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Abstract 

Despite rates for new ovarian cancer cases and ovarian cancer death rates dropping on 

average 2.3% each year over the last 10 years, ovarian cancer accounts for more deaths 

than any other gynecological malignancies. Ovarian cancer rates are highest in women 

aged 55-64 with 80% of diagnoses presenting with regional or distant metastases. 

Although, only 1% of ovarian cancer patients will be diagnosed with clinically relevant 

bone metastases but postmortem autopsies reveal an incidence rate of nearly 10%. The 

unique characteristics of ovarian cancer metastasis have been well described, however the 

mechanism of distant bone metastasis is still poorly understood due to the low clinical 

incidence rate. In this study, we established a multi-flurochrome bone marrow cell-typing 

methodology and used it to characterize changes in the bone niche with ovarian cancer 

growth and osteoarthritis. We found that tumor growth reduces the numbers of 

hematopoietic stem cells and increases osteopontin expression in the osteoarthritic bone 

niche. Furthermore, we demonstrated osteoclast and MSC numbers increase and 

subsequent osteoclastic bone reabsorption also increases in the arthritic bone 

microenvironment with ovarian tumor growth. These findings provide methodologies to 

investigate bone micro-environmental alterations with disease incidence and demonstrate 

ovarian tumor induced remodeling and subsequent HSC and MSC mobilization away 

from the osteoarthritic bone niche. 
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Introduction 

The American Cancer Society estimates that approximately 22,530 new ovarian cancer 

cases will be diagnosed, and 13,980 deaths will occur due to ovarian cancer in the U.S. 

alone in 2019 [1]. Ovarian cancer accounts for more cancer-related deaths than any other 

cancer of the female reproductive tract, ranking fifth in cancer-related deaths of all 

cancers among women [1]. Despite the 5-year survival for women diagnosed with the 

localized disease remaining high at approximately 92%, the survival rate plummets to 

30% once distant metastases form [2]. The symptoms for ovarian cancer are often 

nonspecific, hampering early detection and resulting with 59% of patients presenting with 

distant metastases at diagnosis[3].  

 

Majority of ovarian cancers are of epithelial cell origin (EOC) accounting for 85% of all 

ovarian tumors in comparison to malignancies that arise from germ, epidermoid, stromal, 

and border cells [4]. Epithelial ovarian cancers are classified into five different 

histological subtypes and each subtype is characterized with differences in presentation, 

progression, mutation profile, association with hereditary cancer syndromes, and 

response to chemotherapy [5]. The five subtypes in order of prevalence are high-grade 

serous carcinoma (HGSC), endometroid carcinoma, low-grade serous carcinoma, clear 

cell carcinoma, and mucinous carcinoma [6]. HGSC is the most common subtype of 

ovarian cancer, accounting for 65% of all cases [6]. The HGSC subtype is most often 

diagnosed at late stage (stage III and stage IV) with presentation of metastatic disease and 

therefore accounts of the most ovarian cancer related deaths among all ovarian tumor 
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subtypes [6]. The primary sites of stage IV ovarian cancer include the lung, liver, 

inguinal lymph nodes, and bone.  

 

Recently, the World Health Organization has updated their classification guidelines for 

gynecological malignancies to include a dualistic model for the classification of the 

disease based on ovarian carcinogenesis [7]. This model groups the EOC subtypes of 

ovarian cancer into two broad categories called Type 1 and Type 2. The type 1 neoplasms 

develop long a step-wise progression from pre-malignant lesions and are characterized to 

grow locally, metastasize late, and behave in a more indolent fashion [8]. Low grade 

serous cancers, endometrioid cancers, clear cell cancers, and mucinous cancers are all 

classified as Type 1 malignancies. The Type 2 carcinoma group includes HGSCs, 

carcinosarcomas, and undifferentiated carcinomas. These can be characterized as highly 

aggressive malignancies that generally present at an advanced stage. The Type 2 

subgroup is the more metastatic and most prevalent in post-menopausal women with 

patients having a median survival of only 30 months [9].  

 

The mechanism of ovarian cancer metastasis is a unique characteristic of this malignancy 

in comparison to other cancers which must undergo several steps of intra- and 

extravasation before they establish metastases within other organs [10]. In ovarian 

neoplasms, the cancer cells detach as single cells or clusters from the primary tumor and 

passively metastasize via physiological movement of peritoneal fluid to the peritoneum 

and omentum [9]. The primary sites of ovarian cancer metastasis include: liver, pleura, 

lung, central nervous system, skin, inguinal lymph nodes, spleen, bone and breast [11]. 
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Although the clinical incidence of bone metastases in ovarian carcinoma has been 

reported to be as low as 1% [12, 13], the postmortem detection rate at autopsy is much 

higher, with an incidence of roughly 10% [14, 15]. The mechanism of bone metastasis in 

ovarian cancer still remain to be elucidated to improve the short-term prognosis in these 

ovarian cancer patients.  

 

The bone is a common site for metastasis across cancer types and typically indicates a 

poor prognosis for patients as treatment for this type of metastasis is largely to slow the 

growth but rarely curative [16]. Skeletal metastases are the third most common type of 

metastasis behind lung and liver metastases [17]. Bone metastases can be classified as 

osteolytic, osteoblastic or mixed based on the primary mechanism of interference with 

normal bone remodeling [18]. Osteolytic metastatic lesions are characterized by 

destruction of normal bone primarily mediated by osteoclasts and not the direct effect of 

malignant cells [19]. Parathyroid hormone-related peptide (PTHrP) regulates 

endochondral bone development and has been indicated to play a vital role in the 

establishment of osteolytic lesions [20]. However, whether the bone microenvironment 

induces cancer cells to express PTHrP or if cells that metastasize to bone have an 

intrinsic higher PTHrP expression remains to be elucidated [21]. Osteoblastic metastases 

are characterized by deposition of new bone, however the mechanism of this category of 

metastases is still poorly understood as bone reabsorption does not always precede bone 

formation in the onset of these metastatic malignancies. Patients who present with both 

osteolytic and osteoblastic lesions or if an individual metastasis has both osteolytic and 

osteoblastic components, they are categorized to have mixed bone metastases. Due to the 
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rare nature of bone metastases in ovarian cancer, the most common type of ovarian 

cancer bone metastasis remains to be characterized.  

 

The average age of ovarian cancer diagnosis is 63, with most ovarian cancers developing 

after menopause [22]. Due to the post-menopausal status of these women, many will 

present with age-related and estrogen deprivation induced co-morbidities like 

osteoarthritis (OA). OA is the most common type of arthritis and is due to wear down of 

the protective cartilage that cushions the ends of your bones over time [23], presenting  

on average in women at 47.6 years [24] of age. The pathogenesis of OA involves a 

degradation of cartilage and remodeling of bone due to an active response of 

chondrocytes in the articular cartilage and the inflammatory cells in the surrounding 

tissues [25]. IL-1, TNF-alpha and other pro-catabolic cytokine expression by 

inflammatory immune cells results in amplification of metalloproteinases (MMP) which 

break down collagen and proteoglycans, destroying the articular cartilage [26]. This 

MMP induced exposure of the underlying subchondral bone results in sclerosis, followed 

by reactive remodeling changes that lead to the formation of osteophytes and subchondral 

bone cysts [27]. While the alteration of the articular cartilage has been well characterized, 

bone marrow alterations as a result of osteoarthritic bone remodeling are poorly 

understood and may contribute to the establishment of a pre-metastatic niche for ovarian 

cancer bone metastasis.  

 

Paget’s “Seed and Soil” theory proposed that the spread of tumor cells is governed by 

interaction and cooperation between the tumor cells (seed) and the host organ (soil) [28]. 
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More recently studies have indicated that the establishment of organ-specific metastases 

are not the result of passive reception of circulating tumor cells, but they are instead 

selectively and actively primed by the primary tumor before metastatic occurrence. This 

specialized microenvironment is involved in promoting tumor cell homing, colonization, 

and metastatic growth at the target organ site and is referred to as a pre-metastatic niche 

[29]. Exosomes are nanovesicles that transport DNA, RNA, proteins, and lipids and have 

been identified as one of the primary signaling mechanisms in inducing micro-

environmental remodeling of the pre-metastatic niche [30]. Areas of most frequent 

metastatic tumor cell colonization include axial skeleton, the spine, ribs, and pelvic bones 

all of which correlates with areas of red marrow in fully mature adults and indicated the 

hematopoietic stem cell (HSC) differentiation may play a role in pre-metastatic 

remodeling [31]. Furthermore additional bone stromal cells such as osteoblasts, 

osteoclasts, mesenchymal stem cells, and macrophages have been shown to expedite or 

impede the progression of cancer cell metastases [32].  

 

The bone marrow is composed of two distinct stem cell lineages in the hematopoietic and 

the mesenchymal lineages. The hematopoietic stem cells give rise to all blood cells types, 

macrophages and osteoclasts, while mesenchymal stem cell differentiation pathways are 

responsible for the generation of the stromal cells, osteoblasts, and osteocytes that 

compose the bone marrow microenvironment [33]. Although, these differentiation 

pathways are unilateral and there is no evidence of transdifferentiation between lineages 

[34], studies indicate that terminally differentiated osteoblasts are required for the 

maintenance of hematopoietic stem cell niches and can alter osteoclastic differentiation 
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and activation [35]. Mobilization of these stem cell populations have been indicated to 

support epithelial to mesenchymal transition and transformation of cancer cells, in 

addition to contributing to the establishment of a pre-metastatic niche [36]. However, 

there is a gap in knowledge in characterizing the role that alterations in the bone marrow 

stem cell differentiation pathways and osteoarthritis alter the bone microenvironment and 

contribute to the establishment of a pre-metastatic niche in ovarian cancer.  

 

In this study, we sought to understand how the bone microenvironment composition is 

altered by primary tumor growth and osteoarthritis by characterizing changes of 

osteoblasts, osteoclasts, osteocytes, macrophages, mesenchymal stem cells, and 

hematopoietic stem cells. Due to the poor prognosis and lack of investigation of this 

subset of ovarian cancer metastasis, this characterization could contribute to the 

development of novel therapeutics for a population that currently only receives palliative 

care.  We established a multi-flurochrome bone marrow cell-typing methodology and 

used it to characterize changes in the bone niche with ovarian cancer growth and 

osteoarthritis. We found that tumor growth reduces the numbers of hematopoietic stem 

cells and increases osteopontin expression in the osteoarthritic bone niche. Furthermore, 

we demonstrated osteoclast and MSC numbers increase and subsequent osteoclastic bone 

reabsorption also increases in the arthritic bone microenvironment with ovarian tumor 

growth. Collectively, these results provide methodologies to investigate bone micro-

environmental alterations with disease incidence and demonstrate ovarian tumor induced 

remodeling and subsequent HSC and MSC mobilization away from the osteoarthritic 

bone niche. 
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Chapter 1: Materials and Methods 

 

Cell Culture and Reagents 

Green fluorescence protein (GFP) tagged mouse ovarian cancer cell line ID8-GFP 

(RRID:CVCL_IU14), a kind gift from Dr. Said (Wake Forest Baptist Medical Center, 

Winston-Salem, NC), is a mouse ovarian surface epithelium spontaneously transformed 

cell line that is physiologically and biologically closely resembling human epithelial 

ovarian cancer[37]. ID8-GFP cells were cultured with Dulbecco’s Modified Eagle Media, 

high glucose (DMEM, ThermoFisher Scientific, 11965092), 10% fetal bovine serum (FBS, 

Sigma-Aldrich F6765-500ML), and 1% Penicillin-Streptomycin solution (P/S, Sigma-

Aldrich, P4458-100ML). 

 

Animal Housing 

Female C57BL/6J mice (WT, RRID: ISMR_JAX:000664) 8 weeks of age purchased from 

Jackson Laboratory (Bar Harbor, ME) were used. All colonies were housed in a pathogen-

free facility of the Animal Research Program at Wake Forest School of Medicine (WFSM) 

under a 12:12-hour light/dark cycle and fed irradiated rodent chow ad libitum. Animal 

handling and procedures were approved by the WFSM Institutional Animal Care and Use 

Committee (IACUC) (protocol #A16-197). 

 

Destabilization of the Medial Meniscus Surgery (DMM) 

Female 8 weeks old C57BL/6J (WT, RRID: ISMR_JAX:000664, Jackson Laboratory, Bar 

Harbor, ME), were anesthetized by isoflurane (2% flow rate), the hair was removed from 
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the left knee using clippers, and the surgical area was scrubbed with betadine scrub and an 

70% alcohol wash 3 times. A final application of betadine solution was placed on the skin 

and allowed to dry. Using aseptic technique, the knee joint was opened medial to the 

patellar ligament and the medial meniscotibial ligament was bisected. The knee capsule 

and skin were closed with 5-0 coated absorbable suture in a simple interrupted pattern. 

During the late operative period, buprenorphine was administered for postoperative pain 

by subcutaneous injection.  A petri dish with wet chow was provided postoperatively until 

the next cage change. Control sham mice received same operating procedure without 

medial meniscotibial ligament bisection.  

 

In Vivo Arthritis and Ovarian Cancer Study 

Fifty-six days after DMM surgery, mice were anesthetized with 100mg/kg ketamine and 

10 mg/kg xylazine mixture and the implant area was sprayed with 70% ethanol. A total of 

1.25x106 ID8-GFP cells were prepared in ice-cold complete DMEM media and injected 

subcutaneously into the flank of mice. One tumor was implanted per mouse. The area was 

examined for cell leakage and mice were allowed to recover from anesthesia. Tumor size 

were measured weekly using calipers. Each group contained 10 mice, comprising of these 

groupings: ovarian cancer with and without DMM surgery and DMM or sham surgery 

alone. The study was terminated 14 days post tumor injection and mice were anesthetized 

with 10 µL injection of 90-120 mg/kg ketamine and 5-10 mg/kg xylazine. Mouse abdomen 

area and skin of hind limb was sterilized with 70% ethanol and the abdominal cavity was 

opened with blunt-end scissors. The hind leg was cut above the pelvic-hip joint with sharp 

scissors and murine hind limb was detached from skin and placed in 1x Dulbecco’s 
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phosphate-buffered saline (PBS, Lonza, 17-512F) or 10% neutral buffered, formalin 

solution (Fisher Scientific, SF100-4) and stored at 4 °C for down-stream analysis. Sterile 

scissors were utilized to remove the tumor and stored in 10% formalin solution at 4 °C for 

down-stream immunostaining and histology.  

 

Bone Marrow Isolation 

The musculature and residue tissue surrounding murine femur and tibia was removed with 

sterile forceps and scissors. A cut was made at the ankle joint to separate the tibia from the 

foot, and a cut was also made above and below the knee joint to separate the tibia and 

femur. The murine long bones were cut at both ends and the bone marrow was flushed into 

a tube utilizing a 27.5-gauge needle (Medlab Gear, BD305109-100) and a 10 cc syringe 

(Fisher, 1482919C) filled with ice-cold PBS. Tibia and femur was cut into small fragments 

using sterile scissors and digested in 1% collagenase (Gibco, CH-18.0056) in 1x PBS for 

1 hour at 37 °C in a shaking incubator. Flushed bone marrow was vortexed and passed 

through a sterile 70 µm cell strainer (Fisher, 08-771-2). Bone digest was vortexed and 

passed through a sterile 70 µm cell strainer and combined with flushed bone marrow. Cell 

count was obtained from bone marrow and bone digest mixture utilizing an automated cell 

counter. The sample was centrifuged at 450 x G for 5 minutes in 15 mL falcon tube and 

resuspended to 1x107 cells/mL in bone marrow fluorescence-activated cell sorting buffer 

(BM-FACS buffer) BM-FACS buffer was composed of 3% bovine serum albumin (BSA, 

A3059-100g), 2 mM EDTA (Fisher, S311-100), and 10 mM HEPES (Gibco, 15-630-080) 

in 1x PBS.  
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FACS Fluorescence Minus One Control 

Fluorescence minus one controls (FMO) were conducted to insure flow cytometry data 

could be properly interpreted as seen in Table I. Cell-specific gating scheme was identified 

for the multiple fluorochrome staining scheme described in Table III.  

 

 
Table I. Fluorescence minus one controls for fluorescence active cell sorting of bone marrow 
cells. Fluorescence minus one (FMO) control panel was conducted to identify fluorochrome bleed 
over with cell-specific antibody mixes. Results indicated no fluorochrome bleed over into FMO 
channel. 
 

FACS Antibody Titration and Isotype Controls 

Antibody titrations were conducted for all antibodies used for flow cytometry. Increments 

that were 25%, 50%, 100%, and 200% of manufacturer recommended volume were 

utilized. Volumes used in flow cytometry experiment were optimal for peak expression 

and identification of cell markers. Isotype control mixes were utilized to serve as negative 

controls to control for non-specific staining to insure data interpretation was done properly 

as described in Table II.  

 

Antigen FITC PE PerCP-Cy5.5 APC
Sca1 (Ly-6A/E) FMO – – – CD146 CD90 CD29
CD146 FMO Sca1 – – – CD90 CD29
CD29 FMO Sca1 CD146 CD90 – – –
CD90 FMO Sca1 CD146 – – – CD29
CD11b FMO – – – CD265 CD68 CD115
CD115 FMO CD11b CD265 CD68
CD68 FMO CD11b CD265 – – – CD115
CD265 (RANKL) FMO CD11b – – – CD68 CD115
Alkaline Phosphatase FMO – – – – – – CD90 – – –
CD90 FMO – – – – – – – – – Alk Phos
GP38 (Podoplanin) FMO – – – – – – – – – SPARC
SPARC FMO – – – GP38 – – – – – –
CD34 FMO Sca1 – – – – – – – – –
Sca1 (Ly-6A/E) FMO – – – CD34 – – – – – –
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Table II. Isotype control antibody staining for bone marrow fluorescence activated cell 
sorting. Isotype control mixes were utilized as a negative control to determine the contribution of 
non-specific background to staining and correct for non-specific binding. Results indicated no non-
specific binding for cell-identification schema. 
 
 
 
In Vivo Arthritis and Ovarian Cancer Fluorescence-Activated Cell Sorting  

Detection of cell surface markers was performed by flow cytometry antibody staining. 

6x106 isolated bone marrow cells (1x107 cells/mL) per leg were stained with 

ZombieAquaTM live/dead stain (1:1000, BioLegend, 423102) at room temperature for 30 

minutes. Samples were then stained with mouse FcR blocking reagent (2 µL/1x107 cells, 

Miltenyi Biotec, 130-092-575) on variable microplate rocker at 4 °C for 30 minutes. 

Sample was then divided into 6 equal aliquots of 1x106 cells and stained with cell-

identification appropriate antibody mixes as described in Table III. Incubation with  

Cell Type Isotype Control Volume (µL) Company Catalog Number RRID
FITC Rat IgG2a, κ 1 BioLegend 400506 AB_2736919
PE Rat IgG2a, κ 0.3 BioLegend 400508 AB_326530
APC Hamster IgG 0.5 BioLegend 402012 AB_2814701
PerCP-Cy5.5 Rat IgG2b, κ 0.6 BioLegend 400632 AB_893677
FITC Rat IgG2b, κ 0.5 BioLegend 400634 AB_893662
APC Rat IgG2a, κ 1 BioLegend 400512 AB_2814702
PerCP-Cy5.5 Rat IgG2b, κ 1 BioLegend 400632 AB_893677
PE Rat IgG2a, κ 1 BioLegend 400508 AB_326530
FITC Rat IgG2b, κ 0.5 BioLegend 400634 AB_893662
APC Rat IgG2a, κ 1 BioLegend 400512 AB_2814702
PerCP-Cy5.5 Rat IgG2b, κ 1 BioLegend 400632 AB_893677
PE Rat IgG2a, κ 1 BioLegend 400508 AB_326530
APC Mouse IgG1, κ 1 BD Biosciences 555751 AB_398613
PerCP-Cy5.5 Rat IgG2b, κ 0.6 BioLegend 400632 AB_893677
PE Hamster IgG 1 BioLegend 400923 AB_2814703
APC Rat IgG2b, κ 1 BioLegend 400612 AB_326556
PE Rat IgG2a, κ 1 BioLegend 400508 AB_326530
FITC Rat IgG2a, κ 1 BioLegend 400506 AB_2736919

Osteocyte

Hematopoietic 
Stem Cell

Mesenchymal 
Stem Cell

Osteoclast

Macrophage

Osteoblast
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Table III. Multi-fluorochrome fluorescence activated cell sorting staining panel for bone 
marrow cell-type identification and quantification. Cell-specific master-mixes were generated 
for staining and brought up to equivalent volumes across cell types with BM-FACS buffer. Staining 
was conducted in a sterile flow hood sheltered from light. Macrophages and osteoclasts were co-
stained together in one sample. 
 
antibody mixes were performed for 30 minutes on variable microplate rocker at 4 °C, 

followed by two washes with BM-FACS buffer. Samples were resuspended in 1% 

ultrapure, methanol-free paraformaldehyde (Polysciences Inc, 04018-1) in PBS. Samples 

were stored overnight at 4 °C and analyzed the next day on the BD FACSCanto™ II (BD 

Biosciences). To generate unstained gating control for side scatter (SSC) and forward 

scatter (FSC), 1x105 unstained cells from each sample were pooled. UltraComp eBeads™ 

Compensation Beads (ThermoFisher Scientific, 01-2222-41) were stained utilizing Sca1-

FITC, CD265-PE, CD115-APC, CD68-PerCP-Cy5.5, and ZombieAquaTM live/dead stain 

and used as compensation controls. Gating analysis was done in FlowJo V10.6.1 utilizing 

magnetic gating and the indications described in Table I and gating schema is shown in 

Appendixes A-F.    

 

 

Cell Type Target Isotype Control Volume (µL) Indication Company Catalog Number RRID
Sca1 (Ly-6A/E) FITC Rat IgG2a, κ 1 Positive BioLegend 108106 AB_313343
CD146 PE Rat IgG2a, κ 0.3 Positive BioLegend 134704 AB_2143527
CD29 APC Hamster IgG 0.5 Positive BioLegend 102214 AB_492831
CD90 PerCP-Cy5.5 Rat IgG2b, κ 0.6 Positive BioLegend 105338 AB_2571945
CD11b FITC Rat IgG2b, κ 0.5 Low BioLegend 101206 AB_312789
CD115 APC Rat IgG2a, κ 1 Positive BioLegend 135510 AB_2085221
CD68 PerCP-Cy5.5 Rat IgG2b, κ 1 Positive BioLegend 137010 AB_2260046
CD265 (RANKL) PE Rat IgG2a, κ 1 Positive BioLegend 119806 AB_2205353
CD11b FITC Rat IgG2b, κ 0.5 Positive BioLegend 101206 AB_312789
CD115 APC Rat IgG2a, κ 1 Negative BioLegend 135510 AB_2085221
CD68 PerCP-Cy5.5 Rat IgG2b, κ 1 Positive BioLegend 137010 AB_2260046
CD265 (RANKL) PE Rat IgG2a, κ 1 Negative BioLegend 119806 AB_2205353
Alkaline Phosphatase APC Mouse IgG1, κ 1 Positive R&D Systems FAB1448A AB_357039
CD90 PerCP-Cy5.5 Rat IgG2b, κ 0.6 Positive BioLegend 105338 AB_2571945
GP38 (Podoplanin) PE Hamster IgG 1 Positive BioLegend 127408 AB_2161929
SPARC APC Rat IgG2b, κ 1 Positive R&D Systems IC942R AB_2814696
CD34 PE Rat IgG2a, κ 1 Positive BioLegend 152204 AB_2629648
Sca1 (Ly-6A/E) FITC Rat IgG2a, κ 1 Positive BioLegend 108106 AB_313343

Mesenchymal 
Stem Cell

Osteoclast

Macrophage

Osteoblast

Osteocyte

Hematopoietic 
Stem Cell



14 
 

 

In Vivo Arthritis and Ovarian Cancer Tissue Immunohistochemistry and Histology  

Murine hind limbs, inguinal lymph nodes, inguinal mammary glands, and tumors isolated 

from the in vivo arthritis and ovarian cancer were stored in 10% formalin for 14 days. The 

musculature and residue tissue surrounding murine hind limbs was removed with sterile 

forceps and scissors insuring that the knee joint remained intact. A cut was made at the 

ankle joint to separate the tibia from the foot and the limbs were fixed in 10% formalin for 

1 day at 4 °C. Hind legs were subsequently decalcified in 14% neutral, saturated EDTA for 

21 days, refreshing EDTA every 7 days. Samples were processed and embedded in paraffin 

and sections were made for tissue. Murine hind limbs were stained for osteopontin (Abcam, 

ab8448, RRID: AB_306566), GFP (Living Colors ZsGreen monoclonal antibody, Takara, 

632598, RRID: AB_2491179), and hematoxylin (Fisher Scientific, H345-100), and eosin 

(H&E, Sigma-Alrich, HT1103321L). Tartrate-resistant acid phosphatase (TRAP) staining 

was performed on murine hind limbs as previously described[38]. Murine tumors, inguinal 

mammary glands and lymph nodes were stained for GFP and H/E. Slides were scanned 

using a Hamamatsu NanoZoomer by the Virtual Microscopy Core at WFSM. 

Quantification and analysis of staining was done utilizing VizioPharm 2019.03 software. 

TRAP staining of hind limbs was analyzed utilizing Bioquant Image Analysis.  

 

Statistical Analyses  

Results are represented as mean ± SEM unless otherwise noted. Two-way analysis of 

variance (ANOVA) was performed using GraphPad Prism 8.3. 
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Chapter 2: Results 

 

Tumor growth reduces the numbers of hematopoietic stem cells in the arthritic bone 

microenvironment.  
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Figure 1: Tumor growth reduces the numbers of hematopoietic stem cells in the arthritic 
bone microenvironment. Mice received DMM surgery to the left knee to destabilize the joint 
and induce osteoarthritis and after 8 weeks were subcutaneously injected with 1.25x106 ID8-GFP 
ovarian cancer cells and murine hind limbs were harvested 12 days post tumor injection. A) 
Overview of the FACS multi-fluorochrome staining panel to identify cell-type population 
alterations in the phagocytic bone reabsorption differentiation pathway. B) FACS showing 
alterations in HSC population with osteoarthritis and ovarian cancer. C) FACS showing 
alterations in macrophage population with osteoarthritis and ovarian cancer. D) FACS showing 
alterations in osteoclast population with osteoarthritis and ovarian cancer. Statistical significance 
denoted by symbols; ****P<0.0005. Two-way ANOVA was used to compute p-values. Error 
bars are represented as mean ± SEM. 
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To identify bone microenvironment alterations in the HSC differentiation pathway with 

osteoarthritis and ovarian cancer, HSC differentiation towards the osteoclast lineage in 

mice after the initiation of osteoarthritis and tumor implantation was measured by FACS 

(Figure 1A). Mice received DMM surgery to the left knee to destabilize the joint and 

induce osteoarthritis and were subcutaneously injected with 1.25x106 ID8-GFP ovarian 

cancer cells and murine hind limbs were harvested 12 days post tumor injection. A multi-

fluorochrome staining panel was utilized to identify alterations in the HSC, macrophage, 

and osteoclast populations. A systemic two-fold increase in the HSC population was 

observed with induction of arthritis, but upon tumor implantation, however no change in 

the HSC population was observed upon tumor implantation in the osteoarthritic bone 

microenvironment (Figure 1B). No alterations in the macrophage (Figure 1C) and 

osteoclast (Figure 1D) populations was observed with osteoarthritis or ovarian tumor 

implantation. Taken as a whole, these results could indicate that HSC expansion occurs 

with the onset of osteoarthritis, however primary tumor growth results in HSC 

mobilization away from the bone niche. 

 

Tumor growth increases osteoclastic bone reabsorption in the arthritic bone 

microenvironment. 

To evaluate osteoclast activation with osteoarthritis and ovarian cancer, murine hind 

limbs were isolated and stained for H&E and TRAP and immunohistochemistry staining 

was quantified using Bioquant Image Analysis (Figure 2). Increased TRAP staining was 

observed in animals with osteoarthritis (Figure 2A). A systemic increase in osteoclast 

surface/bone surface was observed with induction of osteoarthritis and an even greater 
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increase was observed in the animals with osteoarthritis and ovarian tumor implantation 

(Figure 2B). The number of osteoclasts observed in animals with osteoarthritis and 

osteoarthritis and tumor implantation increased compared to the control, whereas tumor  
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Figure 2: Tumor growth increases osteoclastic bone reabsorption in the arthritic bone 
microenvironment. Mice received DMM surgery to the left knee to destabilize the joint and 
induce osteoarthritis and after 8 weeks were subcutaneously injected with 1.25x106 ID8-GFP 
ovarian cancer cells and murine hind limbs were harvested 12 days post tumor injection. A) 
TRAP and H&E staining of murine tibias with osteoarthritis and ovarian tumor implantation. B) 
Percentage of osteoclast surface to bone surface in murine tibias with osteoarthritis and ovarian 
cancer. C) Osteoclast count in murine tibias with osteoarthritis and ovarian cancer. Region of 
interest (ROI) was defined as 500 µM below the growth plate. Statistical significance denoted by 
symbols; *P<0.05. One-way ANOVA was used to compute p-values. 
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implantation alone showed a decrease in osteoclast number (Figure 2C). Taken together 

these data suggest that primary ovarian tumor growth can alter the osteoarthritic bone 

microenvironment to induce osteoclastic bone reabsorption.  

 

Osteoblast and MSC numbers increase in the bone niche with osteoarthritis and 

ovarian tumor growth.  

To identify bone microenvironment alterations in the MSC differentiation pathway with 

osteoarthritis and ovarian cancer, MSC differentiation towards the osteoblast lineage in 

mice after the initiation of osteoarthritis and tumor implantation was measured by FACS 

(Figure 3A). A multi-fluorochrome staining panel was utilized to identify alterations in 

the MSC, osteoblast, and osteophyte populations. A systemic increase in the MSC 

population was observed with induction of arthritis and upon tumor implantation and an 

additive effect was observed with the two conditions (Figure 3B). A systemic two-fold 

increase was also observed in the osteoblast population with osteoarthritis and ovarian 

tumor implantation, but the effect was not additive (Figure 3C). A decrease in the 

osteocyte population was observed with osteoarthritis and ovarian tumor growth (Figure 

3D). These data suggest that ovarian tumor growth decreases MSC differentiation 

towards the osteoblast lineage and may suggest mobilization of MSCs with ovarian tumor 

growth. 
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Figure 3: Osteoblast and MSC numbers increase in the bone niche with osteoarthritis and 
ovarian tumor growth. Mice received DMM surgery to the left knee to destabilize the joint and 
induce osteoarthritis and after 8 weeks were subcutaneously injected with 1.25x106 ID8-GFP 
ovarian cancer cells and murine hind limbs were harvested 12 days post tumor injection. A) 
Overview of the FACS multi-fluorochrome staining panel to identify cell-type population 
alterations in the osteoblastic bone formation differentiation pathway. B) FACS showing 
alterations in MSC population with osteoarthritis and ovarian cancer. C) FACS showing 
alterations in osteoblast population with osteoarthritis and ovarian cancer. D) FACS showing 
alterations in osteocyte population with osteoarthritis and ovarian cancer. Statistical significance 
denoted by symbols; ****P<0.0005. Two-way ANOVA was used to compute p-values. Error 
bars are represented as mean ± SEM. 
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Osteopontin expression is increased in the bone microenvironment with 

osteoarthritis and tumor growth. 

To evaluate osteoblast activation with osteoarthritis and ovarian cancer, murine hind 

limbs were isolated and stained for osteopontin and immunohistochemistry staining was 

quantified using VizioPharm Image Analysis (Figure 4). Increased osteopontin 

expression was observed in mice with osteoarthritis induction and ovarian tumor 

implantation (Figure 4A). A decrease in osteopontin expression was observed in murine 

tissues with osteoarthritis and osteoarthritis and ovarian tumor implantation and an 

increase is osteopontin expression was observed with tumor implantation alone (Figure 

4B). The bone volume to tissue volume in mice receiving only tumor implantation 

systemically decreased two-fold whereas animals with osteoarthritis or osteoarthritis saw 

a two-fold increased bone volume to tissue volume ratios on the operated legs in 

comparison to the control (Figure 4C). A small decrease in the trabeculae 500 μM below 

the growth plate was observed with the induction of osteoarthritis and a two-fold 

decrease was observed with tumor growth in the osteoarthritic mice (Figure 4D). 

Osteoarthritic bone remodeling also indicated a two-fold loss in trabecular thickness and 

a three-fold loss was observed with tumor implantation compared to the control (Figure 

4E). Taken together these results suggest that that osteoblastic activity in the bone niche 

decreases with the onset of osteoarthritis, and primary ovarian tumor growth leads to a 

greater loss in trabecular bone indicating that tumor growth could drive MSC 

differentiation away from the osteoblastic lineage.  
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Figure 4: Osteopontin expression is increased in the bone microenvironment with 
osteoarthritis and tumor growth. Mice received DMM surgery to the left knee to destabilize the 
joint and induce osteoarthritis and after 8 weeks were subcutaneously injected with 1.25x106 ID8-
GFP ovarian cancer cells and murine hind limbs were harvested 12 days post tumor injection. A) 
Osteopontin and H&E staining of murine tibias with osteoarthritis and ovarian tumor 
implantation. B) Percentage of osteopontin positive cells in ROI of murine tibias with 
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osteoarthritis and ovarian cancer. Region of interest (ROI) was defined as 500 µM below the 
growth plate. C) Percentage of bone volume in total tissue in murine tibias with osteoarthritis and 
ovarian cancer. D) Trabecular count in murine tibias with osteoarthritis and ovarian cancer. E) 
Trabecular thickness in murine tibias with osteoarthritis and ovarian cancer. Region of interest 
(ROI) was defined as 500 μM below the growth plate. Statistical significance denoted by 
symbols; *P<0.05. One-way ANOVA was used to compute p-values. Error bars are represented 
as mean ± SEM. 
 

Osteoarthritic bone remodeling does not increase ovarian cancer bone metastasis 

formation. 

Our findings suggested that ovarian tumor growth has an impact on the osteoarthritic bone 

niche. As a result of these findings we sought to investigate if these alterations in the bone 

niche establish a pre-metastatic niche for ovarian cancer bone metastasis. To test this 

hypothesis mice received DMM surgery to the left knee to destabilize the joint and induce 

osteoarthritis and were subcutaneously injected with 1.25x106 ID8-GFP ovarian cancer 

cells and tumors and murine hind limbs were harvested 12 days post tumor injection. 

Murine hind limbs were stained with H&E as well as, anti-GFP primary antibody followed 

by an HRP-conjugated secondary antibody and analyzed using VizioPharm Image 

Analysis software (Figure 5). No significant differences in positive GFP expressing cells 

were seen in the murine tibias. Implanted tumors were also isolated and stained for GFP 

(Figure 5B). Taken together, these findings indicate that while ovarian cancer growth does 

impact the osteoarthritic bone niche, osteoarthritic bone remodeling does not establish a 

pre-metastatic niche for ovarian cancer.  
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Figure 5: Osteoarthritic bone remodeling does not increase ovarian cancer bone metastasis 
formation. Mice received DMM surgery to the left knee to destabilize the joint and induce 
osteoarthritis and after 8 weeks were subcutaneously injected with 1.25x106 ID8-GFP ovarian 
cancer cells and murine hind limbs were harvested 12 days post tumor injection. A) Anti-GFP 
and H&E staining of murine tibias with osteoarthritis and ovarian tumor implantation. B) Percent 
of GFP positive cells in the region of interest in murine tibias with osteoarthritis and ovarian 
tumor implantation. C) H&E staining of subcutaneously implanted ID8-GFP tumors harvested 12 
days post injection. Region of interest (ROI) was defined as the proximal epiphysis to 500 µM 
below the growth plate. Error bars are represented as mean ± SEM. 
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Chapter 3: Discussion 

 

Despite rates for new ovarian cancer cases and ovarian cancer death rates dropping on 

average 2.3% each year over the last 10 years, ovarian cancer accounts for more deaths 

than any other gynecological malignancy [39]. Ovarian cancer rates are highest in women 

aged 55-64 with 80% of diagnoses presenting with regional or distant metastases [3]. 

Skeletal metastases are a common pattern of metastasis and have been indicated to 

become clinically apparent in 13-33% of all cancers, however this incidence rate is even 

higher in postmortem autopsies with a detection rate of 90% [40-42]. This trend is also 

observed in ovarian cancer where only 1% of patients will be diagnosed with clinically 

relevant bone metastases but postmortem autopsies reveal an incidence rate of nearly 

10% [11-14, 43-44]. Although the unique characteristics of ovarian cancer metastasis 

have been well described, the mechanism of distant bone metastasis is still poorly 

understood due to the low clinical incidence rate [42]. Furthermore, it is still not known if 

malignant ovarian cells arrive at the secondary site as single cells or as spheroids, or if 

the primary ovarian tumor prepares the omentum and/or peritoneum for successful 

colonization by mobilizing bone marrow cells to prepare the metastatic niche as has been 

shown in other cancer [45-48].  

 

The type of secondary bone metastasis of ovarian cancer remains to be characterized as 

there is little data on how normal bone remodeling is dysregulated with the establishment 

of ovarian skeletal metastases. A retrospective clinical study identified older age, T2/T1 
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stage, N1/N0 stage, non-serous and the presence of lung and liver metastases as key risk 

factors for the development of ovarian cancer skeletal metastases [49]. Due to the 

advanced age of these diagnoses many women will present as post-menopausal and be 

diagnosed with common comorbidities such as osteoarthritis. Although osteoarthritis and 

cancer are different diseases some of the underlying mechanisms that contribute to the 

disorders of the joints that’s characterize osteoarthritis also affect tumor growth an 

metastasis [50]. Recent studies have also identified mechanisms associated with 

osteoarthritis development that contribute to primary tumor growth and metastasis [51-

58]. Given the mechanistic connection made between the two disease pathologies, we 

reasoned that micro-environmental remodeling of the bone niche due to primary tumor 

growth could contribute to primary tumor growth and distant metastasis.  

 

There have been two major obstacles to characterizing bone marrow micro-

environmental changes in classification studies being severely underpowered and biased 

due to the lack of high-throughput methodologies, compounded with variance and lack of 

quantitation and reproducibility [59]. A protocol was developed to not only reliably 

isolate bone marrow derived cells for downstream FACS cell-type identification, but also 

to isolate mineralized bone cells in osteoblasts, osteoclasts and osteocytes. Digestions 

were conducted with 0.5, 1, 2, and 3% collagenase I at 37 °C for a period of 30 min, 1 

hour, 2 hours, and 4 hours to optimize cell yield and cell viability and a 1% collagenase I 

digestion for 1 hour at 37 °C resulted in the highest cell yield and cell viability. Next, we 

sought to develop a multi-fluorophore cell identification panel to accurately identify cell 

specific alterations of key bone marrow niche cell types and cell-specific marker panels 



26 
 

were generated (Figures 1A and 3A) based on literature [60-70]. A FMO control 

optimization FACS experiment identified that there was no spectral overlap between the 

cell-specific multi-fluorophore staining panels (Table I). In order to assess non-specific 

binding of the cell-type panel, an isotype control FACS assay was conducted revealing no 

non-specific binding of the antibody isotypes (Table II). Additionally, an antibody 

titration was conducted utilizing antibody concentrations that were 25%, 50%, 100%, and 

200% manufacturer’s guidelines and the optimal antibody concentrations were 

determined for peak signal intensity (Table III). Gating schemes to identify cell 

populations based on the final cell-typing panel was optimized on FloJo and are 

described in appendixes A-F. Given the lack of techniques to investigate bone micro-

environmental changes, this technique could provide a method to investigate bone cell-

type changes for a variety of different bone malignancies.  

 

Utilizing the methods developed, we sought to investigate alterations in osteoclastic bone 

reabsorption differentiation and osteoblastic bone formation differentiation pathways 

with osteoarthritis and ovarian tumor growth (Figures 1 and 3). We found that ovarian 

tumor growth reduces HSCs in the arthritic bone microenvironment, indicating primary 

tumor growth results in HSC mobilization away from the bone niche. Previous studies 

have shown that once in the marrow, disseminated tumor cells compete with and evict 

HSCs from the niche in order to take advantage of the dormancy-inducing properties 

found in the niche supporting the findings of this project [45, 71-73]. 

Immunohistochemistry and histomorphometry analysis of murine tibias indicated an 

increase in TRAP and osteopontin expression and subsequent increased osteoclastic 
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activation and loss of trabecular bone with ovarian tumor growth an osteoarthritis 

(Figures 2 and 4). Osteopontin is a bone sialoprotein involved in osteoclast attachment 

secreted by osteoblasts [74-76] and the increase of osteopontin and TRAP expression 

within the bone niche with osteoarthritis and ovarian tumor growth suggest that ovarian 

tumor growth elicits pre-metastatic remodeling of the osteoarthritic niche. Additionally, 

we observed an increase in osteoblast and MSC numbers in the bone niche with 

osteoarthritis and ovarian tumor growth (Figure 3). However, we saw no increase in 

metastasis from primary tumor to the bone niche with osteoarthritis (Figure 5). The 

results of our study indicate that primary ovarian tumor growth results in the mobilization 

of HSC and MSC populations and activation of osteoclastic bone degradation of the 

osteoarthritic bone niche. 

 

Our studies prompt additional work to study sites of bone marrow cell mobilization as a 

result of osteoarthritis and its impact on ovarian cancer metastasis to common secondary 

sites in the lung, liver, inguinal lymph nodes, and bone. Furthermore, an investigation of 

the role of osteoarthritis treatment plays in the prevention of primary tumor growth and 

secondary metastasis formation could lead to improved outcomes and prevention of bone 

metastasis in ovarian cancer patients. In summary, the results presented in this project are 

of significant clinical and biological importance in the study of bone niche alterations and 

their impact on primary tumor growth and the formation of bone metastases.  

 

 

 



28 
 

 

Conclusion 

 

In this study we established a multi-flurochrome bone marrow cell-typing methodology. 

Furthermore, we made the following substantial observations: 1) tumor growth reduces 

the numbers of hematopoietic stem cells in the arthritic bone microenvironment; 2) tumor 

growth increases osteoclastic bone reabsorption in the arthritic bone microenvironment; 

3) osteoclast and MSC numbers increase in the bone niche with osteoarthritis and ovarian 

tumor growth, and 4) osteopontin expression is increased in the bone microenvironment 

with osteoarthritis and tumor growth. Collectively, these results provide methodologies to 

investigate bone micro-environmental alterations with disease incidence and demonstrate 

ovarian tumor induced remodeling of the osteoarthritic bone niche.  
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