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Simple Summary: Endometriosis is an immediate precursor lesion of ovarian clear cell cancer
(OCCC) and is heavily infiltrated by functionally impaired immune cells including macrophages. A
key role of macrophages in endometrial lesions is to process significant amount of heme released
from shedding of the endometrium during menstruation by the activity of heme oxygenase-1 (HO-1,
Hmox1). Heme is a pro-inflammatory molecule that induces oxidative stress. We propose that
heightened oxidative stress, inflammation, and the presence of iron-containing molecule such as
heme in the immune niche due to altered heme metabolism may be a driver of OCCC. This study
contributes to better understanding of the mechanisms of malignant progression of OCCC.

Abstract: Endometriosis, a painful gynecological condition accompanied by inflammation in women
of reproductive age, is associated with an increased risk of ovarian cancer. We evaluated the role of
peritoneal heme accumulated during menstrual cycling, as well as peritoneal and lesional macrophage
phenotype, in promoting an oncogenic microenvironment. We quantified the heme-degrading
enzyme, heme oxygenase-1 (HO-1, encoded by Hmox1) in normal peritoneum, endometriotic lesions
and endometriosis-associated ovarian cancer (EAOC) of clear cell type (OCCC). HO-1 was expressed
primarily in macrophages and increased in endometrioma and OCCC tissues relative to endometriosis
and controls. Further, we compared cytokine expression profiles in peritoneal macrophages (PM)
and peripheral blood mononuclear cells (PBMC) in women with endometriosis versus controls as
a measure of a tumor-promoting environment in the peritoneum. We found elevated levels of
HO-1 along with IL-10 and the pro-inflammatory cytokines (IL-1f3, IL-16, IENy) in PM but not in
PBMC from endometriosis patients. Using LysM—Cre:Hmoxlﬂﬂ conditional knockout mice, we show
that a deficiency of HO-1 in macrophages led to the suppression of growth of ID8 ovarian tumors
implanted into the peritoneum. The restriction of ID8 ovarian tumor growth was associated with an
increased number of Mac3* macrophage and B cells in LysM-Cre:Hnox1¥! mice compared to controls.
Functional experiments in ovarian cancer cell lines show that HO-1 is induced by heme. Low levels
of exogenous heme promoted ovarian cancer colony growth in soft agar. Higher doses of heme led
to slower cancer cell colony growth in soft agar and the induction of HO-1. These data suggest that
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perturbation of heme metabolism within the endometriotic niche and in cancer cells themselves may
be an important factor that influences tumor initiation and growth.

Keywords: endometriosis; ovarian cancer; labile heme; hemopexin; heme oxygenase-1

1. Introduction

Endometriosis is an inflammatory disease characterized by lesions of endometrial-like
tissue outside the uterus (pelvic peritoneum and ovaries) that is associated with pain and
infertility [1]. Although the epithelium in these lesions often carries cancer driver mutations
and can exhibit clonal growth, the lesions are considered benign, as they remain confined to
their site of implantation without rapid proliferation or metastasis [2,3]. However, implants
of endometriosis, especially when involving the ovary as an endometriotic cyst, can, rarely,
transform into endometriosis-associated ovarian cancer (EAOC). These cancers are often of
the less common clear cell subtype (OCCC, ovarian clear cell carcinoma), [4] for which the
triggers of transformation and growth are poorly understood.

The lack of a consistently detected combination of cancer driver mutations or histologic
precancerous changes in endometriotic lesions suggests that factors in the microenviron-
ment or epigenetic changes may play a role in oncogenesis. We hypothesize that EAOC
is driven by heightened oxidative stress, inflammation and presence of iron-containing
molecules, such as heme, [5,6] that are prominent in endometriosis due to cyclic bleed-
ing with the menstrual cycle. Heme and ferritin levels are elevated in the peritoneum
of patients with endometriosis, which may also reflect disturbed iron metabolism in the
peritoneal cavity [7].

Free heme is a pro-inflammatory molecule that induces oxidative stress via the
Fenton reaction, generating reactive oxygen species (ROS). Free heme is scavenged by
hemopexin (Hx) and its receptor on myeloid cells, CD91/LRP, followed by heme degra-
dation by the activity of heme oxygenases (HO, HO-1 and HO-2) [8] that generate carbon
monoxide, biliverdin, and iron. Heme metabolism is a critical mediator in maintaining
cellular homeostasis and is orchestrated by tissue-associated immune cells, particularly
macrophages [6,9]. Disruption in heme homeostasis is a common feature of cancer [10].
High expression of nuclear HO-1 in cancer cells and tumor-associated macrophages corre-
lates with poor prognosis of prostate, lung, and skin cancers, and leukemias [11-14] and
has been described in vitro in responses to oxidative stressors and hypoxia [15].

The exact role of HO-1 and mechanisms of action in endometriosis and EAOC are
poorly understood [16,17]. Excessively high levels of heme and iron during menstrual
cycling, and attenuated levels of Hx, may lead to oxidative modifications of lipids and
proteins as well as DNA damage, ultimately resulting in fibrosis in the peritoneum of
women with endometriosis [5]. We propose that heme and heme metabolism trigger an
alteration in peritoneal and lesional macrophage phenotype that is permissive to cancer.

The heme scavenger, Hx, is reduced in the peritoneal fluid of patients with endometrio-
sis [18]. Hx has not been studied in EAOC, but is thought to play a role in cancer survival.
Hx expression is highly correlated with poor five-year overall survival rate in hepatocar-
cinoma (HCC) [19]. Fucosylated Hx is a valuable biomarker for HCC [20]. Hx was also
identified as a potential serological biomarker for lung adenocarcinoma [21]. We have
recently shown that deletion of Hx in the tumor niche or treatment with heme promotes
prostate cancer metastasis via mechanisms involving a direct interaction of labile heme
with secondary structures of DNA, G-quadruplexes, in genes such as c-MYC [10].

In this study, we determined the tissue expression of HO-1 and Hx in peritoneal
biopsies from women with endometriosis, controls and in tissue from endometriosis-
associated ovarian clear cell cancer. We hypothesized that high levels of heme and, thus,
induction of HO-1 in endometriosis may slow the growth and evolution of these cancers.
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This is consistent with the common presentation at low stage, and long time to recurrence
of OCCC.

We also compare RNA expression of these genes between endometriosis and paired
samples of normal eutopic endometrium using in-silico analysis of published data. Ex-
pression is generally confined to stromal macrophages and, in cases of carcinoma, the
neoplastic epithelium. Using functional studies in ovarian cancer cell lines, we found that
low levels of heme are insufficient to induce HO-1, but promote cancer growth, while higher
heme levels suppress growth and induce HO-1. Using conditional HO-1 knockout mice,
we found that HO-1 in macrophages is also critical for the growth of grafted peritoneal
ovarian cancer cells. Using peritoneal macrophages isolated from women undergoing
surgery, we demonstrate that women with endometriosis have an M2-like cytokine pro-
file, when compared to control patients and matched peripheral blood monocytes. Our
data suggest that endometriosis-associated heme-induced HO-1 may be a key regulator of
EAOC progression.

2. Material and Methods
2.1. Patient Material

All studies were approved by the IRB committee at the BIDMC.

Fresh specimens: Fresh PM, PBMC and peritoneal biopsies were collected from pa-
tients with endometriosis (n = 9) and controls (1 = 5) following the IRB protocol. Control
group included women undergoing surgery due to: genetic susceptibility to cancer (n = 3),
uterine fibroids (1 = 1) or lesion on cervix (1 = 1).

Peritoneal biopsies of endometriosis and PM were harvested by washing the peritoneal
cavity with 50-100 mL saline. The PM pellets were obtained by centrifuging washes at
1600 rpm for 5 min at room temperature (RT). Supernatants were transferred into 50 mL
falcon tubes and stored at —80 °C. Pellets were resuspended in 1 mL 1x PBS (Thermo
Fisher Scientific, Waltham, MA, USA) and centrifuged once at 1600 rpm for 5 min at RT.

Blood was collected in the BD Vacutainer®® Plus Venous Blood Collection Heparin
Tube (BD Biosciences, Franklin Lakes, NJ, USA). PBMC were harvested using Ficoll-
PaqueTM PLUS (GE Healthcare, IL, USA) density gradient centrifugation protocol. Blood
was diluted 1:1 with 1x PBS. Furthermore, 15 mL of Ficoll-PaqueTM PLUS at RT was
placed in 50 mL falcon tube and layered in 1:1 ratio with blood /1xPBS mixture using a
transfer pipette to avoid mixing blood and Ficoll-PaqueTM PLUS phases. Samples were
centrifuged at 400x g and 20 °C for 30 min selecting acceleration/deceleration rates 9/0.
Using the transfer pipette, the mononuclear layer (PBMC) was carefully removed to a new
tube and 3 volumes of 1x PBS were added to the samples. Samples were centrifuged at
500x g and 20 °C for 10 min. Pellets were stored at —80° until further analysis.

Archival samples: All cases of endometriosis-associated clear cell ovarian carcinoma
with the presence of cancer-adjacent endometriosis were pulled from 1998-2006 pathology
archives, which included 17 cases. Endometrioma, endometriosis cases and hernia sac
cases (n = 5 each) were from the 2019 pathology archives at BIDMC. The medical record
was reviewed to determine the following patient characteristics: age and stage at diagnosis,
adjuvant treatment (chemotherapy and/or radiation), disease status at the time of last-
known contact, disease-free interval at the time of last-known contact. The formalin-fixed,
paraffin-embedded issue blocks were sectioned and stained for HO-1, Hx, and CD45.
The presence and intensity of protein staining was evaluated by both stain intensity and
proportion of positive-staining cells. The intensity scale is as follows: 0 (no pigmentation),
1 (light yellow), 2 (buff), and 3 (brown). The percentage of positive cells was assessed by
high power field: 0 (<5% chromatic cells), 1 (5-25% chromatic cells), 2 (26-50% chromatic
cells), 3 (51-75% chromatic cells), and 4 (>75% chromatic cells). Scores for each pathology
specimen was calculated and compared between the tissues using Pearson correlation.
Here, p < 0.05 will be considered as statistically significant. Clinical characterization of
patients is provided in Supplementary Table S1.
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2.2. IHC and Analysis

Tissue samples were formalin fixed followed by paraffin embedding, and immunos-
taining of 5 um sections was performed as previously described [22]. The following
antibodies were used for human material: Hx (Abcam, Cambridge, MA, USA), HO-1 (Enzo
Life Sciences, Farmingdale, NY, USA), and CD45 (BD Biosciences, Franklin Lakes, NJ,
USA) and for mouse tissue staining: Mac-3 (BD Biosciences, Franklin Lakes, NJ, USA) and
CD45R/B220 (BD Biosciences, Franklin Lakes, NJ, USA).

Tissues were de-paraffinized and processed for antigen retrieval using high pressure
cooking in citrate buffer. Sections were then blocked for 30 min in 7% horse serum (Vector
Laboratories, Burlingame, CA, USA). Primary antibody was then applied to the sections
overnight at 4 °C. The following day, sections were incubated with biotin-labeled secondary
antibody (Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature, followed
by VECTASTAIN Elite ABC kit and detection with InmPACT DAB (Vector Laboratories,
Burlingame, CA, USA). All images were captured using a Nikon Eclipse E600 microscope
(Nikon Instruments, Melville, NY, USA).

The presence and intensity of protein staining was evaluated by both staining intensity
and percentage of positive cells. The intensity scale was as follows: 0 (no pigmentation),
1 (light yellow), 2 (buff), and 3 (brown). The percentage of positive cells was assessed by
high power field: 0 (<5% chromatic cells), 1 (5-25% chromatic cells), 2 (26-50% chromatic
cells), 3 (51-75% chromatic cells), and 4 (>75% chromatic cells). Scores for each pathology
specimen were calculated and compared between the tissues using Pearson correlation.
Here, p < 0.05 will be considered as statistically significant.

2.3. Mouse Model of ID8 Metastatic Ovarian Cancer

All experimental procedures were performed in accordance with relevant guidelines and
regulations. All experiments were approved by the Institutional Animal Committee (IACUC) at
BIDMC. Animals with conditional macrophage deletion of HO-1 (LysM-Cre:Hnox1") and con-
trol mice (Hmox1"') were generated as previously described [23]. Hmox ¥ or LysM-Cre:Hmox 1!
mice were injected with 1 x 10° ID8 mouse ovarian cancer cells to their peritoneal cavity.
The tumors were harvested 2 months later and evaluated by IHC.

2.4. Real-Time PCR

Total RNA was isolated from PM and PBMC using RNeasy Plus Mini Kits (QIAGEN,
Valencia, CA, USA), and cDNA was synthesized with HiFiScript cDNA Synthesis Kit
(CWBIO, Beijing, China) based on manufacturer instructions. Furthermore, qPCR was
performed as previously described [22]. Primers were purchased from Thermo Fisher
Scientific. The following oligonucleotides were used for:

B-actin: Forward 5'-CGCGAGAAGATGACCCAGATC-3’; Reverse 5- TCACCGGAGT
CCATCACGA-3’; IL-18: Forward 5'-ATCGCTTCCTCTCGCAACAA-3'; Reverse 5'-CTTCT
ACTGGTTCAGCAGCCATCT-3; IL-16: Forward 5'-ATGCCCGACCTCAACTCCTCC
ACT-3’; Reverse 5-GCCACCCAGCTGCAAGATTTC -3; Hmox1: Forward 5 TGTG
GTACAGGGAGGCCATCACC-3’; Reverse 5 CAGGATTTGTCAGAGGCCCTGAAGG-3/;
IL-1B: Forward 5'-AGCTACGAATCTCCGACCAC-3'; Reverse 5'-CGTTATCCCATGTGTC
GAAGAA-3’; IL-10: Forward 5-ACGGCGCTGTCATCGATT-3'; Reverse 5'-GGCATTCTTC
ACCTGCTCCA-3 and INFy: Forward 5'- TCGGTAACTGACTTGAATGTCCA-3'; Reverse
5'- TCGCTTCCCTGTTTTAGCTGC-3' primers.

The following program was applied: 95 °C for 10 min, 95 °C for 155, 58 °C for 55 s,
72 °Cfor 555,95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s (steps #2 to #4 repeated
for 40 cycles). StepOne software version 2.3 (Applied Biosystems, MA, USA) was used to
calculate relative changes in mRNA levels that were normalized to the 3-actin levels.

2.5. Cell Culture and Treatments

Ovarian cancer OVAR3, OVARS5, ID8 and HEY cells were a gift from Dr. Dipak
Panigrahy (BIDMC, Boston, MA, USA), where OVAR3 and OVARS5 were maintained in
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RPMI medium (Life Technologies) supplemented with 10% fetal bovine serum (Atlanta
Biologicals), whereas ID8 and HEY were maintained in DMEM medium (Life Technologies)
supplemented with 10% fetal bovine serum (Atlanta Biologicals) [11]. OVAR3 and OVAR5
cells were maintained in a 37 °C humidified incubator with 5% CO, and 21% O,, while ID8
and HEY cells were maintained in 37 °C humidified incubator with 10% CO, and 21% Os.

2.6. Reagents

Hemin (referred to as heme, Sigma-Aldrich, St. Louis, MO, USA) was prepared by
dissolving powder in 0.1N NaOH and then titrated with 0.1N HCI to biological pH 7.4,
followed by adjustment to 10 mM concentration with 0.9% saline. Heme stock was then
aliquoted and frozen at —80 °C until use; each aliquot was thawed only once. Heme-
utilizing experiments were carried out in the dark at various concentration of 1-50 uM.

2.7. Soft Agar Colony Assay

Here, 1 x 10* ovarian cancer cells were suspended in 0.35% biotechnology-grade
agarose (Bio-Rad, Hercules, CA, USA) in RPMI supplemented with 10% FBS and plated
before solidifying on a solid 0.5% agarose with RPMI supplanted with 10% FBS. Medium
was replaced every third day. Colonies were maintained for 2-3 weeks in a 37 °C humidified
incubator, after which they were stained with methylene blue (Sigma-Aldrich, St. Louis,
MO, USA) and counted.

2.8. Benzidine Staining

Ovarian cancer cells were seeded on cover slips in a 6-well plate and treated with
various concentrations of heme (1-50 uM). O-Dianisidine stock solution was prepared
(o-Dianisidine powder, sterile water, glacial acetic acid) and stored at 4 °C in foil to prevent
photoreaction. A working solution was prepared by diluting the stock solution with 30%
stock H,O,. Before 1 mL of the working solution was added to each well, each well was
washed with PBS. Once the working solution was added, the cells were incubated for
10 min on the cover slips, and then washed 1-2 more times with PBS. The cells were then
fixed in 2% PFA for 10 min, followed by 3 more washes with PBS. Hematoxylin was added
to the cells for 20 s, and the cells were then washed with water 3—4 times. Ethanol (100%)
was then added to the cells for 5 min and left to be air dried. The cover slips were then
mounted on the slides with gelvatol mounting medium.

2.9. Immunoblotting

Proteins were harvested in lysis buffer (25 mM Tris-HCI, 150 mM NaCl, 1% NP-40,
100 mM NaF, 1 Complete Mini Protease Inhibitor Cocktail Tablet (Sigma-Aldrich, St. Louis,
MO, USA). After sonication, lysates were centrifuged at 15,000 x g at 4 °C for 20 min.
Protein concentrations were measured using the BCA Protein Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Then, 15-35 ug proteins were applied on 4-12% NuPAGE Bis-Tris
SDS polyacrylamide gel electrophoresis in MES SDS running system (Novex, Life Tech-
nologies/Thermo Fisher Scientific, Waltham, MA, USA) followed by transfer to PVDF
membrane (BioRad, Hercules, CA, USA). Following transfer, membranes were blocked in
5% nonfat milk for one hour. The following antibodies were applied rotating overnight
at 4 °C: HO-1 (Enzo Life Sciences, Farmingdale, NY, USA), HO-1 rabbit monoclonal (Ab-
cam, Cambridge, MA, USA), HO-2 (Abcam, Cambridge, MA, USA), Phospho (Ser139)-
H2AX (YH2AX) (Cell Signaling, Danvers, MA, USA), cyclin Bl (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), Phospho (Ser1981)-ATM (Cell Signaling Technology, Danvers, MA,
USA), c-myc (Santa Cruz Biotechnology), and Hemopexin (Abcam, Cambridge, MA, USA).
-Actin (Sigma-Aldrich, St. Louis, MO, USA) was used for total lysates while lamin A /C
(Cell Signaling Technologies, Danvers, MA, USA) and GAPDH (Cell Signaling Technologies,
Danvers, MA, USA) were used for nuclear and cytoplasmic loading controls, respectively.
The following day, after brief washing with Tris-buffered saline, membranes were incubated
with HRP conjugated secondary antibodies (Cell Signaling Technologies, Danvers, MA,
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USA), followed by chemiluminescent (ECL, Thermo Fisher Scientific, Waltham, MA, USA)
detection on the ChemiDoc Imaging System (BioRad, Hercules, CA, USA).

2.10. Geo Profiles

Here, mRNA expression Geo Profiles from 10 ovarian endometriosis and 10 matched
normal endometrium biopsies from the same patient were used [24]. Geo profiles using
Affymetrix Human Genome U133 Plus 2.0 gene array included tissue from 10 patients
with ovarian endometriosis and 10 matched control endometrium from the same patients
(follicular phase = 2, luteal phase = 8), who had not received hormone therapy before
surgery [24].

2.11. Statistics

All data are presented as mean =+ standard deviation unless otherwise indicated.
Statistical analysis was performed using Student’s t-test or one-way analysis of variance
(ANOVA) followed by the post-hoc Tukey test using Prism 5.0 (Graphpad Software, San
Diego, CA, USA). Differences between groups were rated significant at values of p < 0.05.

3. Results
3.1. Heme-Associated Scavenging Proteins Are Elevated in Endometriosis

We analyzed the RNA microarray expression profiles of ovarian endometriosis (1 = 0)
and normal endometrium (n = 10) from the same patients previously deposited in the
Geo Profiles database [24]. Compared to normal endometrium, endometriosis samples
showed elevated levels of heme-degradation-pathway-associated genes: Hmox1 (encoding
HO-1), BLVR-A and BLVR-B, and hemopexin (Hx) as well as haptoglobin (Hp), a hemoglobin
scavenger (Figure 1A-D). Endometriosis showed similar or slightly lower levels of Hmox2
(encoding HO-2) and Hx (Figure 1E,F).
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Figure 1. HO-1 and heme-associated protein levels in ovarian endometriosis and normal en-
dometrium (A-F). Here, mRNA expression Geo Profiles from 10 ovarian endometriosis and 10 matched
normal endometrium biopsies from the same patient were used [24]. Mean values & SD are shown.
*p <0.05. *** p < 0.001.

3.2. High Expression of CD45" and HO-1* Cells Infiltration in Endometrioma and
Associated EAOC

To assess the pattern of the expression of HO-1 in the endometriosis and OCCC,
we employed archived biopsies from patients with clear cell EAOC (n = 17), endometri-
oma, a cystic endometriosis arising in the ovary (n = 5), endometriosis (1 = 6) or control
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tissue from hernia sacs (n = 5). Clinical characteristics of EAOC patients are shown in
Supplementary Table S1. The vast majority of EAOC patients were low-stage and treated
with platinum-based chemotherapy without radiation. The representative H&E staining is
shown in Figure 2A. We measured the levels of HO-1 and CD45, a marker of infiltrating
leukocytes, in the cancer tissue and in the adjacent endometriosis as well as endometri-
oma, endometriosis and normal hernia sac tissues, using IHC staining (Figure 2B). HO-1
(nuclear and cytoplasmic staining) was primarily detected in macrophages in the stroma
of endometriotic lesions (Figure 2B). HO-1 staining was highest in cases with high CD45"
cell infiltration. No HO-1 staining of epithelial cells in endometriosis was seen, but mod-
erately intense staining (nuclear and cytoplasmic) was seen in cancer cells of the adjacent
EAOC (Figure 2B). We observed significantly higher expression of HO-1 in endometri-
oma and OCCC, correlating well with a high level of CD45" cells (Figure 2B-D). Further,
there was a positive correlation between the number of CD45* and HO-1* cells in the
endometriosis regions associated with OCCC (p = 0.008; r* = 0.636), indicating their co-
expression (Supplementary Table S2). There was high variation in the immune cell infiltrate
between EAOC cases; however, the intensity of staining was significantly higher in en-
dometrioma, in cancer and endometriosis adjacent to EAOC compared to biopsies from
hernia sac and patient with endometriosis (Figure 2C). A high uniform expression of Hx
was observed in endometriosis associated with EAOC as well as in regions of cancer
stroma (Supplementary Figure S1A-B), but was not significantly different between them
(Supplementary Figure S1A-B). Strong expression of Hx was detected in infiltrating stroma
cells (Supplementary Figure SIA-B).
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Figure 2. Expression of CD45, HO-1 and Hx in patients with EAOC. (A) Representative histology from
the following lesions: peritoneal endometriosis, ovarian endometrioma, EAOC clear cell carcinoma.
Magnification 200 x. (B) Representative lesions and control (hernia sac) immunostained for HO-1
and CD45 highlight stromal macrophages. Magnification 200 x with 400x inserts. (C,D) The graphs
showing the relative intensities of stained cells (macrophages), which are higher in cancer tissue
and endometriosis lesions in women with cancer, than in endometriosis alone or controls. Mean
values +/— SEM are shown. * p < 0.05.
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3.3. Peritoneal Macrophages from Women with Endometriosis Express High Levels of HO-1 and
IL-10, Suggesting a Stromal M2-Like Phenotype

We collected peritoneal pellets (macrophages), biopsies (endometriosis or normal
tissue) and PBMC from n = 4 control (surgery due to uterine fibroid removal, genetic
susceptibility to ovarian cancer/neoplasm, lesion on cervix) and n = 9 endometriosis
patients. The endometriosis lesions were strongly infiltrated by CD11b* positive cells
(Figure 3A). Importantly, we detected elevated levels of HO-1 in peritoneal pellets from
patients with endometriosis (Figure 3B). In contrast, no increase in HO-1 was seen in
the PBMC (Figure 3B). IL-10 levels were significantly higher in the PM in endometriosis
patients, and a similar trend was seen in PBMC (Figure 3C). Moreover, there was a positive
correlation between the HO-1 and IL-10 levels in the PM (p = 0.002, r? = 0.776, Pearson),
confirming a previously reported direct interplay between HO-1 and IL-10 [25]. The strong
induction of HO-1 and IL-10 in peritoneum in endometriosis patients indicate M2-like
skewing of macrophages. We found a significant induction of IL-16 in PM (Figure 3D)
and IL-18 in PBMC (Figure 3E) isolated from patients with endometriosis. The trends
of increased levels of IL-16, IL-18, IL-1p and IFNy were seen both in PM and PBMC in
endometriosis patients (Figure 3F,G).
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Figure 3. Inmune phenotype of endometriosis, peritoneal macrophage and peripheral blood mono-
cytes. (A) Histological analysis of endometriotic and control peritoneal biopsies. Immunofluorescent
staining with antibodies against CD11b is shown against H&E staining in the endometriosis and
control peritoneal biopsies. Magnification 400x. (B-G) mRNA levels of HO-1 IL-10, IL-16, IL-18,
IL-1p and IFNY in patients with endometriosis (ENDO, n = 9) and control subjects (n = 4). * p < 0.05.

3.4. Heme Modulates the Growth of Ovarian Cancer Colonies in Soft Agar

Our observations from the clinical material prompted us to investigate the role of heme
in in vitro cultures of ovarian cancer cell lines. Based on the Geo profiles data comparing
ovarian clear-cell-like cancer cell lines with serous ovarian cancer cell lines, there was no
difference in the baseline levels of expression of HO-1, Hx or Hp between the cell lines
(Supplementary Figure S2A—C). We chose to assess the role of labile heme in cultured
HEY, ID8 and OVCAR-5 ovarian cancer cell lines (Figure 4). OVCAR-5 (O-5) is a human
epithelial carcinoma cell line of the ovary, established from the ascitic fluid of a patient with
progressive ovarian adenocarcinoma without prior cytotoxic treatment. The HEY human
ovarian carcinoma cell line was derived from a human ovarian cancer xenograft (HX-62)
originally grown from a peritoneal deposit of a patient with moderately differentiated
papillary cystadenocarcinoma of the ovary. Finally, the ID8 ovarian cancer cell line was
derived from mouse ovarian surface epithelial cells that were transformed by serial passage
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in vitro. We demonstrated the higher number of colonies in soft agar in the presence of
low doses of heme (1 uM) in the O-5 and HEY cell lines (Figure 4A,B), without significant
changes in the growth of the ID8 cell line (Figure 4C). Interestingly, heme at higher levels
(5-50 uM) did not influence the cancer cell growth of HEY cells (Figure 4A) and only slightly
increased the number of colonies in the O-5 cell line (Figure 4B). There was no significant
change in the colony number of ID8 cells, yet the there was a trend towards lower numbers
of colonies at higher doses of heme (Figure 4C). To assess the role of endogenous heme
synthesis in ID8 colonies growth, we treated ID8 cells during culture in soft agar with
DHA, an inhibitor of ALA-synthase-1 and heme synthesis (Figure 4D). Interestingly, we
found higher colony number in cells treated with DHA (Figure 4D), suggesting that a
decrease in endogenous levels of heme may promote cancer cell growth similarly to low
levels of exogenous heme. We have confirmed the uptake and accumulation of heme in
HEY and O-5 cancer cells upon treatment with exogenous heme using benzidine staining
(Figure 4E,F).
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Figure 4. Heme accumulation in cancer cells is associated with anchorage-independent growth.
(A—C) Anchorage-independent growth in soft agar of HEY and OVAR-5 (O-5) and ID-8 ovarian
cancer cells treated with heme (1-50 M) was assessed at 3 weeks. * p < 0.05, ** p < 0.01, *** p < 0.001.
Data are representative for n = 4-5 experiments in duplicates or triplicates. (D) ID8 cells were treated
with DHA, an inhibitor of ALA synthetase and colony growth was evaluated at 3 weeks. *** p < 0.001.
Data are representative for n = 6. (E,F) The heme levels were measured by the benzidine staining in
HEY and OVAR-5 cells treated with heme for 24 h. Magnification 400x.

3.5. Heme Induces HO-1 in Ovarian Cancer Cell Lines

Low levels of baseline HO-1 and Hx expression were detected in ovarian cancer cell
lines compared to stroma cells, NIH3T3 fibroblasts and RAW267.4 macrophage cell lines
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(Figure 5A). We found that HO-1 was induced as early as 4 h in response to high doses
of heme (50 uM) (Figure 5B). Interestingly, the lower doses of heme (1 pM) that induced
cancer cell growth in soft agar, had a very little effect on HO-1 induction in HEY cells
(Figure 5C).
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Figure 5. Heme induces HO-1, Hx and DNA damage in ovarian cell lines. (A) Immunoblot analysis
with antibody against HO-1 and Hx in NIH3T3 fibroblasts, RAW macrophage cell line and ovarian
cell lines. (B) HO-1 and HO-2 were determined by immunoblotting lysates of HEY and OVAR-5
(OV-5), OVAR-3 (O-3) ovarian cancer cells treated with heme (H, 50 uM) or control (C) for 1-24h.
Treatment of HEY cells with heme at 1 and 50 uM. Immunoblot analysis of HO-1 levels is shown at 1,
4, and 24 h. Please see the whole western blots in File S1.

3.6. Lack of HO-1 in Macrophages Results in Attenuated Growth of ID8 Tumors In Vivo

We established the metastatic syngeneic model of ovarian cancer by inoculating ID8
mouse ovarian cancer cells into the peritoneum of HmoxI or LysM-Cre:Hmox1*' mice
(Figure 6A). By immunohistochemical (IHC) analyses, we noted smaller tumors spread
in the peritoneal cavity in the LysM-Cre:Hmox1#! mice, with large numbers of leukocytes
infiltrating into the tumor niche compared to Hmox1# mice at 8 weeks after inoculation
(Figure 6B,C). Since the deletion of HO-1 in macrophages leads to a significant increase in
the number of immune cells infiltrating into the tumors (Figure 6B), we assessed the pres-
ence of B220+ (B cells) and Mac3/LAMP-2+ (macrophages) in those tumors (Figure 6D,E).
We found significantly higher numbers of B220+ and Mac3/LAMP-2+ in LysM-Cre:Hmox 1
mice correlating with smaller tumors (Figure 6D,E), suggesting a pronounced immune
responses in the tumor microenvironment.
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Figure 6. Lack of HO-1 in macrophages (LysM-Cre:Hmox1/! mice) suppresses growth of ID§ tumors in
metastatic model of ovarian cancer. (A) Scheme showing the experimental design. (B) Representative
H&E staining of ID8 tumors growing in the peritoneum of Hmox1 or LysM-Cre:Hmox 1! mice and
harvested at 8 weeks after inoculation. Magnification 200x. (C) Quantification of the size of the
tumors based on the histology. N = 4-5 mice/group. *** p < 0.001. (D-G) IHC analyses of ID8 tumors
examined as in Figure 1 and stained with antibodies against B220 (D,E) or Mac3 (F,G). Magnification
200x. The representative sections are shown in (D,F) and quantification is shown in (E,G). ** p < 0.01,
*** p <0.001.

4. Discussion

Endometriosis affects between 10-15% of women in the US during their reproductive
years [26], with a 0.7% to 2% lifetime risk of EAOC [27]. Cancers are of clear cell and
endometrioid histology and arise by malignant transformation of either benign or atypical
endometriotic lesions [28,29], in part due to the microenvironment created by trapped blood
and cellular debris created during menstrual cycling in the abnormal ectopic location [6].
In this study, we demonstrated that labile heme and HO-1 are critical components of
endometriotic niches that may play important roles in endometriosis progression to clear
cell cancer.

We showed that HO-1 levels are significantly increased in endometriotic lesions,
specifically, within peritoneal macrophages (PM) isolated from endometriotic patients. This
appears to be driven locally, since this was not evident in PBMC from the same patients.
Interestingly, PMs from patients with endometriosis also exhibited elevated levels of IL-10
and IL-16. Similar trends in expression were observed for IL-13, I1-18 and IFNy; however,
due to small number of cases, they did not reach significance. These cytokines have
previously been associated with malignant progression of endometriosis to EAOC [30-32].
Anti-inflammatory mediators such as IL-10 are essential for M2-like macrophage skewing
and HO-1 induction, which is prominent in endometriotic lesions. Interestingly, unlike HO-
1 expression, many of these changes in cytokines levels were not confined to cells isolated
from the peritoneum but were also detected in the mRNA isolated from endometriotic
patient PMBCs. This data may indicate that endometriosis likely represents a systemic
inflammatory disease.

By IHC, we found that HO-1 is highly expressed in the infiltrating immune cells in
endometrioma (atypical lesions and strongly associated with OCCC) and carcinoma, with
a few positive cells in endometriosis compared to hernia sac control tissues. Both HO-1 and
Hx were strongly expressed in macrophages associated with CD45 positive immune cell
infiltrates; however, Hx was also strongly stained in stromal, epithelial and cancer cells. We
have previously reported that Hx is a tumor suppressor in mouse models of prostate cancer
and high levels of Hx in the stroma in human biopsies correlated with better outcomes
in prostate-cancer patients [10]. High levels of Hx in the endometriosis stroma may be
associated with large loads of heme to scavenge. The level of HO-1 and Hx maintains the
balance of free heme in the environment and possibly the skewing of macrophages [33]. We
showed that HO-1 expression and the density of stromal macrophages is higher in lesions
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adjacent to cancer. This raises the possibility that a tumor-like stroma is a prerequisite for
progression to cancer. This observation is consistent with the epidemiology data showing
that endometriosis-associated cancers occur after many years of persistent endometriosis.

Our studies demonstrated deletion of HO-1 in myeloid cells in the ovarian tumor
niche resulted in smaller tumors. Thus, macrophage-expressed HO-1 promotes tumor
growth in part by removing the high heme levels in the tumor microenvironment, which
would otherwise be available to cancer cells. This is supported by our in vitro data, which
shows that high levels of heme suppress ovarian cancer cell growth, while low levels of
heme promote growth of the cell lines.

Smaller tumors in HO-1 conditional knockout mice were associated with infiltration
of Mac3* leukocytes and B220* B cells. B cells have been associated with both pro-tumoral
and anti-tumoral responses [34] and their entering into TME depends on the presence of
specific chemokines. CXCL12 (SDF-1a) is not only a B cell activator [35] but also a target of
HO-1 [36] and is upregulated in HO-1-deficient macrophages (based on our RNA-seq data),
which may at least partially explain the increase in B cells detected here. In metastatic
ovarian cancer, B cells show cytolytic responses against tumors. Heme has also been shown
to skew B cells towards producing the IgM rather than the IgG phenotype [37]. Future
study will aim to assess the role of Hx and heme in the TME in ovarian cancer models.

In our in vitro experimentation, we demonstrated that heme accumulation within
ovarian cancer cells was similar to our previous observations in prostate cancer [10]. How-
ever, unlike in prostate cancer cells, in vitro treatment of ovarian cancer cells with heme,
induced anchorage-independent growth only at a low (1 pM) concentration, but growth
remained unchanged or lower at heme concentrations >5 uM. This high-dose effect was
associated with induction of HO-1. Levels of HO-1 were not highly induced with 1 uM
heme. Macrophage-expressed HO-1 may promote tumor growth by removing the high
heme levels in the tumor microenvironment, which would be otherwise available to cancer
cells to support their growth. These data suggest that perturbation of heme metabolism
within the endometriotic niche and in cancer cells themselves may be an important fac-
tor that influences tumor initiation and growth. Others have speculated on combining
chemotherapy with an HO-1 inhibitor in other tumors such as pancreatic cancer, in order
to overcome stroma-driven chemotherapy resistance [38].

The concentration of heme in endometriosis depends on the age of the lesions (older le-
sions typically scar over rather than cycle), Hx levels and heme metabolism in macrophages,
and the number of macrophages in the lesions. We showed that HO-1 and Hx are highly
associated with endometriosis and clear cell EAOC. A role of heme in supporting the pro-
gression of endometriosis to malignancy could explain the fact that EAOC generally occurs
in women with long-standing endometriosis, and in endometriotic cysts (high HO-1, low
heme) rather than active peritoneal endometriosis (high heme, low HO-1). Pre-menopausal
women would be expected to have endometriosis with high levels of heme, leading to
the suppression of neoplastic growth. However, over time, there would be recruitment
of HO-1-expressing macrophages to decrease heme concentrations to a level promoting
tumor growth. HO-1 expression favors type 2 macrophages, promoting fibrosis in ma-
ture endometriosis lesions, and a tumor-supportive microenvironment. As women enter
menopause, heme levels decrease due to a loss of cyclic bleeding. All these factors create
conditions favoring neoplastic transformation, which occurs due to genetic and epi-genetic
properties intrinsic to the epithelial cells. Oxidative stress in an endometriotic cyst may
also be a driver of cancer. Our observation of the nuclear staining of HO-1, associated
previously with lower enzymatic activity, in OCCC, may also reflect a response to oxidative
stress and progression of cancer. Nrf2, a cellular sensor of oxidative stress and a regulator
of HO-1, is known to be elevated in EAOC [39].
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5. Conclusions

Our study suggests that fluctuation in heme levels and HO-1 expression may explain
the epidemiology of EAOC in post-menopausal women and in endometriotic cysts of
the ovary.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers14092242 /s1, Figure S1: The expression of Hx
in the cancer and adjacent endometriosis in OCCC patients as in Figure 2. The representative sections
are shown in A. Quantification is shown in B.; Figure S2: Geo Profile comparison of the relative
expression of Hmox1, Hx and Hp in the ovarian clear cell-like cancer (OCC) or adenocarcinoma of
ovary cell lines; Table S1: Clinical characteristic of patients with EAOC used for tissue immunohisto-
chemistry; Table S2: Correlation (r2 and p values) between the staining intensities in patients with
EAOQOC. n = 17 patients. S-stroma; T-tumor; Hx-hemopexin, HO-1-heme oxygenase-1. Supplementary
File S1 (original blots).
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