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Abstract

Most solid tumours contain cancer-associated fibroblasts (CAFs) that support tumourigenesis and 

malignant progression. However the cellular origins of CAFs in epithelial ovarian cancers (EOCs) 

remain poorly understood, and their utility as a source of clinical biomarkers for cancer diagnosis 

has not been explored in great depth. Here, we report establishing in vitro and in vivo models of 

CAFs in ovarian cancer development. Normal ovarian fibroblasts and mesenchymal stem cells 

cultured in the presence of EOC cells acquired a CAF-like phenotype, and promoted EOC cell 

migration in vitro. CAFs also promoted ovarian cancer growth in vivo in both subcutaneous and 

intraperitoneal murine xenograft assays. Molecular profiling of CAFs identified gene expression 

signatures that were highly enriched for extracellular and secreted proteins. We identified novel 
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candidate CAF specific biomarkers for ovarian cancer including NPPB, which was expressed in 

the stroma of 60% primary ovarian cancer tissues (n=145) but not in the stroma of normal ovaries 

(n=4). NPPB is a secreted protein that was also elevated in the blood of 50% of women with 

ovarian cancer (n=8). Taken together these data suggest that the tumor stroma is a novel source of 

biomarkers, including NPPB, that may be of clinical utility for detection of EOC.

Introduction

Identifying novel approaches to detect EOCs more effectively would have a substantial 

clinical impact in reducing ovarian cancer related mortality. Fewer than 30% of patients 

diagnosed with advanced epithelial ovarian cancer (EOC) survive more than 5 years after 

their initial diagnosis 1. One of the major reasons for the high rates of EOC-associated 

mortality is that more than 60% of patients are diagnosed with advanced stage disease and 

there are currently no biomarkers with sufficient specificity to detect new cases of early-

stage EOC in the clinic. If more reliable blood-based biomarkers made it possible to detect 

ovarian cancers earlier, it is clear that may lives could be saved.

Historically, studies of the underlying biology and etiology of EOC have focused on the 

epithelial component of tumours 2. However, most tumour types, including ovarian cancers, 

also contain an abundant and complex stroma that supports tumour growth and is important 

for the maintenance of tumour tissue homeostasis. The stromal microenvironment is 

important throughout all stages of cancer development, co-evolving with the growing 

tumour epithelial cells, although in itself is not malignant. In EOCs up to 70% of the tumour 

is stroma, and in advanced stage EOCs a high stromal:epithelial ratio is associated with 

poorer prognosis 3. This suggests that stromal cells promote more aggressive disease 

phenotypes, which is supported by studies of models of ovarian and other cancer types and 

hematopoetic malignancies showing that cancer stroma promotes chemoresistance, evasion 

of apoptosis, invasion and metastasis 4-10. Stromal epithelial cross-talk is mediated by direct 

cell-cell contact as well as soluble signaling molecules, the release of stromal-epithelial 

signaling factors into the blood stream represents a potential source of biomarkers that has 

not yet been explored in great detail.

For some tumour types, and in particular for EOC, studying CAF biology has been hindered 

by a shortage of robust models of CAF development. Consequently, the origin of the cancer-

associated fibroblasts (CAFs) present within ovarian cancers is poorly understood, although 

recent evidence suggests that CAFs derive from heterogenous origins in a mouse model of 

ovarian cancer 11. Genetic analyses suggest that the majority of ovarian CAFs arise from 

non-neoplastic cells 12, 13; but it is not currently known whether ovarian CAFs can originate 

from normal ovarian fibroblasts that have transdifferentiated into CAFs during neoplastic 

development. Alternatively ovarian CAFs can derive from mesenchymal stem cells (MSCs), 

which are multipotent cells produced in the bone marrow and have the ability both in vitro 

and in vivo to self-renew and differentiate into connective tissue cells including osteoblasts, 

adipocytes and chondrocytes. Naïve MSCs are also found in many normal tissues including 

fallopian tubes 14, and are recruited to wounds where they contribute to tissue repair. MSCs 

can differentiate into CAFs in vitro when exposed to cancer cells or transforming growth 
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factor-beta, and can be recruited to tumours in in vivo models 11, 15, 16. Several reports have 

shown that MSCs can be tumour promoting in many solid tumours including breast, prostate 

and ovarian carcinoma 11, 17.

In this study we established heterotypic models of EOC, both in vitro and heterotypic in 

vivo, in order to directly compare NOFs and MSCs as potential sources of CAFs in EOCs. 

We found that both MSCs and NOFs have the potential to acquire molecular and phenotypic 

characteristics of CAFs when co-cultured with EOC cells. We also characterised the 

transcriptional reprogramming events that occur during the development of ovarian cancer-

associated fibroblasts, and found that a plethora of secreted and extracellular molecules are 

produced early during ovarian CAF reprogramming. Such molecules represent novel 

candidate biomarkers for tumour detection.

Materials and Methods

Cell culture

All cell culture was performed within a certified BSL2+ facility. Culture media are listed in 

Supplementary Table 1. Primary mesenchymal stem cells (MSC) were purchased from 

Texas A&M Health Science Centre and were only used for assays within 5 passages of 

thawing. To test MSC multipotency, 50,000 cells were plated into 6-well plate and cultured 

until confluent. Cells were washed twice with PBS before adding 2ml of adipocyte/osteocyte 

differentiation medium (both Invitrogen) and incubated for 21 days. Media were replaced 

every 4 days. To fix and stain, cells were washed with PBS and fixed in buffered formalin 

for 1hr at room temperature. Adipocyte staining: Oil-Red-O working solution was prepared 

by mixing 3 parts of stock solution (1.25% Oil Red O (Sigma) w/v in isopropanol (VWR)) 

with 2 parts of PBS. After 10mins the solution was filtered through a 0.45μm filter. Fixed 

cells were washed with PBS, and 2mls Oil Red O working solution added for 20mins. After 

staining the cells were washed thoroughly with PBS. Osteocyte staining: Fixed cells were 

washed with deionised water and incubated in 2mls of Alizarin Red (Sigma) solution (1% 

Alizarin Red S in water, filtered through 0.45μm membrane) for 20mins. The cells were 

washed with deionised water until the background was clear. Stained cells were examined 

microscopically for adipocyte and osteocyte differentiation, both the MSC lines 

differentiated into adipocytes and osteocytes with efficiencies >75%.

TERT-immortalized normal ovarian fibroblasts and normal ovarian epithelial cells have been 

previously described 18, 19. Epithelial ovarian cancer cell lines (EOC) were a kind gift from 

Dr. G. Mills at the MD Anderson Cancer Center. All cells were maintained at 37°C and 5% 

CO2 and cultures were routinely screened for contaminating Mycoplasma infections and 

found to be negative. Epithelial line identities were verified by typing of short tandem 

repeats using the Promega PowerPlex16HS Assay (Promega). Typing was performed at the 

University of Arizona Genetics Core and profiles were compared to the ATCC and DSMZ 

databases, plus published EOC cell line profiles 20.
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Cell Labeling and In vivo tumourigenicity assays

Hey.A8 cells were labeled with luciferase, using G418-luciferase lentiviral supernatants 

were purchased from the vector core at CHLA. Hey.A8luc cells were selected by the addition 

of 400μg/ml G418 to cell culture media (Sigma). All in vivo work was performed with 

permission from the University of Southern California Institutional Animal Care and Use 

Committee. For intraperitoneal injections, 1×106 Hey.A8 cells were injected alone or with 

0.9×106 stromal cells. Cells were washed in PBS and resuspended in GFR phenol red free 

Matrigel (BD Biosciences) diluted 1:100 in ice cold PBS. Live animal imaging was 

performed at the USC Molecular Imaging Core. Animals were anesthetized by inhalation of 

1-4% isoflurane and 50μg luciferin administered by tail vein injection. 1.5mins post-

injection the animals were imaged using an IVIS® Imaging System 200 (Xenogen) and 

tumor foci measured by quantification of luciferase signal. For subcutaneous injections, 

3×106 A2780 cells were injected alone (right flank) or with 1.5×106 stromal cells (left 

flank). Tumour growth was measured using digital calipers (VWR).

Conditioned media (CM) production

3×106 Hey.A8 cells were plated in complete growth media. After 24 hours the media was 

aspirated and the cells washed twice with PBS. 15mls of serum free medium was added to 

the cells. After 48hrs the CM was harvested, filtered through a 0.45μm filter and stored at 

-80°C.

Immunofluorescent staining and Western blotting

Cells were cultured on glass coverslips (VWR) and washed with PBS/1% bovine serum 

albumin (BSA, Sigma). Cells were fixed using ice-cold 3% formaldehyde (BDH) for 

10mins, rinsed well in PBS, and permeabilised for 5mins with PBS/0.5%BSA/0.5%Triton-

X-100 (Sigma). Cells were washed thoroughly with PBS and incubated with PBS/1%BSA 

for 30min. An anti-vimentin primary antibody (CRUK), diluted 1:500 in PBS/1%BSA, was 

applied for 1hour before were washing coverslips with PBS/1%BSA. An Alexa Fluor 

coupled secondary antibody (1:500 dilution, Invitrogen) was added for 30min. Coverslips 

were washed and transferred onto microscope slides with mounting medium containing 

DAPI (Vectashield). Images were captured using a fluorescence microscope (Olympus 

BX61) with Cytovision software.

For Western blotting: Cells were grown to 80% confluence and washed twice with ice-cold 

PBS. Cells were lysed and cell debris was removed by centrifugation at 13,000rpm for 

30min at 4°C. For SDS-gel electrophoresis samples were denatured and reduced in Laemmli 

Buffer (Sigma) by boiling at 105°C for 5min. 10μg of each sample was run onto 8-16% 

precise protein gels (Pierce) at 150V for 45min. Proteins were electroblotted onto a 

polyvinylidene fluoride membrane and the membrane blocked in TBS-T/2% BSA overnight 

before incubation with an anti-smooth muscle actin (1:1000 dilution, Dako) or anti-actin 

(1:5000 dilution, Sigma) diluted in TBS-T for 1 hour. Unbounds antibody was removed by 

3X TBS-T washes and an anti-mouse HRP coupled secondary antibody (Sigma) applied for 

1 hour (1:5000 dilution). Membranes were washed again 3X in TBS-T and protein bands 

visualized by application of enhanced chemoluminescence liquid (Pierce) followed by 
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exposure to chemiluminescence detection film. Quantification of protein bands was 

performed using ImageJ software 21.

In vitro co-culture assays

For transwell migration and invasion assays, stromal cells were starved for 24 hours, 

trypsinized and normalized to 0.12×106 or 0.5×106, for migration (Greiner Bio One) and 

invasion (Millipore) assays respectively. Transwell inserts with 8μm pores, coated or 

uncoated with matrix, were placed within a 24-well plate. Invasion membranes were 

rehydrated with 300μl prewarmed serum-free media for 30 minutes and 250μl removed. 

250μl cell suspension was added to each membrane and cell incubated for 16-24 hours. 

Invasion assays were read using a luminescent dye, according to manufacturers instructions. 

Migration membranes were fixed in 100% methanol and stained with 2% crystal violet in 

5% ethanol. Five fields of view were counted per membrane to determine the mean number 

of migrated cells per membrane. For testing migration of EOC cells towards stromal cells, 

0.12×106 stromal cells were plated into 24 well plates and allowed to adhere for 24 hours 

before use as a chemoattractant. Stromal cells were washed thoroughly with PBS to remove 

all serum before use. Proliferation assays were performed by plating 5,000 cells into 96 well 

plates, and incubating with serum supplemented conditioned media for 48 hours. 

Proliferation was assayed using the Cell Titre Glo (Promega), according to manufacturers 

instructions. All assays were performed in triplicate.

For measuring gene expression, EOC cells were plated into 6 well plates and stromal cells 

plated into non-cell permeable transwell inserts (1μm pore size, Greiner Bio One). 

EOC:stromal cell ratio was 1:10. After 7 days RNA was extracted from EOC cells using the 

QIAgen RNeasy kit (QIAgen), according to manufacturers instructions. 2μg RNA was 

reverse transcribed into cDNA using the Promega MMLV reverse transcriptase enzyme and 

random hexamer priming (all Promega). The following TaqMan gene expression probes 

were used: beta-actin, Hs99999903_m1; GAPDH Hs02758991_g1; vimentin 

(Hs00185584_m1) and fibronectin, Hs00365052_m1, and PCRs were run and data recorded 

using the Applied Biosystems 7900HT Fast Real-Time PCR System. Expression of each 

gene of interest was calculated using the ΔΔCt method, with the Ct values for each gene 

normalized to the average Ct value for both control genes.

Gene expression microarray profiling and analysis

MSC1 and INOF cells were co-cultured with IOSE4 cells or Hey.A8 EOC cells. 1000 

stromal cells were plated into 6 well plates and 10,000 epithelial cells plated into porous 

inserts (pore size 1μm, Greiner BioOne). After 24hrs, cells were refed and epithelial cell 

inserts added to the stromal cell cultures. Cells were grown in 50% INOF medium and 50% 

MSC medium for 7 days before harvesting RNA using the QIAgen RNeasy kit (QIAgen), 

according to manufacturers instructions. Samples were profiled using Illumina 

HumanHT-12 Expression BeadChip microarrays at the USC Epigenome Core facility. Array 

normalization was conducted with the Bioconductor ‘beadarray’ package 22 using Robust 

Multiarray Average (RMA). Bead-level data were log2 transformed and summarized after 

removing outliers using a 3 MAD (median absolute deviation) cutoff. Gene expression data 

were analysed using one-way blocked ANOVA, EOC vs. non-co-cultured and EOC vs 
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IOSE, adjusted for MSC/NOF. To address potential departures from normality, a 

permutation-based FDR approach was applied 23 with 100 permutations and a threshold of 

0.01. The final set of results was defined by the intersection of the two FDR = .01 sets, 

where probes were then ranked by max p-value, that is, each gene i was ranked by 

max(pi,non-cocultured vs. EOC, pi,IOSE vs. EOC). Gene ontology analyses were performed using 

the DAVID bioinformatics database (http://david.abcc.ncifcrf.gov) 24. GO terms were 

retrieved for the GOTERM_BP_FAT, GOTERM_CC_FAT and GOTERM_MF_FAT 

categories with Benjamini adjustments of p-values. KEGG pathway analyses were also 

performed using DAVID.

Validation of NPPB

Real-time PCR was performed as described above. Cells were cultured in 50% INOF 

medium and 50% MSC medium for 7 days before harvesting the RNA. Reverse 

transcription, Q-PCR and analysis were performed as described above, using a TaqMan 

probe: NPPB, Hs01057466_g1 (Life Technologies). Protein expression of NPPB in tumours 

was performed using an anti-human NPPB antibody (cat no: NBP1-47509, Novus 

Biologicals). Normal ovarian specimens, from women who underwent hysterectomy with 

bilateral salpingo-oophorectomy for non-malignant conditions such as fibroids, were 

retrieved from the archives. Additionally, a tissue microarray of 165 ovarian cancers was 

stained for NPPB expression. The development of this array has been previously 

described 25, patient characteristics can be found in Supplementary Table 2. 

Immunohistochemistry on paraffin-embedded tissue sections was performed by the USC 

Immunohistochemistry Laboratory within the USC Department of Pathology. NPPB 

expression in the tumor stroma was scored, by light microscopy, as negative (0), weak (1), 

moderate (2) or strong (3). Statistical analyses were performed to compare all expressing 

tumors (score 1-3) to negative tumors, using Fishers Exact and Chi Squared tests.

For measurement of NPPB in blood, patient sera were collected as part of the Gynecological 

Tissue and Fluid Repository at USC and stored at -80°C until use. Quantification of NT-

proBNP was performed by Quest Diagnostics (test code 11188X). All human specimens 

used in this study were collected with informed consent, with the approval of the 

Institutional Review Boards at USC and OSHU.

Statistical Analysis

Unless otherwise stated, two-tailed paired Student's T-Tests were performed, assuming 

equal variance, using α=0.05.

Results

Stromal cells promote ovarian cancer tumourigenesis in vivo

For many tumour types it has been shown that co-injection of cancer-associated fibroblasts 

promotes cancer cell growth in vivo. Recent evidence suggests that bone-marrow derived 

mesenchymal stem cells (MSCs) make a substantial contribution to CAF population in a 

syngeneic ovarian cancer mouse model 11, 15. We addressed the hypothesis that normal 

human ovarian fibroblasts (INOFs) and/or bone-marrow derived human MSCs represent 
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origins of ovarian cancer-associated fibroblasts by performing subcutaneous and 

intraperitoneal injections in immunocompromised mice of EOC cells alone and in the 

presence of INOFs/MSCs. Subcutaneous co-injection of human EOC cells with MSC and 

INOF cells was associated with a significantly more rapid tumour formation than for EOC 

lines alone; cells from the A2780 EOC line formed tumours in 19±0 days compared to 

9.33±1.53 days when co-injected with MSCGFP and 4±0 when co-injected INOFs (P=0.009 

and P=0.001 respectively. Fig. 1a). Co-injection of A2780 with MSC/INOF cells also 

resulted in a higher tumour take rate (Fig. 1a), a 3-7 day reduction in animal survival, and 

more aggressive tumours (Fig. 1b). We also evaluated in vivo tumour growth following 

intraperitoneal injection of Hey.A8 EOC cells with and without MSC/INOF cells; the results 

were consistent with those for subcutanous injection. Hey.A8 EOC cells were labeled with 

luciferase (Hey.A8luc) to enable live animal imaging. Ten days after injection, 2/5 animals 

had detectable tumours. By contrast, 5/5 animals co-injected with Hey.A8 and MSC/INOF 

cells had detectable tumours over the same time period (Fig. 1c&d). Co-injection with 

stromal cells was associated with significantly more tumour foci per animal (Hey.A8 versus 

Hey.A8+MSC, P=0.029; Hey.A8 versus Hey.A8+INOF P=0.021).

We confirmed the ability of INOF and MSC cells to differentiate into CAF-like cells when 

exposed in vitro to conditioned medium from an epithelial ovarian cancer cell line (Hey.A8). 

Normal immortalized ovarian fibroblasts (INOFs) and two early passage primary 

mesenchymal stem cell lines (MSC1 and MSC2) were exposed to Hey.A8 conditioned 

medium. Vimentin and α-smooth muscle actin (αSMA), two markers commonly expressed 

by CAFs, showed increased expression in both MSC lines after long term (28 day) exposure 

to conditioned medium (Fig. 2a & b). INOFs showed no change in expression of vimentin 

after exposure to conditioned medium, but a striking upregulation of αSMA (Fig. 2b). There 

were negligible changes in vimentin and αSMA expression when INOFs and MSCs were 

exposed to conditioned medium from normal ovarian surface epithelial cells (OSECs). 

MSCs but not INOFs were significantly more proliferative in Hey.A8 conditioned medium 

compared to OSEC conditioned medium (Fig. 2c&d, P=0.033). In transwell migration 

assays MSCs were significantly more migratory when Hey.A8 conditioned medium was 

used as a chemoattractant compared to either OSEC conditioned or unconditioned media 

(Fig. 2e, P=0.017). INOFs migrated significantly more towards both Hey.A8 and OSEC 

conditioned medium (Fig. 2f, P=0.041 and P=0.003). Neither cell type showed significant 

changes in invasion in response to the different chemoattractants (data not shown). Thus 

both INOFs and MSCs have the ability to become CAF-like cells in vitro and in vivo.

Secreted factors produced by INOFs and MSCs promote transformed phenotypes in EOC 
cells

We used co-culture assays to evaluate whether secreted factors produced by MSCs and 

INOFs had the ability to enhance the neoplastic phenotype of EOC cells independently of 

cell-cell contact. Co-culture of Hey.A8 cells with INOFs and MSCs had no affect on 

proliferation (data not shown), but the same cells were 2-3 fold more migratory in the 

presence of INOFs and MSCs compared to serum free media (Fig. 2g), and mesenchymal 

markers were upregulated when ovarian cancer cells were co-cultured with both types of 

stromal cells (Fig. 2h).
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Molecular changes associated with differentiation of NOFs and MSCs into CAFs

To identify candidate stromal-derived biomarkers, gene expression microarray analysis was 

performed to evaluate the molecular changes induced during the development of MSC and 

INOF derived CAFs by co-culture with Hey.A8 EOC cells. We observed widespread 

changes in gene expression occurring within just 7 days of co-culture. Using a false 

discovery rate threshold of 0.01 we found 2,825 significant probes differentially expressed 

for INOFs/MSCs co-cultured with Hey.A8 cells compared with INOFs/MSCs cultured 

alone, and 1282 differentially expressed probes between Hey.A8-co-cultured INOFs/MSCs 

and OSEC-co-cultured INOFs/MSCs. Finally, 859 probes were differentially expressed 

between Hey.A8-co-cultured INOFs/MSCs and both sets of controls; the most significantly 

up- and down-regulated of these probes are listed in Table 1.

Genes that showed the greatest increase in expression in Hey.A8 co-cultured INOFs/MSCs 

compared to OSEC co-cultured INOFs/MSCs included natriuretic peptide B (NPPB, 

P=5.5×10-6), a cardiac hormone; the KiSS-1 metastasis suppressor gene (KISS1, P=0.013); 

serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 (SERPING1, P=5.2×10-6), a 

regulator of complement activation; and prostaglandin I2 synthase (PTGIS, P=6.9×10-3), a 

potent vasodilator and inhibitor of platelet aggregation. Downregulated genes included 

matrix metallopeptidase 1 (MMP1, P=0.024), a known tumour suppressor gene (TXNIP, 

P=4.9×10-10), and genes involved in differentiation: ANXA2, (P=1.8×10-4), and CDK5RAP2, 

(P= 5.6×10-3) which have a role in the development of osteoclasts and neuronal cells, 

respectively.

Gene Ontology enrichment analyses indicated that genes encoding proteins that are secreted 

or expressed on the cell membrane are the most commonly enriched pathways in our CAF 

models. Extracellular matrix genes showed the greatest changes in expression between 

Hey.A8 co-cultured INOFs/MSCs and controls (adjusted P=2.11×10-8) (Fig. 3, 

Supplementary Table 3). Terms associated with adhesion, cell locomotion, migration and 

female pregnancy were also among the enriched biological processes terms (adjusted 

P=0.005). In the molecular function category, the most enriched term was ‘integrin binding’ 

(P=2.81×10-4). KEGG pathway analysis identified genes enriched in cell-matrix interactions 

(adjusted P=0.009), and molecules associated with the mitogen-activated protein kinase and 

p53 signaling pathways, although these latter terms were not significant after adjustment 

(Supplementary Table 4).

NPPB is a novel candidate stromal-derived biomarker that can be detected in the blood of 
EOC patients

Using in vitro transwell co-culture models, we validated the expression of the gene that 

showed the largest fold-changes in both INOF and MSCs: NPPB. We analysed NPPB 

expression in four stromal cell lines (INOFs, MSC1, MSC2 and a skin fibroblast line) co-

cultured with 7 different with EOC and two normal OSEC lines. NPPB expression was 

typically higher in stromal cells co-cultured with EOC cell lines compared to the same cells 

co-cultured with OSECs (Fig. 4A). Changes in expression of NPPB were absent or 

negligible in skin fibroblasts, suggesting that this marker is specifically upregulated in 

ovarian CAFs. Immunohistochemical staining in primary tissues verified that NPPB is also 
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expressed in the stroma of primary human ovarian cancers. In a tissue microarray of 145 

EOC specimens; NPPB was expressed by stromal fibroblasts in 87/145 (60%) ovarian 

cancers (Figure 4) but expression was absent or weak normal ovarian stromal tissues (n=4). 

NPPB expression in tumours was positively associated with stage (P=0.032, Fisher's Exact 

Test) and serous histology (P=0.010, Fisher's Exact Test) (Table 2). We did not see a 

survival association when we performed Kaplan-Meier estimates with a log rank test, which 

may be due to the small number of cases that could be included in this analysis (n=65; 

NPPB positive, n=42; NPPB negative, n=23). NPPB is secreted with an N-terminal 

fragment (NT-proBNP) that is biological inactive but has a longer half-life than the active 

NPPB protein. NT-proBNP levels were measured by electrochemiluminescence assays in 

eight patients with ovarian cancer who did not have congestive or acute heart failure 

(BNP/NT-proBNP levels are used to diagnose these conditions in the clinic). In patients not 

suffering from congestive heart failure, levels of NT-proBNP 100pg/ml or greater are 

considered to be elevated 26. In 4/8 patients (without cardiac failure), levels of NT-proBNP 

were elevated in the blood, suggesting NPPB is a novel candidate stromal-derived biomarker 

for EOC.

Discussion

The tumour microenvironment offers potential as a therapeutic target and source of 

biomarkers for many tumour types. For epithelial ovarian cancer (EOC) there is a 

particularly urgent need for new minimally invasive approaches to tumour detection and 

monitoring, ideally for biomarkers that can be measured in the blood. CA-125 is a 

biomarker currently used clinically to detect EOC. However CA-125 has limited specificity 

as it can be expressed by many other normal and transformed gynecological epithelial cells, 

including common conditions such as endometrial cancer and endometriosis. CA-125 also 

has limited sensitivity as not all EOCs express CA-125, particularly at the early stages and 

so we explored the potential for ovarian cancer stromal fibroblasts to be a novel source of 

biomarkers for this disease. Since the origins of cancer-associated fibroblasts (CAFs) in 

epithelial ovarian cancers is poorly understood, we began by comparing the potential of 

normal ovarian fibroblasts and mesenchymal stem cells to become CAFs. In this study we 

both co-cultured epithelial and stromal cells directly, and indirectly, by producing 

conditioned media. In contrast to previous reports, which only use serum free media as a 

control we also prepared conditioned media from normal ovarian surface epithelial cells. We 

did find that OSEC conditioned media had a modest effect on the expression of CAF 

markers by stromal cells, highlighting the importance of including normal epithelial cells as 

a control. Normal OSEC conditioned medium however, did not induce high levels of CAF 

marker expression in MSCs nor CAFs, and CAF-like phenotypes were strongest when 

INOFs and MSCs were co-cultured with EOC cells. These data agree with previous reports 

that cancer cells induce CAF phenotypes in CAF precursor cells 11, 15. An alternative 

interpretation of these data is that signaling from normal OSECs inhibits CAF development, 

but when the tumor suppressive signaling from a normal microenvironment is lost, during 

tumor development, inhibition of CAF development is lost.

In our in vitro models both resident normal ovarian fibroblasts and bone marrow derived 

mesenchymal stem cells have the ability to acquire the expression of CAF markers and 
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promote neoplastic behavior, moreover in vivo, both INOFs and CAFs could promote 

engraftment of EOC cells. Our findings may therefore suggest that ovarian tumour 

fibroblasts may come from multiple origins, although further analyses of human tumors 

would be required to validate this hypothesis. It may be that at different stages of 

tumourigenesis, stromal cells are recruited from different sources depending on the gene 

expression programs activated in the tumour epithelium at that time. Given that EOCs are 

also highly heterogenous tumours, in terms of histology, clinical outcomes, molecular 

profiles and origins, it is also highly plausible that the molecular and biological 

characteristics of EOC CAFs also display a high degree of inter-patient variability. Our 

model most closely mimics Type 2 ovarian cancers, which consists of high-grade serous and 

endometrioid tumours, and, consistent with this, NPPB expression was associated with 

advanced stage and high-grade serous histology.

Deregulated genes from ovarian CAFs were highly enriched for genes encoding proteins 

expressed within the extracellular milieu or on the plasma membrane. This supports our 

hypothesis that CAFs represent a new source of tumour biomarkers as this group of genes 

represents the most promising candidates for blood-borne biomarkers – for example CA-125 

is a mucin expressed on the surface of ovarian cancer cells and shed into the bloodstream 

where it is measured to monitor ovarian cancer tumour burden. When cultured with EOC 

cells, CAF precursors produced an abundance of secreted molecules including NPPB, which 

increased in expression over three hundred-fold in CAFs compared to controls. NPPB is a 

secreted peptide that acts as a cardiac hormone produced by the heart and is used clinically 

in the diagnosis of acute and congestive heart failure. NPPB has not previously been 

implicated in ovarian cancer pathogenesis, although interestingly, one study did report 

elevated NPPB levels in lung cancer patients 27. We did not detect expression of the known 

NPPB receptor (NPR1) on the EOC cell lines used in this study (data not shown), leading us 

to hypothesize that NPPB may bind a novel receptor on EOC cells or alternatively may 

target other cell types within the tumour stroma. We were able to detect elevated levels of 

NPPB in the blood of 50% of ovarian cancer patients, by measuring levels of the 76 amino-

acid N-terminal fragment that is secreted together with NPPB. This fragment is more stable 

and therefore represents a potentially more sensitive screening biomarker than active NPPB. 

Elevation of NPPB in patients with heart failure could limit the use of this biomarker for 

detection of EOC, but other indirect screening biomarkers related to NPPB may also exist 

since NPPB is a target for the prolyl oligopeptidase FAP, a CAF marker not expressed by 

normal stromal cells and so the products of FAP mediated proteolysis of NPPB may 

represent alternative, highly specific tumour biomarkers 28. Large clinical screening trials 

would be needed to comprehensively evaluate the potential of NPPB and related proteins to 

serve as novel EOC biomarkers that may increase the sensitivity and/or specificity of 

CA-125.

Other differentially expressed markers we identified included serpin peptidase inhibitor, 

clade G (C1 inhibitor), member 1 (SERPING1) a potent vasodilator and inhibitor of platelet 

aggregation. Plausibly, SERPING1 could promote vascular permeability in the tumour 

milieu, thus enhancing tumour cell nourishment. Expression of SERPING1 has previously 

been found to be upregulated in myoepithelial cells in the stroma of breast cancers. A group 
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of pregnancy-associated biomarkers was also upregulated in the ovarian CAF models, 

including pregnancy-associated plasma protein A and pregnancy-specific beta-1 

glycoprotein-1, -2, -4, -5 and -6 (PSG1,2,4-6). Previous studies have shown that other 

pregnancy-associated placental proteins are elevated in the blood of ovarian cancer 

patients 29, 30. The PSG genes are a subgroup of glycoproteins within the carcinoembryonic 

antigen (CEA) family of genes. The PSG genes identified in this present study have not 

previously been implicated in EOC, and so may represent a novel class of clinical 

biomarkers for this disease. In support of this, studies have shown that CEA is 

overexpressed in many solid tumours and may have clinical utility as part of a multi-

biomarker assay for the detection of epithelial ovarian carcinoma 31.

Cancer biomarker and therapeutic discovery efforts are usually based on in vitro models of 

tumour epithelium; but our data show that extracellular and secreted protein cancer 

biomarkers are produced in abundance by the tumour-associated mesenchyme. Analyses of 

a skin fibroblast cell line suggested that these proteins were specific to ovarian CAF 

precursor cells, although additional stromal models would need to be evaluated to confirm 

this finding. Several biomarkers showed substantial differential expression (>10-fold 

differences compared to controls) between CAFs and controls. If this replicated in vivo, it is 

likely that many of these secreted molecules enter the blood stream, which will enable their 

clinical detection. Our data also suggest that production of extracellular antigens by CAFs 

may be an early event during ovarian CAF development. Widespread changes in stromal 

cell gene expression occurred shortly after co-culture with EOC cells but before significant 

upregulation of classical CAF markers, suggesting that stromal biomarkers may perhaps be 

able to detect ovarian cancers at the earliest, most treatable, stages of disease. Currently the 

vast majority of invasive ovarian cancers are diagnosed at the late-stages, primarily because 

there are no early stage biomarkers with sufficient sensitivity and specificity. A panel of 

blood-based biomarkers that could reliably detect early-stage ovarian cancers of all 

histologies could potentially be used for population-based ovarian cancer screening of at risk 

women and could have a significant impact on reducing mortality from the disease. The 

biomarker currently used in the clinic, CA-125, is excellent at detecting tumour recurrence 

but cannot reliably detect early-stage tumours and currently so the majority of cases are 

diagnosed at the advanced stages (III and IV) when 5-year survival rates are only ∼30%. 

While NPPB was associated with higher tumour stage, and was expressed by only 28% of 

early-stage EOCs, some of the other biomarkers we identified may be more commonly 

expressed by early-stage EOCs and so could potentially be used as early-stage biomarkers.

CAF-like phenotypes were rapidly acquired and since it is unlikely that multiple genetic 

aberrations could have accumulated in this short timeframe, this suggests that epigenetic 

mechanisms may drive the development of CAFs in EOC. This is consistent with previous 

observations that mutations in the stroma of ovarian tumours are rare 12, 13. Although the 

mechanisms underlying CAF development have yet to be fully elucidated, by establishing 

ovarian cancer associated fibroblasts we have identified NPPB as a novel candidate CAF-

specific marker for ovarian cancer. Future studies will focus on evaluating the utility of 

NPPB and other candidate stromal genes as blood serum biomarkers for the detection of 

ovarian cancers.
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Figure 1. INOFs and MSCs promote EOC cell tumourigenicity in vivo
(a) A2780 cells were injected subcutaneously into 3 mice, with 2 injection sites per mouse, 

this table shows the number of tumours per injection site and the days taken for visible 

tumour to be detected. Co-injection of stromal cells was associated with a significant 

reduction in the time taken for palpable tumours to develop. (b) Measurement of maximum 

tumour diameter in each mouse. (c) In intraperitoneal xenografts, co-injection with stromal 

cells increases the number of tumour foci detectable at day 10. (d) Live animal Xenogen 

imaging. Tumours are detected in 2/5 animals that receive 3×106 Hey.A8luc cells alone. Co-

injection with stromal cells results in tumour formation in 100% of animals, four animals 

shown per group. * P>0.05, two-tailed paired Student's T-test, α=0.05, compared to EOC 

cells injected alone. Error bars = s.d. Animals were examined post-mortem and tumor 

presence confirmed by macroscopic inspection and histological examination of the lesions. 

Tumor foci were absent in control mice injected with MSCs, INOFs or Matrigel alone.
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Figure 2. In vitro genesis of cancer-associated fibroblasts
(a) Cancer associated fibroblast precursor cells, mesenchymal stem cells (MSCs, N=2) and 

immortalized normal ovarian fibroblasts (INOFs, N=1) were cultured in normal ovarian 

epithelial cell conditioned medium (OSEC-CM) or epithelial ovarian cancer cell conditioned 

medium (EOC-CM). After 0, 18 and 27 days cells were stained for vimentin (green), nuclei 

are stained blue with DAPI. MSCs upregulated vimentin when cultured in EOC-CM relative 

to OSEC-CM treated cells. INOFs already expressed high levels of this marker and no 

change in expression was observed. (b) After 28 days of culture in EOC-CM, MSCs and in 
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particular INOFs, upregulated expression of α-smooth muscle actin (αSMA), as measured 

by Western blotting. When cultured in Hey.A8-CM we measured a 1.4-fold and 19.4-fold 

increase in αSMA expression in MSCs and INOFs respectively (compared to day 0 

controls). Beta-actin was used as a loading control. Proliferation assays for (c) MSCs and (d) 

INOFs cultured in EOC-CM and OSEC-CM; MSCs are significantly more proliferative 

when cultured in EOC-CM. Migration assays measuring chemotaxis of stromal cells 

towards conditioned media. (e) MSCs migrate more towards EOC-CM than serum free 

media or OSEC-CM. (f) INOFs migrate significantly more towards EOC-CM and OSEC-

CM than serum-free media. Data shown are mean ± standard deviation (s.d.) for three 

independent experiments. *P<0.05, two-tailed paired Student's T-test, α=0.05, compared to 

SFM control. (g) MSCs and INOFs produce secreted factors that promote migration of 

epithelial ovarian cancer cells. Hey.A8 EOC cells are 2-3 fold more migratory in the 

presence of INOFs and MSCs compared to control media. 10% fetal bovine serum (FBS) 

was used as a chemoattractant. (h) EOC cells upregulate mesechymal markers in the 

presence of co-cultured stromal cells. VIM, vimentin; FN1, fibronectin. *P>0.05, two-tailed 

paired Student's T-test, α=0.05, compared to EOC cells cultured alone. Error bars = s.d.
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Figure 3. Gene Ontology (GO) Analyses
Combined analysis of enriched GO terms, all GO terms within the biological processes, 

cellular compartments and molecular function categories were ranked by adjusted p-values. 

The 20 most significant terms are shown. The 20 most significantly enriched terms for each 

individual category are listed in Supplementary Table 1.
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Figure 4. Validation of NPPB expression in EOC models and primary tumours
NPPB is the most significantly upregulated gene (ranked by fold change). Expression of (a) 

NPPB in stromal cells co-cultured for 7 days with 2 normal OSEC lines and 7 EOC cell 

lines. NPPB expression in stromal cells is significantly upregulated in response to co-culture 

with at least 50% of EOC cell lines; with expression levels of NPPB increasing up to 350-

fold when INOFs and MSCs were co-cultured with EOC cells compared to controls. 

Expression of NPPB was significantly lower in stromal cells co-cultured with OSECs than 

the same cells co-cultured with the majority of EOC cell lines. Expression of NPPB is 

absent/negligible in 1BR3 skin fibroblasts, regardless of culture conditions. Note that for 

NPPB expression MSC values are shown on a log scale, whereas INOF and 1BR3 data are 

on a linear scale. In the microarrays and by qPCR, MSCs tended to show larger changes in 

gene expression than INOFs. (*P<0.05, two-tailed paired Student's T-test, α=0.05, compared 

to at least 2/3 controls: non-co-cultured stromal cells and OSEC-co-cultured stromal cells). 

Error bars = s.d. (b) NPPB protein is expressed in ovarian tumours. Right panel, example of 

a tumour staining positive for the active, secreted NPPB peptide. Expression is seen in the 

tumour stromal (TS) cells as well as, in some cases, diffuse staining in the tumour 

epithelium (TE), which may be due to diffusion of the secreted protein. Middle panel shows 

an example of a tumour that does not express NPPB. Left panel, NPPB expression was not 

detected in normal ovarian stromal cells. (c) Analysis of NPPB protein expression in tumour 

stromal cells of 145 primary EOCs stained by immunohistochemistry. (d) Measurement of 
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NT-proBNP levels in patients with ovarian cancer. NT-proBNP is elevated in 4/8 EOC 

patients independently of cardiac failure. Dashed line = cutoff for elevated NT-proBNP 

(100pg/ml).
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Table 2
Immunohistochemical staining of NPPB in EOC specimens

145 tumours were stained for NPPB. Patient characteristics can be found in Supplementary Table 2. P-values 

indicate the results of Fisher's Exact tests. Statistically significant associations are shown in bold.

NPPB Negative NPPB Positive P-value

All tumours 99 46 NA

Grade G1 9 5

G2/G3 50 81 0.085

Stage Stage I/II 20 16

Stage III/IV 38 71 0.032

Histology Serous† 31 60

Non-serous 26 19 0.060

†
Low grade serous tumours were excluded from this analysis,

Int J Cancer. Author manuscript; available in PMC 2016 March 15.


