissue introduced into the perito-
neal cavity and, taken together, suggest that targeted pharma-
ceutical inhibition of these proteases may effectively reduce
initial endometriotic lesion establishment.

The etiological difference underlying the propensity of ecto-
pic tissues to invade and establish endometriotic lesions in one
woman over another has not been elucidated. We have
observed in other studies that new cathepsin proteolytic pro-
files emerged following heterotypic cell-cell contact when
compared to one cell type alone,>*** and it may be the case
here that when the endometriotic lesions contact the peritoneal
wall, that new cathepsin activity is induced to facilitate attach-
ment and early invasion. Our data also suggest that cathepsin
activity may be important in this initial establishment of
lesions, and one of these patient specific differences distin-
guishing women at risk for endometriosis could be inherent
cathepsin activity. To validate this, it will be an important next
step to compare cathepsin activity of peritoneal tissue from
women with and without endometriosis and also cathepsin
activity from eutopic endometrial tissue from women with and
without endometriosis. Indeed, we have previously shown that
there are wide ranges of variation of cathepsin expression
between different individuals by profiling monocyte-derived
macrophages,’! suggesting differences in tissue destructive
disease prognosis.

Figure 4. Human endometriotic lesions also contain active cathe-
psin L. A, Lesions from patients with endometriosis were tested
for cathepsin L and V activity and patient-matched peritoneal tissue
samples (n = 3, with 2 representative patients shown) were run to
confirm that lesion activity was not due to peritoneal tissue contam-
ination. Incubation with the cathepsin L specific inhibitor, Z-FY-
DMK, blocked cathepsin L signals, confirming the cathepsin L bands
in the zymogram (indicated by arrows). B, Cathepsin L and V protein
expression in the human endometriotic lesion tissue was also con-
firmed by Western blot.

A previously disrupted peritoneum is not required for
endometriosis lesion formation, so it may be that the ectopic
endometrial cells’ ability to proteolytically invade through
peritoneal wall basement membrane may be an essential step
of lesion establishment, and active cysteine cathepsins pro-
duced by that tissue could mediate this. The inflammatory
mediators released by ectopic endometrial tissues and/or
activated macrophages during lesion establishment*® may
also modulate cathepsin expression and activity and will be
important to understand for proper dosing of cathepsin inhibi-
tors. One limitation of this study when interpreting ectopic
endometrial cell attachment is that the myometrium was not
separated from the endometrium of the mouse uteri prior to
injection. This was an unavoidable limitation in order to
obtain adequate viable endometrial tissue for producing
reproducible results in terms of lesion development.
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Figure 5. Inhibiting cysteine cathepsins reduces endometriotic lesion establishment. Endometrial fragments from female green fluorescent pro-
tein transgenic (GFP Tg) mice were injected into the peritoneum of wild-type (WT) mice and allowed to form lesions for 10 days. Mice were
administered vehicle or the broad cathepsin inhibitor, E-64 at 9 mg/kg/d via intraperitoneal injection. Lesions were then counted and measured
on day 10 (A). Mice administered E-64 exhibited significant reductions in lesion number (B, n = 8, *P <.01) but not size (C, n = 8, P = .058) when

compared to untreated controls. Two of the mice treated with E-64 did not have any implanted lesions.

Therefore the lesion versus eutopic tissue comparisons may
contain some ratio of myometrial cells as well. This was not
a concern for the human tissue since eutopic biopsies as well
as the lesions were predominantly endometrial tissue.

Z-FY-DMK, the cathepsin L inhibitor used here, was shown
in other studies to almost completely inhibit invasion by fibro-
blasts cocultured with melanoma cells,37 however it was not
the only active cathepsin in the endometriotic lesion tissue.
E-64, the broad cathepsin inhibitor, is not safe for systemic use
in humans as there are many homeostatic cathepsin functions
that, when inhibited, cause unpleasant side effects. However,
a number of pharmaceutical inhibitors of cysteine cathepsins
have been designed and advanced to human clinical trials but
have failed due to side effects.*®>° Systemic administration
of these inhibitors may be detrimental, but repurposing them
for targeted gynecologic or peritoneal delivery to mitigate
endometriosis may revive their utility. The identification of
cysteine cathepsin proteases as contributors to endometriosis
lesion establishment would highlight them as potential thera-
peutic targets for patients with endometriosis.
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