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1. INTRODUCTION:  

High grade serous ovarian carcinoma is among the most lethal cancers affecting women in the 

U.S. While most therapeutic approaches have focused on malignant epithelial tumor cells and 

their genetic alterations, it is becoming increasingly clear that the tumor microenvironment plays 

an equally important role in tumor evolution. The presence of cancer cells induces a reaction in 

the surrounding stromal cells similar to fibrosis after an injury. These reactions can also reduce 

therapeutic efficacy of chemotherapy by creating a physical barrier for drug transport while 

providing a protective environment for cancer cells to repopulate after completion of treatment.  

Thus, it is thought that anti-cancer therapies should target not only malignant cancer cells but 

also the microenvironment that fosters tumor growth and survival. Our goal is to demonstrate 

that targeting processes responsible for the formation of cancer-associated fibroblasts (also 

known as CAFs) in the tumor microenvironment will effectively attenuate tumor growth, 

improve intratumoral drug delivery and restore anti-tumor immune responses. We are using three 

different approaches to targeting CAFs. The first approach is to test anti-fibrotic agents for their 

efficacy in preventing CAF activation and increasing sensitivity to chemotherapy in a mouse 

model of ovarian cancer that was developed in our laboratory. The second approach is to 

increase the precision of targeting activated CAFs, by targeting a protein that we previously 

identified to be present in activated CAFs but absent from fibroblasts associated with non-

cancerous conditions such as fibrosis, inflammation, and wound healing. The third approach is to 

test several agents for their efficacy in inducing CAF-to-cartilage differentiation with the idea 

that a terminally-differentiated microenvironment cannot protect malignant cells from 

chemotherapy or foster their dormancy for future recurrence. 

2. KEYWORDS:  

Ovarian cancer, tumor microenvironment, cancer-associated fibroblasts, fibrosis, targeted 

therapy, clinical outcome 

3. ACCOMPLISHMENTS:  

▪ What were the major goals of the project? 

Specific Aim 1 (specified in proposal) Timeline 
Percent 

Completed 

Major Task 1  

Test the therapeutic efficacy of CTGF, CTSK, FN1, and LOXL2 

inhibitors 

Months 

Cedars-Sinai     

Medical 

Center 

Subtask 1 

Amend approved IACUC protocol 5318 (Mouse Models of Tumor 

Microenvironment, PI: Orsulic) for local approval and send related 

material for DoD’s approval. 

Upon award 

notice 
100% 

Subtask 2 

Purchase FVB mice, drugs, and reagents; plan experiments. 
1-2 100% 

Subtask 3 

Implant FVB mice with mouse ovarian cancer cells. 
2-25 100% 
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Subtask 4 

Treat mice with CTGF, CTSK, FN1, and LOXL2 inhibitors 

Assess therapeutic efficacy:  

1. Tumor growth: tumor weight/volume, luciferase whole-animal 

imaging.  

2. Tumor invasion and metastasis: dissection and 

immunohistochemistry. 

3. Stromal differentiation: Masson’s trichrome stain, qPCR and 

immunostaining for myofibroblast markers (α-SMA, fibronectin, 

COL11A1).  

4. Chemotherapy diffusion: quantification of fluorescently-labeled 

dextran beads.  

5. Tumor-infiltrating immune cells: flow cytometric analyses with 

antibody cocktail (CD3, CD4, CD8a, CD44, CD62L, CD25, 

Nkp46, F4/80, CD11b, Gr1, Ly6G, CD11c, and FoxP3). 

6. Cancer stem cell content: flow cytometric analyses with CD133, 

CD44, CD24, and CD117. 

7. Angiogenesis: CD31 and CD34. 

8. Apoptosis, DNA damage: ApopTag, CC3 positivity, PARP 

cleavage, or histone H2AX phosphorylation. 

9. Toxicity: histological analysis of liver, lung, and kidney injury 

10. TGFβ signaling: immunodetection of phosphorylated Smad2/3. 

3-30 80% 

Subtask 5 

Analyze data using statistical methods; replicate experiments if 

necessary, prepare and submit manuscripts. 

3-36 80% 

Milestone Achieved 

Verified therapeutic efficacy of CTGF, CTSK, FN1, and LOXL2 

inhibitors. 

32 80% 

Specific Aim 2 (specified in proposal) Timeline Site 1 

Major Task 1 

Determine the effect of COL11A1 knockdown in human cancer-

associated fibroblasts 

Months 

Cedars-Sinai     

Medical 

Center 

Subtask 1 

Amend approved IACUC protocol 5318 (Mouse Models of Tumor 

Microenvironment, PI: Orsulic) for local approval and send related 

material for DoD’s approval. 

Upon award 

notice 
100% 

Subtask 2  

Knock out COL11A1 in human cancer-associated fibroblasts using 

CRISPR. 

1-3 100% 

Subtask 3 

Co-culture COL11A1 knockout cancer-associated fibroblasts with 
3-12 80% 
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ovarian cancer cells under kidney capsule of nude mice; measure cell 

proliferation, cell death and other parameters. 

Subtask 4 

Analyze data using statistical methods; replicate experiments if 

necessary. 

12-18 80% 

Milestone Achieved 

Verified whether COL11A1 in cancer-associated fibroblasts is 

essential for the tumor promoting effects in a paracrine manner. 

18 80% 

Major Task 2 

Determine the potential of COL11A1 as a therapeutic target 
Months 

Cedars-Sinai     

Medical 

Center 

Subtask 1 

Amend approved IACUC protocol 5318 (Mouse Models of Tumor 

Microenvironment, PI: Orsulic) for local approval and send related 

material for DoD’s approval. 

Upon award 

notice 
100% 

Subtask 2 

Purchase FVB mice, drugs and reagents; plan experiments. 
1-2 50% 

Subtask 3 

Implant FVB mice with mouse ovarian cancer cells. 
2-25 50% 

Subtask 4 

Treat mice with COL11A1 neutralizing antibody. 

Assess therapeutic efficacy as in Aim 1, Task 4. 

3-30 50% 

Subtask 5 

Analyze data using statistical methods; replicate experiments if 

necessary; prepare and submit manuscripts. 

3-36 50% 

Milestone Achieved 

Verified whether COL11A1 is promising as a therapeutic target with 

high specificity for activated cancer-associated fibroblasts. 

36 50% 

Specific Aim 3 (specified in proposal) Timeline Site 1 

Major Task 1 

Assess the effect of differentiating cancer-associated fibroblasts 

into cartilage on tumor progression and chemosensitivity 

Months 

Cedars-Sinai     

Medical 

Center 

Subtask 1 

Amend approved IACUC protocol 5318 (Mouse Models of Tumor 

Microenvironment, PI: Orsulic) for local approval and send related 

material for DoD’s approval. 

Upon award 

notice 

 

100% 

 

Subtask 2 

Purchase FVB mice, drugs and reagents; plan experiments. 
1-2 100% 

Subtask 3 

Implant FVB mice with mouse ovarian cancer cells. 
2-25 100% 
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Subtask 4 

Treat mice with recombinant collagen II, rAAV-FLAG-Sox9, and 

dexamethasone. 

Assess therapeutic efficacy as in Aim 1, Task 4. 

3-30 100% 

Subtask 5 

Analyze data using statistical methods; replicate experiments if 

necessary; prepare and submit manuscripts. 

4-36 70% 

Milestone Achieved 

Verified whether agents that induce terminal differentiation of 

activated cancer-associated fibroblasts are effective in attenuating 

tumor growth and increasing chemosensitivity. 

36 70% 

▪ What was accomplished under these goals? 

1) major activities 

 

Aim 1. Using multiple approaches to targeting CAFs in an immunocompetent mouse model of 

ovarian cancer that was developed in our laboratory, we failed to show any significant benefits of 

targeting CAFs. Meanwhile, other groups showed the efficacy of some of the CAF-targeting 

agents in mouse models of induced fibrosis. We realized that we needed to develop a more 

fibrotic model of ovarian cancer to demonstrate the efficacy of anti-fibrotic agents. We generated 

two new mouse models, both of which exhibit extensive fibrosis and rapid onset of ovarian 

carcinomatosis. Aim 2. We made further advances in characterizing the functional properties of 

COL11A1, which we previously identified as a molecular target that distinguishes CAFs from 

other fibroblasts. Aim 3. Contrary to our hypothesis that induction of terminal differentiation in 

CAFs may minimize cancer growth, we observed increased subcutaneous and intraperitoneal 

cancer growth in the presence of factors that induce bone/fat differentiation in CAFs, possibly 

because the same factors serve as growth factors for cancer cells. 

 

2) specific objectives 

 

Our objectives were to: 1) generate suitable mouse ovarian cancer models for testing the efficacy 

of anti-fibrotic agents in improving ovarian cancer chemosensitivity to cisplatin; 2) increase the 

specificity of targeting activated CAFs by targeting the CAF-specific protein COL11A1; and 3) 

identify a method to induce bone/cartilage differentiation of CAFs. 

 

3) significant results or key outcomes, including major findings, developments, or conclusions 

 

AIM 1. Improve therapeutic efficacy by targeting processes involved in CAF activation 

 

CAFs are the most prominent component of the tumor stroma in advanced ovarian cancer. 

However, it is still not completely understood how the presence of CAFs specifically contribute 

to tumor progression and therapeutic resistance in ovarian cancer (1). Studies in other solid 

tumors have shown that CAFs can promote tumor growth, angiogenesis, invasion, and metastasis 

while at the same time suppressing antitumor immunity and conferring drug resistance and/or 

limiting access of chemotherapeutics, anti-angiogenic therapies, and immunotherapies. 

Experimental mouse models that exhibit extensive cancer fibrosis, such as the K-rasG12D 
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mutation-driven autochthonous pancreatic cancer model and the xenograft 4T1 breast cancer 

model, have been crucial in proving that CAF-targeting therapeutic approaches can improve 

tumoral immune response, intratumoral drug delivery, and therapeutic efficacy (2-12). These 

studies confirmed the key role of CAFs in cancer progression and demonstrated their 

effectiveness as a therapeutic target. However, our attempts to diminish ovarian cancer growth 

with anti-fibrotic agents have not been successful (reported in annual progress reports), possibly 

due to the lack of extensive fibrosis and/or inflammatory reaction in our current ovarian cancer 

models. Thus, much of our effort during the past year focused on developing syngeneic mouse 

models of ovarian cancer that accurately model fibroblast activation observed in our previous 

analyses of human primary and metastatic ovarian cancers (Jia et al. Scientific Reports 2016; Jia 

et al., Cancer Letters 2016; Haro and Orsulic, Frontiers in Cell and Developmental Biology 

2018). 

 

In the first model, we used tight skin (TSK) mice in which fibroblasts are continuously activated 

due to the overexpression of fibrillin 1 (FBN1) (13, 14). The TSK mouse model has been used 

extensively to study fibrosis and ECM remodeling (15-18) but has not been used to study cancer 

progression. In our pilot experiment, compared to wild type (WT) littermates, TSK mice 

exhibited faster and more invasive ovarian cancer progression after subcutaneous (Fig. 1A-B) 

and intraperitoneal (Fig. 1C) injection of ovarian cancer cells, indicating that fibroblast 

activation may contribute to ovarian cancer progression in this model.  

 

Fig. 1. A mouse model of ovarian cancer in the setting of endogenous CAF activation in the TSK 

mouse. A) Wild-type (WT) and TSK mice heterozygous for a gain-of-function FBN1 mutation (Fbn 

tsk het) were subcutaneously injected with syngeneic mouse ovarian cancer cells containing genetic 

alterations in p53, myc and H-ras (2x106 cells in each flank). The subcutaneous tumors were harvested 

after 18 days when tumors in the TSK mice started to ulcerate. B) Tumor weight and volume. C) 

Representative Masson’s trichrome-stained sections of ovarian cancer nodules in the diaphragm of 

WT and TSK mice (n=5/group) 14 days after intraperitoneal injection of 106 p53, myc and H-ras cells. 
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In the second model, we induced an inflammatory reaction and peritoneal fibrosis by 

intraperitoneal injection of immunocompetent FVB mice with 1 ml PBS (PBS mice) or 1 ml 

0.05% NaOCl diluted in PBS (NaOCl mice) (Fig. 2). Mice were intraperitoneally injected with 106 

syngeneic BR-luc mouse ovarian cancer cells 1 day, 3 days, and 5 days after treatment with PBS or 

NaOCl. Five PBS and 5 NaOCl mice were used for each timepoint. Longitudinal intravital 

luciferase imaging at 1, 2, 3, and 4 weeks after cancer cell injection showed a marked difference in 

luciferase signal intensity between PBS and NaOCl mice. In PBS mice, cancer cells were present 

at the injection site and the omentum, which is the preferred metastatic site for mouse and human 

ovarian cancer (Fig. 2A and data not shown). In contrast, NaOCl mice showed a widespread 

dissemination of cancer cells throughout the peritoneal cavity (Fig. 2A and data not shown), 

suggesting that the microenvironment in the NaOCl mice allows for better engraftment of cancer 

cells than in the PBS mice. Four 

to six weeks after cancer cell 

injection, mice were euthanized 

for pathologic analysis. PBS mice 

usually exhibited tumor nodules 

confined to the omentum (asterisk 

in Fig. 2B) and diaphragm 

(arrows in Fig. 2C) while all 

peritoneal surfaces in NaOCl 

mice were studded with cancer 

growths (Fig. 2B and C). It 

appears that the NaOCl-induced 

mesothelial injury created 

favorable conditions for cancer 

cell attachment and growth on all 

peritoneal surfaces, including 

organs rarely colonized by human 

and mouse ovarian cancer cells, 

such as the liver and the spleen 

(Fig. 2B and C). 

 

 

Fig. 2. A mouse model of enhanced ovarian cancer metastasis after induction of peritoneal 

inflammatory reaction and fibrosis with NaOCl. (A) Representative in vivo luciferase imaging of 

PBS mice and NaOCl mice 2 weeks after intraperitoneal injection of 106 BR-luc cells one day after 

treatment with PBS or NaOCl. In PBS mice, surviving cancer cells are present at the injection site 

(mechanical injury) and the omentum (preferred metastatic site for mouse and human ovarian cancer). 

In contrast, NaOCl mice show widespread dissemination of cancer cells throughout the peritoneal 

cavity. (B-C) Representative images of intraperitoneal tumor spread 6 weeks (PBS mice) or 4 weeks 

(NaOCl mice) after injection of ovarian cancer cells. In PBS mice, most of the cancer is localized to 

the omentum (asterisk) and ocassional nodules on the diaphragm (arrows). In contrast, NaOCl mice 

exhibit tumor spread to the omentum, liver, spleen, intestines, peritoneal wall and diaphragm. n=5 

mice/group in the pilot experiment and 10 mice/group in the repeated experiment. 
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To identify cell types involved in mesothelial wound repair on days 1 (expected influx of 

neutrophils), 3 (expected influx of macrophages) and 7 (expected recruitment of fibroblasts) after 

injury, we isolated the peritoneal walls from 5 PBS and 5 NaOCl mice for each of the 3 

timepoints and conducted RNA sequencing. To date, we have thoroughly analyzed RNA 

sequencing results for day 3 after injury. Principle Component Analysis (PCA) demonstrated a 

clear separation of the PBS and NaOCl samples (Fig. 3A). Differential gene expression analysis 

identified 285 upregulated and 78 downregulated genes in the NaOCl mice (+/-1.5 log2 fold 

change; p<0.001) (data not shown). The most downregulated genes in the peritoneal walls of 

NaOCl mice were uroplakin 3B (Upk3b) and leucine rich repeat neuronal 4 (Lrrn4) (data not 

shown), both markers of mesothelial cells (19), which is consistent with injury-induced ablation 

and/or mesothelial-myofibroblast transition. Gene Ontology analysis of differentially expressed 

genes showed Immune Responses as the top canonical pathways. Ingenuity Pathway Analysis 

showed Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes as the top 

canonical pathway. Overlay of the CIBERSORT leukocyte gene signature matrix LM22 (20, 21) 

identified 24 immune-related genes significantly upregulated in NaOCl mice (Fig. 3B). An 

overlay of these 24 immune-related genes with the ImmGen transcriptome (22, 23) revealed that 

the peritoneal wall cell infiltrates in NaOCl mice represent subsets of macrophages, monocytes, 

and neutrophils (Fig. 3C).  Neutrophils are typically the first immune cells to be recruited to the 

Fig. 3. Differential transcriptomes in peritoneal wall samples from PBS and NaOCl mice on day 

3 after treatment. (A) Principle Component Analysis demonstrates a clear separation of the PBS and 

NaOCl samples. (B) Identification of 24 immune cell markers overrepresented in NaOCl mice that 

overlap with the CIBERSORT leukocyte gene signature matrix LM22. (C) Expression levels of the 24 

genes in different immune and stromal cell subtypes in the ImmGen dataset reveal that these genes are 

primarily enriched in the transcriptomes of macrophages, monocytes, and neutrophils. 

Stem                                                                                                                         activated                                  Stromal

Cell                 B-cell                     Dendritic Cell       Macrophage  Mono  Neutr abT Cell T Cell                   T  Cell               gdT Cell           Cell Lymphocyte

NaOCl
PBS

A                                                                           B

C

Gene Name logFC p Value FDR
Trem2 triggering receptor expressed on myeloid cells 2 4.146764 4.00E-13 7.29E-11
Ccl8 chemokine (C-C motif) ligand 8 3.819816 3.97E-20 2.89E-17
Emr1 ADGRE1; F4/80 3.257053 2.10E-13 4.21E-11
Cd68 CD68 antigen 3.042406 1.06E-22 9.46E-20
St8sia1 ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 1 2.986183 1.46E-14 3.99E-12

Siglec1 sialic acid binding Ig-like lectin 1, sialoadhesin 2.634713 3.29E-11 3.72E-09
C3ar1 complement component 3a receptor 1 2.557834 2.18E-10 1.89E-08

Ncf2 neutrophil cytosolic factor 2 2.499063 3.52E-13 6.52E-11
Ly86 lymphocyte antigen 86 2.311946 1.77E-07 5.44E-06
Aif1 allograft inflammatory factor 1 2.162871 4.89E-09 2.69E-07
C5ar1 complement component 5a receptor 1 2.1532 4.02E-07 1.08E-05
Zbp1 Z-DNA binding protein 1 2.049238 9.97E-10 7.07E-08
Rassf4 Ras association (RalGDS/AF-6) domain family member 4 1.788196 5.07E-08 1.94E-06
Sp140 Sp140 nuclear body protein 1.739668 5.38E-07 1.38E-05
Clec10a C-type lectin domain family 10, member A 1.714683 1.46E-08 6.81E-07
Cfp complement factor properdin 1.706728 3.57E-10 2.95E-08

Renbp renin binding protein 1.706373 1.95E-08 8.67E-07
Cd300a CD300A antigen 1.676891 7.96E-15 2.33E-12

Fcgr2b Fc receptor, IgG, low affinity IIb 1.648583 6.97E-06 0.000119
Vill villin-like 1.594005 9.02E-06 0.000149
Dhx58 DEXH (Asp-Glu-X-His) box polypeptide 58 1.545919 2.84E-06 5.58E-05
Ccr2 chemokine (C-C motif) receptor 2 1.541327 4.62E-05 0.000578
Mnda myeloid cell nuclear differentiation antigen 1.529978 4.73E-10 3.74E-08
Cd37 CD37 antigen 1.500226 1.13E-05 0.000181
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site of injury (24). Importantly, neutrophils were recently identified as the key facilitators of pre-

metastatic niche formation in ovarian cancer (25). We confirmed the presence of neutrophils 

(and/or gMDSCs, which are phenotypically indistinguishable from neutrophils (26, 27)) by flow 

cytometry of peritoneal lavages and dissociated peritoneal walls at 4h and 24h after treatment 

with PBS or NaOCl. Increased frequencies of live neutrophils/gMDSCs in peritoneal lavages and 

walls were observed at both time points (Fig. 4A-B). Immunohistochemical staining of 

peritoneal wall sections with the neutrophil marker NGAL (neutrophil gelatinase-associated 

lipocalin) confirmed that neutrophils infiltrated blood vessels and submesothelial connective 

tissue as early as 4h after NaOCl treatment (Fig. 4C) and remained in these tissues 24h and 72h 

after treatment (data not shown).  

 

Upregulation of general macrophage markers F4/80 and CD68 (Fig. 3B) suggested that the 

peritoneal walls of NaOCl mice were infiltrated with macrophages on day 3 after treatment with 

PBS or NaOCl. Since macrophages comprise multiple subtypes that can be pro- and anti-

inflammatory and pro- or anti-tumorigenic (28-31), we screened genes upregulated in NaOCl 

mice for markers that have been previously associated with specific subsets of macrophages. 

Among the top upregulated genes were CCL8 and SIGLEC1 (CD169) (Fig. 3B). SIGLEC1+ 

macrophages were recently identified in a mouse model of dextran sodium sulfate (DSS)-

induced colitis as a specific subpopulation of resident colonic macrophages that secrete the 

CCL8 chemokine to recruit inflammatory monocytes to the DSS-induced wound (32). 

Importantly, SIGLEC1+ macrophages were the only subpopulation of macrophages capable of 

secreting CCL8 and specific depletion of SIGLEC1+ macrophages or neutralization of CCL8 

ameliorated the DSS-induced colitis (32). Relevant to human cancer, SIGLEC1+ macrophages 

and CCL8 were recently associated with aggressive subtypes of breast cancers and CCL8 was 

shown to recruit monocytes and increase breast cancer cell motility (33). Thus, in our NaOCl 

model of peritoneal wound repair, we may have identified a specific subset of macrophages 

Fig. 4. Early influx of neutrophils in the peritoneum of NaOCl mice. (A-B) Peritoneal lavage (A) 

and dissociated body wall (B) neutrophils or granulocytic MDSC (frequency of live cells) 4 hours and 

24 hours after intraperitoneal injection of 1 ml PBS or 1 ml 0.05% NaOCl diluted in PBS (n=3 mice 

per group). Immune cell marker panel: CD3, CD4, CD8, CD11b, CD11c, CD19, CD45, F4/80, Ly6G, 

live/dead cells. *p<0.05. (C) Representative images of peritoneal walls (n=5 mice per group) fixed 4 

hours after intraperitoneal injection of PBS or NaOCl. Neutrophil gelatinase-associated lipocalin 

(NGAL) staining shows the influx of neutrophils in the blood vessels (arrows) and submesothelial 

connective tissue (asterisks) in the peritoneal walls of NaOCl mice. Bar size: 50 µm. 
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(SIGLEC1+ CCL8-secreting) that regulate mesothelial wound repair and the induction of 

carcinomatosis.   

Among the top 20 genes upregulated in the NaOCl peritoneal walls on day 3 after treatment were 

4 genes (CCL8, S100A8, SAA3, and LGALS3) that have been previously implicated in fibrosis 

and pre-metastatic niche formation. CCL8 was shown to trigger the recruitment of pro-

inflammatory monocytes (32), fibroblasts (34), and cancer cells (35). S100A8 and SAA3 were 

identified as components of a lung pre-metastatic niche that potentiate inflammation-like state 

and facilitate migration of primary tumor cells to the lung (36). LGALS3 was shown to activate 

fibroblasts to a profibrotic phenotype in rodent models of ischemia-induced renal fibrosis (37), 

bleomycin-induced lung fibrosis (38), and carbon tetrachloride (CCL4)-induced liver fibrosis 

(39). Thus, our model of mesothelial injury is useful for the identification of known (and 

unknown) genes associated with pre-metastatic niche formation. 

We used the 24 immune cell-related genes that were upregulated in the peritoneal walls of 

NaOCl mice on day 3 after treatment (Fig. 3B) to identify other normal or diseased conditions in 

which this gene set is upregulated (mouse and human SEEK platforms). We have shown that the 

24 immune cell-related gene set is upregulated in various types of acute injuries (superficial cut, 

UV exposure, DSS treatment, bleomycin treatment) in various human and mouse tissues (skin, 

intestinal mucosa, lung) (Fig. 5), suggesting that our mouse model of NaOCl-induced 

mesothelial injury exhibits a prototypical early wound healing immune response. Because of the 

largely universal response of epithelial and mesothelial tissues to different types of injury (40), 

we conclude that our mouse model of chemical injury to the mesothelium is representative of 

mesothelial injury induced by surgery and cytotoxic chemotherapy in patients undergoing 

cytoreductive surgery and/or HIPEC. 

 

Fig. 5. The set of 24 immune cell-related genes found to be upregulated in peritoneal walls on 

day 3 after NaOCl treatment is also upregulated in various types of acute injury in diverse 

human and mouse tissues (A) GSE28914: human skin superficial cut injury. (B) GSE41078: human 

skin narrowband UVB-induced injury. (C) GSE31906: mouse 5% DSS-induced intestinal mucosa 

injury. (D) GSE2640: mouse bleomycin-induced lung injury. 
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In summary, our attempts to test anti-fibrotic agents showed largely negative results (described 

in annual reports). One confounding factor in these pre-clinical tests was the modest presence of 

fibrosis in the existing ovarian cancer models. Therefore, we generated two models with 

endogenous or induced fibrosis. These models will be a valuable resource for studying the role of 

fibroblasts in ovarian cancer initiation and progression.   

 

AIM 2. Increase specificity of targeting activated CAFs 

 

Our analyses identified COL11A1 as the most specific target for activated CAFs. We 

hypothesized that targeting COL11A1 function will disable activated CAFs with a minimal 

effect on normal fibroblasts. The results of in vitro and in vivo experiments as well as correlative 

analyses of human samples to test our hypothesis have been provided in our publications (Jia et 

al., Cancer Letters 2016; Haro and Orsulic, Frontiers in Cell and Developmental Biology 2018; 

Ye at al., submitted). We will briefly summarize the main conclusions from the unpublished 

experiments described in the Annual Progress Reports and focus on experiments conducted in 

the last year.  

 

Our in vitro experiments with cancer-associated fibroblasts (CAFs) and normal fibroblasts 

(NAFs) showed that only CAFs express COL11A1.  However, expression of COL11A1 could be 

induced and maintained in both CAFS and NAFs by direct co-culture with various ovarian 

cancer cell lines. In vivo subcutaneous co-injection of ovarian cancer cells with either CAFs or 

NAFs showed that both CAFs and NAFs were able to support the growth of ovarian cancer cells to 

the same extent, possibly because both types of fibroblasts were activated by the co-injected 

cancer cells. The effects of neutralizing endogenous COL11A1 with a COL11A1-specific 

antibody were tested in vitro and in vivo. The ability of the COL11A1 antibody to suppress CAF 

function was tested in a collagen contraction assay, where we showed that CAFs contract 

collagen more effectively than NAFs and that this contraction ability is abrogated in the presence 

of the COL11A1 antibody (as well as siCOL11A1). However, treatment of tumor-bearing mice 

with the COL11A1 antibody did not have an effect on tumor growth.  

 

The therapeutic use of antibodies is primarily restricted to extracellular or membrane-bound 

proteins due to inefficient intracellular delivery of antibodies by endocytosis. To overcome this 

obstacle, we used biocompatible hyaluronic acid (HA) or polysialic acid (PSA) nanocapsules 

(NC), capable of releasing small cytostatic drugs into cancer cells (3,4), as vehicles for 

intracellular delivery of COL11A1 antibodies into CAFs. To test the NCs potential therapeutic 

utility, we first evaluated their cytotoxicity and intracellular internalization in 781T CAFs. HA-

NCs and PSA-NCs showed similar low cytotoxicity levels after 24 hours of treatment (Fig. 6A).  

Next, to assess the intracellular delivery of the COL11A1 antibody, 781T CAFs were treated at 

different time points with 1.0 mg/mL PSA- or HA-NCs loaded with FITC-labeled antibodies. 

With a single dose of 1mg/mL of FITC-COL11A1 antibody-NCs, HA-NCs were clearly 

internalized into the cytoplasm while PSA-NCs were mostly attached to the membrane (Fig. 6B). 

Thus, HA-NCs are effective in delivering COL11A1 antibody into CAFs and are good 

candidates for in vivo testing.  
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AIM 3. Induce activated CAF-to-cartilage differentiation.  

Since CAF activation is considered a key driver of cancer progression, we hypothesized that 

terminal differentiation of activated CAFs into cartilage would suppress cancer progression. We 

have analyzed our data from the mouse tissues that were injected with differentiation agents. 

Contrary to our hypothesis, Masson’s trichrome staining analyses did not show any difference in 

cartilage/bone formation in the control or experimental groups. A major drawback of our 

experiments was the low level of fibroblast recruitment to the tumor site. It may be worth re-
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Fig 6. Treatment of CAFs with NC. A) 781T CAFs were cultured with MEM+10% FCS for 96 

hours followed by treatment with 0.12-1 mg/mL of HA-NCs/PSA-NCs for 24 hours. Cell viability 

was measured using the CCK-8 kit. Error bars represent standard deviation of biological repeats (2-4 

replicate wells per repeat).  HA, Hyaluronic acid. PSA, Polysialic acid. NC, Nanocapsules. B) 

Confocal microscopy images of 781T CAFs treated for 2 hours with 1 mg/mL of NC. Representative 

images show intracellular localization of labeled HA-NCs (left panel) and the largely extracellular 

location of labeled PSA-NCs (right panel). For each field, a cross-section is presented below. Red-NC, 

Blue-nuclei, Green-Actin.    
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visiting this hypothesis using our improved mouse models of cancer progression accompanied by 

fibrosis. 
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4) other achievements 

Nothing to report. 

a. What opportunities for training and professional development has the project 

provided? 

Nothing to report. 

b. How were the results disseminated to communities of interest? 

We have published our results as open access articles in journals Cancer Letters, Scientific 

Reports and Frontiers in Cell and Developmental Biology. 

c. What do you plan to do during the next reporting period to accomplish the goals? 

Nothing to report. 
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3. IMPACT:  

a. What was the impact on the development of the principal discipline(s) of the 

project? 

Nothing to report. 

b. What was the impact on other disciplines? 

Nothing to report. 

c. What was the impact on technology transfer? 

Nothing to report. 

d. What was the impact on society beyond science and technology? 

Nothing to report. 

4. CHANGES/PROBLEMS:   

a. Changes in approach and reasons for change.   

Using three different approaches to targeting CAFs in an immunocompetent mouse model of 

ovarian cancer that was developed in our laboratory, we failed to show any significant benefits of 

targeting CAFs. We realized that we needed to develop a more fibrotic model of ovarian cancer 

to demonstrate the efficacy of anti-fibrotic agents. Thus, we generated two new mouse models, 

both of which exhibit extensive fibrosis and rapid onset of ovarian carcinomatosis. We believe 

that these new mouse models will transform future studies of the roles of fibrosis in ovarian 

cancer initiation and progression. 

b. Actual or anticipated problems or delays and actions or plans to resolve them.  

Nothing to report. 

c. Changes that had a significant impact on expenditures. No 

 

d. Significant changes in use or care of human subjects, vertebrate animals, 

biohazards, and/or select agents.  No 

e. Significant changes in use or care of human subjects.  No 

f. Significant changes in use or care of vertebrate animals.  No 

g. Significant changes in use of biohazards and/or select agents.  No 

5. PRODUCTS:  

Nothing to report. 
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K, Wiedemeyer WR, Walts AE, Karlan BY, Orsulic S. A COL11A1-correlated pan-

cancer gene signature of activated fibroblasts for the prioritization of therapeutic targets. 

Cancer Letters 2016; 382:203-214.  (Published, acknowledged grant funding) 

 

Jia D, Kamata Y, Katsumata M, Orsulic S. Inflammation is a key contributor to ovarian 

cancer cell seeding. Scientific Reports, 2018, 8:12394. (Published, acknowledged grant 
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Survival Outcomes in B-Cell Lymphomas and Carcinomas. Frontiers in Cell and 
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ii. Books or other non-periodical, one-time publications. N/A 
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Oral presentation (acknowledged grant funding): 
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Seminar Series, Baylor College of Medicine. Houston, TX. January 6, 2016. 

 

Sandra Orsulic: Signatures of Stromal Activation in Cancer. Molecular Pathology 
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Sandra Orsulic. Tumor Microenvironment. Cancer Biology Seminar, Mayo Clinic, 

Jacksonville, FL. February 23, 2018. 

 

b. Website(s) or other Internet site(s).  N/A 

c. Technologies or techniques.   N/A 

d. Inventions, patent applications, and/or licenses.  N/A 

e. Other Products.  N/A 

6. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

a. What individuals have worked on the project? 
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Project Role: Collaborator 
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Dr. Karlan advised on the translational aspects of the proposal and 

participated in experimental design. 

 

Name: Dongyu Jia, PhD 

Project Role: Postdoctoral Fellow 
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Contribution to Project: 

Dr. Jia conducted all experiments that involved testing different 

combinations of treatments in the immunocompetent mouse model of 

ovarian cancer and assisted in data acquisition, analysis, and 

interpretation as well as in the writing of the published manuscripts (Jia et 

al., Cancer Letters 2016; Jia et al., Scientific Reports 2018). 

 

Name: Marcela Haro, PhD 

Project Role: Postdoctoral Fellow 

Nearest person month worked: 4.50 

Contribution to Project: 

Dr. Haro conducted all experiments that involved testing different 

combinations of treatments in the immunocompetent mouse model of 

ovarian cancer and assisted in data acquisition and analysis.  She assisted 

in the writing of the manuscript (Haro and Orsulic, Frontiers in Cell and 

Developmental Biology 2018). 

 

Name: Sandra Billet, PhD 

Project Role: Postdoctoral Fellow 
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Dr. Billet conducted all experiments that involved testing different 
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A B S T R A C T

Although cancer-associated fibroblasts (CAFs) are viewed as a promising therapeutic target, the design
of rational therapy has been hampered by two key obstacles. First, attempts to ablate CAFs have re-
sulted in significant toxicity because currently used biomarkers cannot effectively distinguish activated
CAFs from non-cancer associated fibroblasts andmesenchymal progenitor cells. Second, it is unclear whether
CAFs in different organs have different molecular and functional properties that necessitate organ-
specific therapeutic designs. Our analyses uncovered COL11A1 as a highly specific biomarker of activated
CAFs. Using COL11A1 as a ‘seed’, we identified co-expressed genes in 13 types of primary carcinoma in
The Cancer Genome Atlas. We demonstrated that a molecular signature of activated CAFs is conserved
in epithelial cancers regardless of organ site and transforming events within cancer cells, suggesting that
targeting fibroblast activation should be effective in multiple cancers. We prioritized several potential
pan-cancer therapeutic targets that are likely to have high specificity for activated CAFs and minimal tox-
icity in normal tissues.
© 2016 The Author(s). Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Under normal physiological conditions, collagen-rich fibro-
blasts maintain tissue architecture and serve as a barrier to epithelial
cell migration. However, cancer cells have the ability to convert
the surrounding fibroblasts into activated CAFs, which secrete spe-
cific collagens, growth factors, and enzymes that promote cancer
growth, angiogenesis, invasion, and metastasis [1–3]. At the same
time, these CAFs suppress anticancer immunity, confer drug resis-
tance and/or limit the access of chemotherapies, anti-angiogenic
therapies, and immunotherapies [1–3]. Although the exact mecha-

nisms by which activated CAFs contribute to such diverse aspects
of cancer progression are unclear, it is thought that fibroblasts
together with increased collagen deposition and altered extracel-
lular matrix (ECM) remodeling serve as a rich depot of cancer-
promoting growth factors, cytokines, and chemokines [1,2].
Additionally, altered levels of enzymes responsible for collagen
cross-link formation, such as lysyl oxidase (LOX) [4], increase tissue
stiffness and modify mechanotransduction resulting in the reorga-
nization of loose connective tissue into tense linear tracks of fibers
that serve as highways to promote chemotaxis of cancer cells
[5,6].

Recognizing the crucial role of CAFs in most aspects of cancer
progression, it has been proposed that rational anticancer therapy
design should not only target the cancer cells but also the CAFs [7,8].
Unlike cancer cells, CAFs are genetically stable [9], which reduce the
risk of therapy-induced clonal selection, resistance, and cancer re-
currence. Furthermore, targeting CAFs could potentially affect
multiple biochemical pathways to prevent cancer progression
and recurrence. CAF-targeting therapeutic approaches in different
experimental mouse cancer models have been shown to improve

Abbreviations: αSMA, α-smooth muscle actin; CAFs, cancer-associated fibro-
blasts; CSPG4, chondroitin sulfate proteoglycan 4; ECM, extracellular matrix; LOX,
lysyl oxidase; EMT, epithelial–mesenchymal transition; FAP, fibroblast activation
protein; PALLD, palladin; PDGFRα, platelet-derived growth factor receptor α; PDPN,
podoplanin; TGFβ, transforming growth factor β; TNC, tenascin-C; PRECOG, PREdiction
of Clinical Outcomes from Genomic Profiles.
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tumoral immune response, intratumoral drug delivery, and thera-
peutic efficacy [10–15]. These studies confirm the key role of CAFs
in cancer progression and demonstrate their effectiveness as a ther-
apeutic target. However, targeting CAFs in some cancer models
actually promoted cancer progression. For example, depletion of
αSMA+ stroma in a mouse pancreatic cancer model resulted in in-
creased cancer aggressiveness, enhanced hypoxia and epithelial–
mesenchymal transition (EMT), suppressed anticancer immunity,
and reduced survival [16].

The contradictory results in different cancer models could be ex-
plained by different roles of CAFs in different cancer types, i.e. CAFs
could be promoting breast cancer and inhibiting pancreatic cancer.
Alternatively, in all cancer types CAFs prevent cancer progression
until they receive activating signals from cancer cells and convert
into ‘activated CAFs’, which in turn confer invasive and metastatic
abilities upon cancer cells [7]. Therapies that target all CAFs are coun-
terproductive and likely to result in the death of normal fibroblasts
and significant toxicity. Preferential targeting of activated CAFs has
been challenging because activated CAFs are poorly understood at
the molecular level. During activation, CAFs exhibit phenotypic
changes that partially overlap with myofibroblastic changes during
wound healing, inflammation, and fibrosis, including secretion of
specific ECM components, cytokines and growth factors [1,17].
Several markers have been used to distinguish activated from non-
activated CAFs: α-smooth muscle actin (αSMA, encoded by gene
ACTA2) [3], fibroblast activation protein (FAP) [12], podoplanin
(PDPN) [18], palladin (PALLD) [19,20], tenascin-C (TNC) [21], platelet-
derived growth factor receptor α (PDGFRα) [22,23], and chondroitin
sulfate proteoglycan 4 (CSPG4) [24]. However, these markers are fre-
quently expressed in other cells within the cancer stroma, such as
vascular smoothmuscle cells, pericytes, andmesenchymal stem cells.
This lack of specificity could pose problems in therapeutic target-
ing and underscores the need to better understand the molecular
characteristics of activated CAFs in order to develop more precise
and less toxic targeted therapies.

COL11A1 encodes the α1 chain of collagen XI, a minor fibrillar
collagen expressed by chondrocytes and osteoblasts but not qui-
escent fibroblasts [25,26]. The absence of functional collagen XI leads
to abnormally thickened cartilage and tendon fibrils, suggesting the
role of collagen XI in maintaining proper fibril diameter [27,28].
Studies have demonstrated that COL11A1 mRNA is markedly el-
evated in cancers of the oral cavity/pharynx, head and neck, breast,
lung, esophagus, stomach, pancreas, colon, and ovary, but not in
matched normal tissues (reviewed in [25,26]). COL11A1 has been
identified as part of gene signatures associated with adverse clin-
ical outcomes including resistance to neoadjuvant therapy in breast
cancer [29], time to recurrence in glioblastoma [30], poor survival
in kidney cancer [31], and time to recurrence and overall survival
in ovarian cancer [32,33]. In situ hybridization in ovarian cancer
and immunohistochemistry in pancreatic cancer revealed that
COL11A1 mRNA and pro-protein are primarily expressed in CAFs
[25,32]. The restricted expression of COL11A1 in normal tissues and
its enrichment in CAFs during cancer progression combined with
its association with adverse clinical outcomes in multiple types of
cancer support its candidacy as a specific marker of fibroblast ac-
tivation in diverse cancers. Here, we explore the suitability of COL11A1
as a pan-cancer marker of activated CAFs and use it as a ‘seed’ to
identify the transcription signature of activated CAFs in 13 epithe-
lial cancer types. We show that the COL11A1-coexpressed gene set
is highly conserved in these 13 cancer types, indicating that the fi-
broblast reaction to cancer cells is independent of the organ site-
of-origin and of the transforming events within cancer cells. Finally,
by combining drug target databases with cancer vs. normal tissue
expression databases, we identify several potential therapeutic
targets that should have high specificity for activated CAFs and
minimal toxicity in normal tissues.

Materials and methods

Human tissues

Studies involving human tissue samples were approved by the Cedars-Sinai In-
stitutional Review Board (IRB 15425). The samples included a tissue microarray from
42 patients with matched primary, metastatic, and recurrent ovarian cancer.

In situ hybridization

The RNA hybridization kit (RNAscope 2.0 FFPE Assay) and probes for COL11A1,
the bacterial gene dapB (negative control), and the housekeeping gene HPRT (pos-
itive control), were from Advanced Cell Diagnostics, Inc. Formalin-fixed, paraffin-
embedded tissue section slides were processed by the Cedars-Sinai Biobank and
Translational Research Core following the protocol provided with the RNAscope In
Situ Hybridization kit from Advanced Cell Diagnostics, Inc. The slides were coun-
terstained with Mayer’s hematoxylin.

Immunohistochemistry

Immunohistochemical detection of αSMA was performed on formalin-fixed,
paraffin-embedded tissue sections using the protocol provided with the pre-
diluted asm-1 clone antibody from Leica Microsystems. Staining was done by the
Cedars-Sinai Pathology Service on the Ventana Benchmark Ultra automated slide
stainer. The stainingwas visualized using the Ventana OptiViewDABDetection System.
The slides were counterstained with Mayer’s hematoxylin.

In vitro co-culture experiments

The ovarian cancer cell lines OVCAR3-GFP, KURAMOCHI-GFP and OVSAHO-
GFP were maintained in RPMI-1640 (Corning) supplemented with 10% fetal bovine
serum (FBS) and 1x penicillin/streptomycin (Corning). Cell line authenticity was con-
firmed by Laragen using the short tandem repeat (STR) method. The immortalized
normal ovarian fibroblasts INOF-tdTomato cell lines [34] were maintained in a 1:1
ratio of MCDB 105 (Sigma-Aldrich) and Medium 199 (GIBCO) with 10% FBS, 50 U/
ml penicillin and 50 μg/ml streptomycin. Immortalized normal ovarian fibroblasts
and ovarian cancer cells were co-cultured in 1% FBS supplementedmedia (1:1:2 ratio
of MCDB 105, Medium 199 and RPMI-1640) using 6-well plates, either by directly
plating ovarian cancer cells (105 cells/well) onto a 70% confluent layer of normal
ovarian fibroblasts or onto a 0.4 μm Transwell membrane. Media were replaced every
2 days. After 4 days of co-culture, GFP-labeled ovarian cancer cells and tdTomato-
labeled fibroblasts were separated by FACS in PBS with 0.5% FBS. RNA extraction from
fibroblasts and ovarian cancer cell lines was performed using the RNeasy Mini Kit
(Qiagen) and reverse transcribed to cDNA using the Quantitect Reverse Transcrip-
tion Kit (Qiagen). For qRT-PCR, 50 ng of cDNA was mixed with COL11A1 primers
(Forward: 5′-GACTATCCCCTCTTCAGAACTGTTAAC-3′; Reverse: 5′- CTTCTATCAAGTGG
TTTCGTGGTTT-3′) and the iQ SYBR-Green Supermix (BioRad) and run on the CFX96
Real-Time System (BioRad). Data were analyzed using the 2-ΔCT method and nor-
malized to INOF-tdTomato control to present the fold change ratios. All mRNA data
were normalized to RPL32 expression (Forward: 5′-ACAAAGCACATGCTGCCCAGTG-
3′; Reverse: 5′-TTCCACGATGGCTTTGCGGTTC-3′). The statistical analyses were
performed using GraphPad Prism (version 6.0; GraphPad Software). The unpaired
t test was used for data analyses.

Public database portals and dataset analyses

Data from public portals were used as provided by individual portals without
additional processing or normalization, unless otherwise indicated. Box plots of
COL11A1 expression in normal tissues and cancers were generated using the Gene
Expression across Normal and Tumor tissue (GENT) portal (medical-
genome.kribb.re.kr/GENT) in which data frommultiple datasets were processed and
normalized as previously described [35]. COL11A1 expression level diagrams for in-
flammatory bowel disease, lung fibrosis, and cancers of the colon and lung were
generated using the R2 MegaSampler public portal (hgserver1.amc.nl/cgi-bin/r2/
main.cgi). A description of the methods used for data processing and normalization
is available through the portal. Survival z-scores for individual genes and cancer types
were obtained from the PREdiction of Clinical Outcomes from Genomic Profiles
(PRECOG) portal (precog.stanford.edu). Methods for calculating PRECOG z-scores have
been published [36]. Ranking of the COL11A1-correlated genes in 13 TCGA carcino-
ma types was determined using data from individual cancer datasets that were
processed by cBio Portal (cbioportal.org) as previously described [37]. Kaplan–
Meier survival plots and plots of COL11A1 expression in individual molecular subtypes
of ovarian carcinoma were generated using the ovarian cancer microarray gene ex-
pression database CSIOVDB (csibio.nus.edu.sg/CSIOVDB/CSIOVDB.html), which has
been previously described [38]. The dataset for fibroblast and ovarian epithelial cell
co-culture was imported from the Gene Expression Omnibus (ncbi.nlm.nih.gov/
geo). The Euclidean distance clustering analysis heatmap for the e-mtab-991 [39]
and GSE40595 [40] datasets was generated using the public R2 GeneSet Clustering
Analysis portal (hgserver1.amc.nl/cgi-bin/r2/main.cgi), which also describes methods
that were used to process and normalize data from datasets included in the portal.
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Results

COL11A1 is expressed in a subset of αSMA-positive CAFs and can be
induced in normal fibroblasts by the presence of cancer cells

To determine if COL11A1 expression is associated with fibro-
blast activation, we used αSMA as a marker of activated CAFs [3].
Comparison of αSMA immunohistochemistry and COL11A1 in situ
hybridization in a tissue microarray consisting of primary, meta-
static and recurrent ovarian cancers from 42 patients showed that
COL11A1 is expressed in a subset of αSMA+ CAFs (Fig. 1A). Unlike
αSMA, COL11A1was not expressed in blood vessels (red arrows) or
in fibroblasts surrounding the cancer (blue arrows) (Fig. 1A).

In sections of metastatic ovarian cancer, we observed that
COL11A1-positive cells are confined to the intratumoral and imme-
diate peritumoral CAFs (Fig. 1B), suggesting that COL11A1 expression
may be induced by cues received from epithelial cancer cells. To test
if cancer cells can induce COL11A1 expression in fibroblasts, we
co-cultured immortalized normal ovarian fibroblasts (INOFs) with
three different ovarian cancer cell lines (OVSAHO, OVCAR3, and
KURAMOCHI). COL11A1 expression in INOFs was most strongly
induced by direct co-culture with ovarian cancer cell lines al-
though weak induction occurred by indirect co-culture on a
Transwell membrane (Fig. 1C). The induction of COL11A1 in fibro-
blasts in the presence of cancer cells was confirmed by analysis
of the public expression dataset GSE52104 in which two types of

Fat
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~50%
Tumor

Peritumoral
stroma

Intratumoral
stroma 100μm

1 mm

A

B

Cultured alone
Co-culture (Transwell)
Co-culture (direct contact)

C

Cultured alone
Transwell co-culture with normal ovarian epithelial cells
Transwell co-culture with ovarian carcinoma cell line

D
100 μm

100 μm

1 mm

BV

NC
BV BV

α-SMA IHC COL11A1 ISH

Fig. 1. COL11A1 is expressed in CAFs. (A) Comparison of αSMA immunohistochemistry and COL11A1 in situ hybridization in a metastatic ovarian cancer sample. Red arrows
indicate blood vessels. Blue arrows indicate fibroblasts surrounding the tumor nodule. A high magnification of peritumoral and intratumoral regions in the black rectangles
is shown in panels on the left. IHC, immunohistochemistry; ISH, in situ hybridization; BV, blood vessel; NC, necrosis. (B) Distribution of in situ hybridization COL11A1-
positive CAFs in relation to cancer cells. The estimated percent of COL11A1-positive CAFs is shown on the right. The image is representative of metastatic and recurrent
ovarian cancer samples, which typically express higher levels of COL11A1 than primary ovarian cancers. (C) Quantitative RT-PCR levels of COL11A1 in sorted (FACS) immor-
talized normal ovarian fibroblasts (INOFs) grown alone or co-cultured with ovarian cancer cell lines (OVSAHO, OVCAR3, KURAMOCHI) that were either separated from INOFs
by a Transwell membrane or directly mixed with INOFs. Statistical analyses were performed between INOFs grown alone and INOFs co-cultured with ovarian cancer cells
(*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). Error bars indicate standard deviation. (D) Levels of COL11A1 in the GSE52104 expression dataset in which mesen-
chymal stem cells (MSCs) or immortalized normal ovarian fibroblasts (INOFs) were either cultured alone or co-cultured with IOSE4 normal epithelial cells (IOSE) or HEYA8
epithelial ovarian cancer cells (EOC) using a Transwell membrane. Inverse-log2 values of the Robust Multi-array Average (RMA) scores from different COL11A1 probes were
averaged, then log2-transformed. The data were extracted for statistical analyses using GraphPad Prism 6. Data are represented as the mean ± SEM. Intergroup differences
were assessed by the Student’s t-test. *p < 0.05; ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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presumptive cancer-associated fibroblast precursor cells, mesen-
chymal stem cells (MSCs) and immortalized normal ovarian
fibroblasts (INOFs), were either cultured alone or co-cultured with
normal ovarian surface epithelial cells (IOSE) or epithelial ovarian
cancer cells (EOC) using a Transwell membrane [41]. COL11A1mRNA
was statistically significantly upregulated when MSCs and INOFs
were co-cultured with EOC but not IOSE (Fig. 1D), indicating that
cancer cells have a greater capacity than normal cells to induce
COL11A1 expression in fibroblasts.

COL11A1 is associated with cancer progression and poor survival

COL11A1 mRNA expression has been associated with poor sur-
vival in ovarian cancer [32,33] and kidney cancer [31]. To elucidate
the underlying biology that could result in poor survival, we inves-
tigated its expression in ovarian and colon cancers. Using a
comprehensively annotated microarray database for 3431 human
ovarian cancers [38], we show that increased expression of COL11A1
mRNA is associated with overall survival and disease-free survival
(Fig. 2A) as well as with clinical and molecular parameters such as
increased cancer stage and grade and mesenchymal molecular
subtype (Fig. 2B). The association of COL11A1 expression with poor
survival is unlikely to be a manifestation of the total amount of
stromal fibroblasts because a general marker of fibroblasts, vimentin
(VIM), is not associated with poor survival in the same cohort of
ovarian cancer patients (Table S1). The association of COL11A1with

adverse outcomes is also not restricted to ovarian cancer. We show
that in 1820 colon cancers [42], increased expression of COL11A1
mRNA is associated with poor disease-specific and disease-free sur-
vival as well as with clinical and molecular parameters, such as
increased cancer stage andmicrosatellite instability and CMS4 (mes-
enchymal) molecular subtype (Fig. S1A, B).

To systematically investigate an association between COL11A1
mRNA expression and survival in various solid and liquid cancers,
we plotted COL11A1 z-score values as determined by the pan-
cancer PREdiction of Clinical Outcomes from Genomic Profiles
(PRECOG) analysis of ~18000 cases in 166 cancer datasets [36]. In
most epithelial cancers, COL11A1 expression was associated with
poor survival (Fig. 3A). Associations between expression of 43 col-
lagen genes and survival z-scores in 12 common epithelial cancer
types revealed that for the majority of collagens, increased expres-
sions of mRNA were associated with poor survival, with COL11A1
having the strongest association (Fig. 3B).

COL11A1 is among the most differentially expressed genes between
cancers and corresponding benign tissues

In the Genotype-Tissue Expression (GTEx) project database [43],
COL11A1 mRNA is expressed at appreciable levels in transformed
skin fibroblasts but not in non-transformed skin fibroblasts or other
normal tissues (Fig. S2). Additional analyses of various expression
datasets containing normal adult mouse and human tissues
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Fig. 3. COL11A1 expression in cancer is associated with poor survival in multiple cancer types. (A) Survival z-scores in different cancer types associated with expression of COL11A1 mRNA. (B) Survival z-scores associated with
mRNA expression of different collagen genes. The data were obtained from the PREdiction of Clinical Outcomes from Genomic Profiles (PRECOG) database (precog.stanford.edu).
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revealed that COL11A1 is expressed in cartilage and collagen-
producing cells in the eye and brain, with negligible levels in most
other tissues that have been profiled including mesenchymal stem
cells in the bone marrow, muscle, and fat (data not shown).

Comparison of COL11A1 expression in 17931 cancers and 3503
normal tissues (U133Plus2 platform) and 9258 cancers and
4087 normal tissues (U133A platform) using the Gene Expression
across Normal and Tumor tissue (GENT) portal [35] revealed that
COL11A1mRNA is elevated in most cancers in comparison to their
corresponding normal tissues (Fig. 4A). In some cancers, COL11A1
was ranked among the most statistically significant differentially
expressed genes when cancer and its corresponding normal tissue
were compared. For example, comparison of cancer and normal
tissues in The Cancer Genome Atlas (TCGA) datasets for colon cancer
and invasive breast cancer ranked COL11A1 as the first and thirdmost
differentially expressed gene, respectively (Fig. S3).

As many collagens and collagen-remodeling genes are fre-
quently upregulated in fibroblast activation associated with
inflammation and fibrosis in the absence of cancer, use of these genes
as therapeutic targets in cancer could be problematic. Analysis of
expression profile datasets show that levels of COL11A1 mRNA in
inflamed colonic tissue from inflammatory bowel disease and fi-
brotic lung tissues are not significantly different from those in
corresponding unaffected colon and lung and that COL11A1 levels
associated with colon inflammation and lung fibrosis are minimal
and markedly different from those associated with colon and lung
cancers (Fig. 4B). In contrast, levels of ACTA2, the gene encoding the
prototypical marker of myofibroblast differentiation, αSMA, is ex-
pressed at similar levels in cancers and inflamed or fibrotic tissues
(Fig. 4B).

A consistent set of genes is co-expressed with COL11A1 across
different cancers

To better understand the biology of cancers with high levels of
COL11A1, we identified genes that most closely correlate with
COL11A1 mRNA expression in 13 TCGA datasets representing dif-
ferent cancer types. Spearman’s rank correlations between COL11A1
and its co-expressed genes for each cancer type were calculated.
The genes were then ranked based on the average correlation of each
gene across the 13 cancer types. The top 195 correlated genes were
selected based on an average correlation of >0.4 COL11A1-correlated
genes were then ranked based on the average of the absolute cor-
relation values (Table 1 and Table S2). The top 10% most highly
correlated genes in each cancer type are highlighted in pink (Table 1).
Notably, COL11A1-correlated genes with high average correlation
scores also tended to be among the top 10% highest scored genes
in each cancer type (indicated in pink in Table 1). In contrast, the
top 10% COL11A1-anticorrelated genes were not conserved across
these cancer types (Table S3). Some of the top ranked COL11A1-
anticorrelated genes in individual cancer types were associated with
normal functions of these organs suggesting that they may repre-
sent normal tissue or a noninvasive tumor component. For example,
the ovarian cancer top 100 COL11A1-anticorrelated genes (Table S3)
present in the GSE12172 ovarian cancer dataset were primarily ex-
pressed in ovarian tumors of low malignant potential (Fig. S4).

Pan-cancer COL11A1-correlated genes are induced in CAFs

Consistent with the induced expression of COL11A1 in the in vitro
co-culture model (Fig. 1D), the average expression of the pan-
cancer COL11A1-correlated gene set was significantly induced in
mesenchymal stem cells and normal ovarian fibroblasts co-cultured
with ovarian cancer cells but not with normal ovarian epithelial cells
(Fig. S5). Since epithelial cells were not profiled in this experi-
ment, it is unknown if fibroblasts also induce expression of the pan-

cancer COL11A1-correlated genes in epithelial cells. This is relevant
because several of the 195 pan-cancer COL11A1-correlated genes have
been shown to play a role in EMT [42] and malignant cells under-
going EMT have been proposed as one possible source of CAFs [44].
To determine if the pan-cancer COL11A1-correlated gene set is pref-
erentially expressed in cancer cells undergoing EMT or in host-
derived fibroblasts, we used the e-mtab-991 public transcription
profile dataset of primary patient-derived colon cancers and their
patient-derived xenografts (PDX) in nude mice [39]. Presumably, in
PDX samples, fast-proliferating human cancer cells continued to grow
in mice while slow-proliferating human CAFs were lost and even-
tually replaced by mouse fibroblasts, which can be distinguished
from human cells by species-specific gene probes [39]. GeneSet clus-
tering analysis showed that most of the pan-cancer COL11A1-
correlated genes had diminished levels in PDX samples in comparison
to primary cancers (Fig. 5A), suggesting that the genes are en-
riched in the CAFs rather than in the cancer cells. However, it is also
possible that the pan-cancer COL11A1-correlated genes are ex-
pressed in epithelial cells in primary colon tumors but become
silenced upon adaptation of human cancer cells to the mouse mi-
croenvironment. Thus, we conducted GeneSet clustering analysis
of the primary ovarian cancer dataset GSE40595 in which ovarian
CAFs and epithelial cancer cells were isolated by laser-capture mi-
crodissection [40]. The pan-cancer COL11A1-correlated genes were
preferentially expressed in CAFs in this dataset (Fig. 5B).

In addition to CAFs, immune cells are a major component of the
tissue microenvironment. To exclude the possibility that the pan-
cancer COL11A1-correlated gene set represents immune cells in the
tumor microenvironment, we used the expression profile of 230
mouse hematopoietic cell types generated by the Immunological
Genome Project (ImmGen) compendium [45]. In addition to he-
matopoietic cell lineages, the dataset contains expression profiles
of skin fibroblasts and fibroblasts residing in the thymus, lymph
nodes, and spleen. The pan-cancer COL11A1-correlated gene set was
highly represented in fibroblasts but not in hematopoietic cell lin-
eages (Fig. 5C).

CAFs have a different expression profile than normal fibro-
blasts. Moffitt and colleagues defined a 23-gene signature of ‘normal
stroma’ and a 25-gene signature of ‘activated stroma’ [46] using non-
negative matrix factorization for virtual microdissection of primary
and metastatic pancreatic ductal cancer samples into cell subsets
with prognostic and biologic relevance. None of the 23 (0%) ‘normal
stroma’ genes in contrast to 18 of 25 (72%) ‘activated stroma’ genes
were present in the COL11A1-correlated gene set, respectively
(Fig. 5D), suggesting that the COL11A1-correlated gene set repre-
sents CAFs.

Biological processes associated with fibroblast activation in cancer

The remarkable uniformity of COL11A1-correlated genes across
13 different cancer types suggests involvement of these genes in
common biological processes that are independent of the organ site
and of the phenotypic and genetic diversity observed in individu-
al cancer types. To gain insight into the biology of this conserved
gene set, we conducted several analyses that identified overlap
between the 195 pan-cancer COL11A1-correlated genes and genes
in various datasets with characterized biological features. The Gene
Ontology (GO) Biological Process (BP) analysis revealed that the pan-
cancer COL11A1-correlated genes are primarily involved in
extracellular matrixmodification and collagen remodeling (Table S4).
Additionally, we used SABiosciences array gene tables, which consist
of literature-based curatedmolecular pathways where each pathway
was represented by 84 genes. Analysis of gene overlap between
the pan-cancer COL11A1-correlated gene set and genes represen-
tative of 67 different pathways in SABiosciences arrays showed the
largest overlap for pathways associated with extracellular matrix,
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Fig. 4. Increased expression of COL11A1 in cancer and low expression in normal tissues, inflammation and fibrosis. (A) Comparison of COL11A1mRNA expression in normal tissues and corresponding cancers. Box plots for two
different platforms (U133Plus2 and U133A) were generated using datasets and software available through the Gene Expression across Normal and Tumor tissue (GENT) portal (medical-genome.kribb.re.kr/GENT). The y axis
shows log2 mRNA levels. Average expression levels in normal tissues and cancer tissues are indicated by vertical dotted green and red lines, respectively. (B) COL11A1 and ACTA2 mRNA expression in normal, inflammatory and
fibrotic conditions in comparison to cancer. The graphs were generated using the public R2 MegaSampler software (hgserver1.amc.nl/cgi-bin/r2/main.cgi) for the processing and normalization of individual datasets imported
from the Gene Expression Omnibus (u133p2, MAS5.0 platform). The number of samples in each GSE dataset is indicated in parentheses. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Table 1
COL11A1-correlated genes (Spearman’s rank correlation) across 13 different TCGA carcinoma types, each represented by >100 primary tumors from therapy-naive patients.
Pink denotes the top 10% COL11A1-correlated genes in each individual carcinoma type. Rectangles denote genes frequently used as markers of activated CAFs.
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fibrosis, osteogenesis, wound healing, EMT, cardiovascular disease,
and transforming growth factor β (TGFβ) signaling (Table S5).
COL11A1-correlated gene set enrichment analysis of chemical and
genetic perturbations (CGP) showed themost significant overlapwith
genes up-regulated in association with cancer invasiveness, ad-
vanced stage, stromal cell stemness, and epithelial-mesenchymal
transition (EMT) (Table S6). The uniformity of the COL11A1-correlated
genes across different cancers might also indicate that these genes
are regulated by a common mechanism. Ingenuity Pathway Anal-
ysis showed that transforming growth factor beta 1 (TGFB1) is the
most strongly associated upstream regulator of the pan-cancer
COL11A1-correlated genes (Table S7).

COL11A1-correlated genes are associated with poor patient survival
and represent potential therapeutic targets

To determine whether the pan-cancer COL11A1-correlated gene
set is associated with patient survival in the ~18,000 cases of liquid
and solid malignancies in the PRECOG dataset [36], we compared
survival z-scores for the 195 pan-cancer COL11A1-correlated genes
with the survival z-scores for all genes in the dataset. This analy-
sis showed that expression of the pan-cancer COL11A1-correlated
gene set is significantly associated with poor survival (Fig. 5E).

Expression profile analyses have identified a mesenchymal mo-
lecular subtype of cancer associated with poor survival in multiple
cancers including ovarian [47], pancreatic [46], gastric [48] and colon
[49]. In colon cancer, it has been shown that the mesenchymal mo-
lecular subtype, which constitutes approximately 23% of colon
cancers, has no significant enrichment for targetable mutations or
copy number changes in candidate driver genes [49]. Even if future
research identifies targetable events in cancer cells of the mesen-
chymal subtype, it is predicted that enrichment in CAFs and excessive
ECM deposition will reduce therapeutic efficacy by creating a phys-
ical barrier for drug transport. Thus, simultaneous targeting of CAFs
and cancer cells may be necessary for chemotherapeutic accessibility.

To identify therapies that preferentially target activated CAFs
and spare normal tissues, we combined drug target searches with
expression profile datasets in cancers and normal tissues. Ingenu-
ity Pathway Analysis and searches of the Clinicaltrials.gov
(clinicaltrials.gov) and ChEMBL [50] (ebi.ac.uk/chembl) databases
revealed that, of the 195 pan-cancer COL11A1-correlated genes, 16
are targets of drugs used in clinical trials (Table S8) and 30 are targets
of bioactive compounds (Table S9).

To test whether any of the drug/bioactive compound target genes
in Tables S8 and S9 are exclusively expressed in activated CAFs, we
determined the expression levels of each gene in normal tissues in
the GTEx database [43] and in normal vs. cancer tissues in the GENT
database [35]. Additionally, to test whether selected genes were ex-
clusively overexpressed in cancer tissues and not in non-cancer
associated pathologies such as inflammation and fibrosis, we com-
pared expression of these genes in normal tissues, inflamed/
fibrotic tissues and cancer tissues of the colon and lung. Unlike
COL11A1, which has restricted expression in normal tissues (Fig. S2)
and is highly elevated in cancer vs. normal tissues (Fig. 4A) and in
cancer vs. inflamed/fibrotic tissues (Fig. 4B) most of the target genes
were expressed at high levels in at least one normal tissue and/or
exhibited equivalent expression levels in cancers vs. normal tissues,
and cancers vs. inflamed/fibrotic tissues. One example of this pattern
of expression is CTGF (Figs. S6 and S7). However, FN1,MMP13,MMP14,
FAP, LOX and COL1A2 exhibited restricted expression in normal tissues
and elevated expression in cancer vs. normal tissues. One example
of this pattern of expression is FAP (Figs. S8 and S9). Among FN1,
MMP13, MMP14, FAP, LOX and COL1A2, FAP was also differentially
expressed between inflamed/fibrotic tissues and cancer tissues al-
though this difference in expression was not as prominent as for
COL11A1 (compare Fig. S9B and Fig. 4B).

Discussion

Whereas in the past most therapeutic approaches have focused
on the cancer cell and its genetic alterations, it is becoming appar-
ent that the microenvironment plays an equally important role in
cancer evolution. We now recognize that the cancer stroma not only
serves as a scaffold for tissue organization and integrity but also pro-
vides key biomechanical andmolecular signals that can affect various
aspects of cancer growth and biology, including proliferation, sur-
vival, metabolism, stem cell fate, and response to chemotherapy
[51,52]. As the genetically stable subpopulations of the cancer mi-
croenvironment are increasingly recognized as potentially effective
therapeutic targets, a comprehensive definition of their molecular
characteristics will be a prerequisite for the development of more
precise and less toxic therapies. Currently, there are no reliable
methods to distinguish activated CAFs from non-activated CAFs,
which although frequently abundant within cancers do not neces-
sarily contribute to adverse outcome. We identified COL11A1 among
the top differentially expressed genes in multiple cancer types when
cancer tissues and their corresponding normal tissues were com-
pared. We showed that an increase in COL11A1 expression is
associated with progression and poor survival in most cancer types.
COL11A1 is a particularly attractive therapeutic target because of its
restricted expression in normal tissues and non-cancer condi-
tions, such as inflammation and fibrosis.

The identification of a highly conserved set of genes associated
with COL11A1 expression in breast, lung, pancreas, stomach, urinary
bladder, colon, thyroid, cervix, head and neck, thyroid, ovary, and
prostate cancers was somewhat surprising in light of the genetic
and phenotypic diversity among these cancer types. The con-
served expression signature indicates that the reaction of stromal
tissues to invading epithelial cancer cells may be similar regard-
less of the organ of origin or genetic alterations. This has significant
implications for the development of pan-cancer therapeutic strat-
egies. Our analysis of potential upstream regulators of the pan-
cancer COL11A1-correlated genes revealed TGFB1 as the most likely
candidate. Dysregulation of TGFβ signaling is recognized as themain
driver of fibroblast activation and represents the most logical ther-
apeutic target [53]. In immortalized normal ovary fibroblast cell
culture, recombinant TGFB1 has been shown to upregulate expres-
sion of COL11A1 and several other COL11A1-correlated genes; this
effect was abrogated by the TGFβ receptor inhibitor A83-01 [32].
However, the pleiotropic nature of TGFβ signaling carries the risk
of adverse effects in patients [54]. In order to abrogate fibroblast
activation without the negative effects of pan-TGFβ therapy, it will
be necessary to design therapies for more specific targets.

Sixteen of the 195 pan-cancer COL11A1-correlated genes are
targets of drugs in clinical trials. These targets include CTGF, a
matricellular protein involved in myofibroblast formation in cancer
as a binding factor of fibronectin and a downstream mediator of
TGFβ. A clinical trial (clinicaltrials.gov; NCT02210559) is currently
enrolling patients with unresectable pancreatic cancer to test a com-
bination of conventional chemotherapy and FG-3019, the human
monoclonal antibody that interferes with the action of CTGF. Our
expression analyses, consistent with the published literature (re-
viewed in Ref. [55]), show that CTGF is expressed at similar levels
in normal tissues and cancers and therefore unlikely to be a safe
therapeutic target for cancer treatment. In contrast, targets such as
FN1, FAP, MMP13, LOX and COL2A1 aremarkedly increased in cancer/
inflammation/fibrosis compared to normal tissues and are thus
predicted to have a better safety profile than agents targeting CTGF.
Our assessment is consistent with the published moderate and re-
versible toxicity of the FN1-targeting monoclonal antibody-cytokine
fusion protein L19-IL2, which is in a phase I/II study for patients
with solid cancers (clinicaltrials.gov; NCT01058538) [56,57]. Our ex-
pression analyses show that one of the targets of bioactive
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compounds, FAP, has low expression in normal tissues and also lower
expression in inflamed/fibrotic tissues than in cancer. Yet, this dif-
ference in expression may not be sufficient for specific targeting of
activated CAFs as studies in mouse models have shown that de-
pletion of the FAP+ stroma can induce toxicity due to expression
of FAP in themesenchymal cells of bonemarrow,muscle and adipose
tissue [58,59]. Future efforts to specifically target activated CAFs can
be improved by designing novel therapies to target genes that exhibit
restricted expression in nonmalignant tissues. When considering
COL11A1 as a cancer-specific biomarker and therapeutic target, it
is important to note that several normal tissues express COL11A1.
The potential side effects of COL11A1 targeting can be predicted
based on the phenotypes of mice and humans expressing mutant
nonfunctional forms of COL11A1. A homozygous truncating muta-
tion of COL11A1 in mice results in poorly formed cartilage [60],
while human COL11A1 mutations are associated with articular
hypermobility, dermal hyperelasticity and widespread tissue fra-
gility [61]. Of note, these collagenopathies are associated with the
absence of COL11A1 function throughout development and are un-
likely to manifest upon transient targeting of COL11A1 in adults.
Additionally, since COL11A1 and many of the pan-cancer COL11A1-
coexpressed genes have multiple tissue-specific mRNA splicing
isoforms, it will be valuable for future targeting purposes to deter-
mine if any mRNA isoforms are specifically expressed in activated
CAFs [62].
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The tumor microenvironment is increasingly recognized as an active participant in
tumor progression. A recent pan-cancer genomic profile analysis has revealed that
gene signatures representing components of the tumor microenvironment are robust
predictors of survival. A stromal gene signature representing fibroblasts and extracellular
matrix components has been associated with good survival in diffuse large B-cell
lymphoma (DLBCL). Paradoxically, a closely related gene signature has been shown
to correlate with poor survival in carcinomas, including breast, ovarian, pancreatic, and
colorectal cancer. To date, there has been no explanation for this paradoxical inverse
correlation with survival outcomes in DLBCL and carcinomas. Using public gene data
sets, we confirm that the DLBCL stromal gene signature is associated with good
survival in DLBCL and several other B-cell lymphomas while it is associated with poor
survival in ovarian cancer and several other solid tumors. We show that the DLBCL
stromal gene signature is enriched in lymphoid fibroblasts in normal lymph nodes and
in cancer-associated fibroblasts (CAFs) in ovarian cancer. Based on these findings,
we propose several possible mechanisms by which CAFs may contribute to opposite
survival outcomes in B-cell lymphomas and carcinomas.

Keywords: B cells, B-cell lymphoma, CAFs, cancer-associated fibroblasts, DLBCL, gene signature, ovarian
cancer, tumor microenvironment

INTRODUCTION

During the past decade, gene expression profile analyses of frozen tumor pieces have been
widely used to quantify various biological characteristics of malignant tumor cells and the
microenvironment in which they reside. Individual biological characteristics and dominant
molecular pathways in tumors are frequently associated with expression of a defined set of genes,

Abbreviations: CAF, cancer-associated fibroblast; CD, cluster of differentiation; CXCL, C-X-C motif chemokine ligand;
DC, dendritic cells; DLBCL, diffuse large B-cell lymphoma; ECM, extracellular matrix; FDC, follicular dendritic cells;
FRC, fibroblastic reticular cells; GC, germinal center; Ig, immunoglobulin; ImmGen, immunological genome project; IPA.
ingenuity pathway analysis; MRC, marginal reticular cells; NK, natural killer; PDGFRα, platelet-derived growth factor
receptor α; PDPN, podoplanin; PRECOG, PREdiction of clinical outcomes from genomic profiles; TCGA, the Cancer genome
atlas project; TGFβ, transforming growth factor β; TIL, tumor infiltrating lymphocyte; TLS, tertiary lymphoid structure.
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known as a gene expression signature. Since phenotypic
features represented by gene expression signatures are
sometimes associated with clinical features, such as the
length of survival of cancer patients or their response to
therapy, gene expression signatures can be used as quantitative
predictors of clinical outcomes. A recent pan-cancer PREdiction
of Clinical Outcomes from Genomic Profiles (PRECOG)
analysis revealed that genes in the tumor microenvironment
are better predictors of survival than genes expressed in
malignant tumor cells (Gentles et al., 2015). The two most
prominent components in the microenvironment of solid
tumors are fibroblasts and immune cells (Aran et al., 2017).
Generally, in carcinomas, genes expressed in fibroblasts
are associated with poor survival while genes expressed in
immune cells, particularly leukocytes, are associated with
good survival (Gentles et al., 2015). Tumor infiltrating
lymphocytes (TILs) and tertiary lymphoid structures (TLS)
are generally associated with improved clinical outcomes as
evidenced by the improved overall survival and disease-free
survival in various types of tumors (Fridman et al., 2012;
Dieu-Nosjean et al., 2014; Barnes and Amir, 2017). However,
depending on the type of tumor, tumor stage, and location
of TILs within the tumor (tumor bed, invasive margin and
stroma), different types of TILs have been associated with
both positive and negative prognosis. For example, cytotoxic
CD8+ T cells, memory T cells, and CD4+ T helper cells
are generally associated with a better prognosis, whereas
T regulatory cells, tumor associated macrophages, and
myeloid-derived suppressor cells are associated with poor
prognosis and can promote tumor progression (Fridman
et al., 2012; Kitamura et al., 2015; Barnes and Amir, 2017).
Furthermore, fibroblasts in the tumor microenvironment are
phenotypically heterogeneous and may exhibit both a pro-
and anti-tumorigenic phenotype (Augsten, 2014). Thus, the
tumor microenvironment is a complex network of interaction
between tumor cells and components of the stroma, including
the extracellular matrix (ECM), and it is currently unclear
which factors in the tumor microenvironment control the
quantity and distribution of different immune cell subtypes.
Specifically, it is unknown if fibroblasts and immune cells
affect prognosis independently or through an interdependent
interaction.

The functional interaction between fibroblasts and immune
cells has been most thoroughly studied in normal lymph nodes
and the spleen, where specialized fibroblasts produce ECM
to form a network that allows for lymphocyte movement
along the matrix in response to chemokine signaling. The
presence of lymphoid fibroblasts is necessary for functional
attraction, retention, compartmentalization, and survival of
immune cells (Koning and Mebius, 2012). Lymphoid fibroblasts
are crucial for lymphocyte homeostasis as well as controlling
and expanding the lymphocyte pool (Mueller and Germain,
2009). Lymphoid fibroblasts are also key players in mediating
functional immune cell interactions in the lymph nodes through
direct contact or via secreted molecules (Chang and Turley,
2015). Follicular dendritic cells (FDC) attract B cells to the
germinal center (GC) by secreting C-X-C motif chemokine

ligand 13 (CXCL13), while marginal reticular cells (MRC)
use a network of follicular conduits to deliver antigens to
cognate B cells (Chang and Turley, 2015). By secreting C-C
motif chemokine ligands 19 and 21 (CCL19 and CCL21),
fibroblastic reticular cells (FRC) recruit mature dendritic cells
(DC) and naïve B and T cells to promote cell-cell interactions
within the T cell zone (Mueller and Germain, 2009; Brown
and Turley, 2015; Fletcher et al., 2015). Recent studies
have shown that FRC are important for B-cell homeostasis
(Cremasco et al., 2014). This function has been previously
ascribed to FDC, however, cell-specific depletion experiments
demonstrated that only FRC are crucial for B-cell survival.
The mechanism by which FRC support B-cell survival is
not entirely clear, but it is thought to involve crosstalk
with B cells to control the boundaries of primary B-cell
follicles (Cyster, 2010; Mionnet et al., 2013; Cremasco et al.,
2014).

Similar to lymphoid fibroblasts in normal lymph nodes,
cancer-associated fibroblasts (CAFs) are stromal cells that
produce ECM, provide scaffolding, and exert regulatory
functions through growth factors, cytokines, and chemokines
that can promote tumor growth, angiogenesis, invasion,
and metastasis (Kalluri and Zeisberg, 2006; Levental et al.,
2009; Lu et al., 2012; Spano and Zollo, 2012; Harper and
Sainson, 2014). Recent studies provide evidence that CAFs
can also directly or indirectly contribute to immune cell
fate and survival (Harper and Sainson, 2014; Costa et al.,
2018; Mariathasan et al., 2018; Tauriello et al., 2018). It
has recently been shown that a gene signature representing
activated CAFs is present in most epithelial tumors (Jia et al.,
2016) despite the diversity of resident fibroblasts in different
organs and the presence of multiple fibroblast populations
within a single tumor type (Costa et al., 2018). Activated
CAFs in breast cancer, and possibly in other carcinomas,
are associated with immunosuppressive populations of T
lymphocytes (Costa et al., 2018). It is unclear if activated CAFs
in carcinomas are also associated with immunosuppressive
populations of B cells due to poorly defined markers for such
cells (Sarvaria et al., 2017). Moreover, studies investigating the
associations of B cell subsets with tumor progression using
defined B-cell markers have produced conflicting results even
within the same tumor type (Guy et al., 2016). An insufficient
understanding of the roles of B cells in carcinomas has hindered
the development of rational clinical trials targeting B-cells
in carcinomas. The remarkable success of B-cell depletion
with the cluster of differentiation 20 (CD20) monoclonal
antibody, rituximab, in lymphomas and rheumatoid arthritis
has sparked interest in rituximab and other B-cell targeted
antibodies as possible therapies in carcinomas (Gunderson and
Coussens, 2013). Although many carcinomas have significant
B cell infiltration (Germain et al., 2014), clinical trials have
shown limited benefits of B-cell depletion in carcinomas
(Barbera-Guillem et al., 2000; Aklilu et al., 2004), possibly
because B cells can have pro-tumorigenic or anti-tumorigenic
properties depending on their maturation stage and other
conditions that have not yet been defined (Sarvaria et al.,
2017).
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TABLE 1 | DLBCL “stromal-1” signature genes are inversely correlated with survival outcomes in B-cell lymphomas and other malignancies.

B-cell lymphoma Solid tumor

Gene BL CLL DLBCL FL MCL MM Bladder Astro Glioma Colon Head and Ovarian

cytoma neck

ACTN1 −0.928 −3.216 −6.211 −1.901 −0.94 0.658 3.312 3.22 4.557 2.36 1.988 1.552

ADAM12 0.746 −0.084 −7.809 −1.749 −0.866 −0.395 0.537 1.653 4.405 1.675 2.051 2.99

BGN 0.842 1.309 −4.115 −1.775 0 −2.627 1.438 2.341 3.643 2.33 3.559 3.09

CEBPA −1.516 −3.127 −5.644 −1.639 0 −0.977 1.001 −0.041 2.652 −2.664 −1.578 −1.442

COL13A1 −0.313 −1.513 −2.402 0.332 0 −0.001 2.23 2.006 1.613 2.164 1.74 0.893

COL16A1 −0.481 0.252 −3.89 −0.6 0.333 −0.477 2.214 2.49 5.005 −0.546 1.263 4.542

COL1A1 0.349 −1.476 −4.621 −1.581 0 −1.951 3.592 3.326 3.77 1.544 3.354 3.929

COL1A2 −0.097 −0.879 −6.264 −1.605 0 −0.573 2.745 4.432 4.391 2.42 2.634 3.771

COL5A1 0.715 −0.675 −3.366 0.127 0 −0.467 1.957 3.528 4.438 2.328 3.686 3.65

COL5A2 0.969 1.124 −3.962 −1.597 0 −0.777 3.47 3.588 7.322 2.437 3.26 5.256

COL6A2 0.677 −1.368 −3.719 −0.749 −1.415 0.14 2.369 4.591 5.693 1.301 3.12 2.11

COL6A3 1.194 −0.129 −4.502 −1.442 1.37 2.684 1.282 3.005 3.071 2.403 3.141 3.178

COL8A2 −0.212 −0.894 −3.046 0.069 0 −0.905 −0.085 2.942 3.077 −0.007 1.779 2.908

CSF2RA −1.84 0 −2.861 0 0 −2.39 −0.046 0.193 0 0 0 −1.959

CTGF −0.5 0.796 −5.525 −0.73 −1.387 −0.775 1.651 1.676 −1.132 2.024 2.381 2.974

CYR61 1.159 0.092 −1.865 0.074 1.837 −0.123 3.342 1.159 3.807 1.678 1.757 3.607

DCN 0.819 0.185 −3.731 −0.026 0 −0.794 0.472 1.113 2.414 1.303 0.917 4.604

EFEMP2 1.823 1.113 −2.797 0.307 0 −5.014 2.112 4.044 7.62 1.684 3.53 2.576

EMP2 −0.057 0.044 −4.122 0.147 0 −0.579 −1.125 4.55 2.985 −0.368 0.452 −1.446

FAP −1.551 0.374 −7.496 −0.76 −1.266 −0.536 3.522 2.321 3.736 2.366 2.874 4.814

FBN1 1.125 1.079 −4.907 −1.854 0 −0.044 2.151 1.518 2.239 2.311 1.906 4.676

FN1 −1.025 −0.496 −5.638 −1.852 −1.352 2.973 3.251 2.852 5.499 2.628 2.46 4.439

GPNMB −1.638 −0.153 −6.899 0.513 0 1.112 1.281 3.946 5.214 1.74 −2.745 1.476

HSPG2 −0.267 2.244 −2.792 −1.63 0 0.845 −0.02 4.261 2.989 1.313 2.108 2.396

IL1R1 −1.566 −2.791 −4.858 −0.432 0.804 −1.789 −0.186 1.194 1.217 1.275 0.897 −0.137

ITGAV 0.897 −2.698 −6.933 0.614 −2.033 −0.212 0.402 0.945 0.226 2.253 1.503 1.792

ITGB2 −1.522 −2.053 −5.68 0.558 0.343 −1.803 0.886 0.4 4.299 −0.086 −2.064 −2.339

KITLG 0.896 −0.172 −1.923 1.04 −1.197 0.454 1.113 −0.331 1.091 1.164 −0.721 −0.504

LAMA4 0.445 2.207 −3.683 0.453 0 −3.155 2.474 0.028 3.397 2.415 2.021 2.168

LAMB2 −0.635 0.504 −1.974 −1.052 0 −0.728 0.926 1.686 5.906 0.913 1.836 2.326

LAMB3 1.291 −1.315 −2.703 0.256 0 0.265 −0.927 1.977 3.542 1.516 2.039 −1.966

LOXL1 −1.453 −1.007 −4.202 −1.287 0 −1.92 0.711 3.9 6.299 1.697 0.751 3.664

LTBP2 0.219 −1.562 −7.565 −0.187 0 −1.848 2.849 1.197 3.314 0.542 2.718 1.541

LUM −0.357 −1.043 −5.663 −0.089 0 −1.859 1.442 3.796 3.723 1.447 1.428 4.841

MFAP2 0.862 0.01 −2.835 0.608 0 −0.68 3.151 3.543 3.011 0.874 1.666 5.462

MMP14 −1.105 2.746 −3.319 0.69 0.681 −1.647 2.046 1.787 4.691 1.786 1.168 2.297

MMP2 −1.227 −0.269 −5.709 −1.128 0.014 −0.545 0.66 1.792 3.631 1.567 3.12 3.084

MMP9 −0.819 −1.238 −7.734 −0.401 −0.12 −0.892 1.8 2.739 5.06 −0.723 0.039 −3.208

PDGFC 0.62 −3.08 −4.268 0.632 0 −0.486 2.788 −3.419 3.639 1.987 2.096 −0.167

PLAU −1.723 −1.701 −7.712 0.205 0.528 −0.749 2.515 2.302 4.592 0.627 1.521 2.334

POSTN 1.565 0.675 −5.031 −1.266 −0.77 −1.157 3.246 2.76 5.46 2.632 2.092 4.696

SDC2 −0.209 −1.963 −3.763 −0.47 −0.383 −0.664 −1.091 1.405 5.736 2.239 1.659 1.424

SERPINH1 −1.173 2.067 −2.912 −1.224 0 1.565 1.422 3.846 5.397 3.044 2.065 2.07

SPARC 0.487 −3.125 −7.236 −1.599 1.012 −2.767 2.24 −1.998 −0.074 2.412 2.933 4.188

TGFB1I1 −0.842 −1.479 −2.367 0.662 0 −1.787 1.518 2.783 4.58 1.523 3.557 4.265

THBS1 1.462 −3.212 −2.038 −1.38 0.238 −1.674 1.673 2.947 3.122 0.799 2.328 3.565

TIMP2 −0.677 −2.448 −1.399 1.006 0.343 0.83 2.608 1.584 1.251 2.73 2.271 2.495

VCAN 1.459 −3.803 −3.177 −0.588 0 −2.078 3.133 −3.546 −3.171 2.264 2.238 4.277

Analysis of the DLBCL “stromal-1” geneset in the PREdiction of Clinical Outcomes from Genomic Profiles (PRECOG) public dataset (https://precog.stanford.edu). Each
gene is assigned z scores associated with survival in different cancer types. Scores less than or equal to zero (red) are associated with good survival while positive scores
(blue) are associated with poor survival. BL, Burkitt lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; MCL,
mantle cell lymphoma; MM, multiple myeloma.
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FIGURE 1 | DLBCL stromal-1 and stromal-2 signature genes are enriched in different stromal cell types. Expression of the DLBCL stromal-1 and stromal-2 signature
genes in the Immunological Genome Project (ImmGen) data set. (A) Gene expression values normalized across 249 mouse immunological cell types. (B) Detailed
view of gene expression values normalized to the stromal cell types shown in the legend. The graphs were generated using data from ImmGen
(http://www.immgen.org).

THE DLBCL STROMAL-1 GENE
SIGNATURE IS INVERSELY
CORRELATED WITH SURVIVAL
OUTCOMES IN B-CELL LYMPHOMAS
AND OTHER SOLID TUMORS

Using expression profile analysis of DLBCL biopsy samples
from treatment-naïve newly diagnosed patients, Lenz et al.
identified two stromal gene signatures, stromal-1 and stromal-
2, of which the stromal-1 gene signature was found to be
associated with good survival in DLBCL patients (Lenz et al.,
2008). However, gene signatures similar to the DLBCL stromal-
1 gene signatures have been associated with poor survival in
carcinomas, including ovarian cancer (Cheon et al., 2014), breast
cancer (Farmer et al., 2009), colorectal cancer (Calon et al., 2015;
Isella et al., 2015), and pancreatic cancer (Moffitt et al., 2015).

To systematically explore the association of the DLBCL stromal-
1 gene signature with survival in cancer patients, we used
PRECOG, a pan-cancer database of expression signatures in
which each tumor type is represented by multiple independent
expression profile data sets and associated survival data. This
extensive database is ideal for multi-data set validation of
prognostic signatures that have been identified in individual data
sets. Using the DLBCL stromal-1 gene signature represented
by 50 genes (Lenz et al., 2008), we confirmed that the
signature is associated with poor survival in carcinomas and
brain tumors and good survival in DLBCL and several other
B-cell lymphomas (Table 1). This pattern of inverse association
with survival between B-cell lymphomas and carcinomas/brain
tumors was specific to the DLBCL stromal-1 gene signature,
and was not associated with the DLBCL stromal-2 gene
signature represented by 34 genes (Lenz et al., 2008) (data not
shown).
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FIGURE 2 | DLBCL stromal-1 signature genes are enriched in cancer-associated fibroblasts (CAFs). (A) Non-centered gene set clustering analysis of the stromal
and epithelial cell types in ovarian cancer and the normal ovary in the GSE40595 dataset using the DLBCL stromal-1 and stromal-2 gene sets. The number of
samples in each group is indicated in parentheses. The gene set clustering analysis and image acquisition was performed using the R2 Genomics Analysis and
Visualization Platform (https://hgserver1.amc.nl). (B) The same data are shown as box dot plots with P-values for differential expression of the DLBCL stromal-1 and
stromal-2 gene signatures in different cell types.

IN NORMAL LYMPH NODES, DLBCL
STROMAL-1 AND STROMAL-2 GENE
SIGNATURES ARE ENRICHED IN
STROMAL FIBROBLASTS AND
ENDOTHELIAL CELLS, RESPECTIVELY

To identify immune cell types that express the DLBCL stromal-
1 and stromal-2 signature genes, we looked for enrichment of
these genes in the transcriptomes of 249 normal immunological
cell types that had been isolated from mice and characterized
by the Immunological Genome Project (ImmGen) (Heng and
Painter, 2008; Shay and Kang, 2013). This analysis identified
stromal cells as the most likely source of both gene signatures,
although some of the genes were also expressed in macrophages,
monocytes, granulocytes, and stem cells (Figure 1A). Closer
examination of the stromal cell subtypes revealed that the DLBCL

stromal-1 and stromal-2 signature genes were preferentially
expressed in different types of stromal cells. DLBCL stromal-1
signature genes were particularly enriched in cells characterized
by expression of podoplanin (PDPN) and platelet-derived
growth factor receptor α (PDGFRα), including FRC from
mesenteric and subcutaneous lymph nodes and the so-
called double-negative stromal cells, while stromal-2 signature
genes were enriched in blood and lymphatic endothelial cells
(Figure 1B).

THE DLBCL STROMAL-1 GENE
SIGNATURE IS ENRICHED IN
OVARIAN CAFs

To identify cells that express the DLBCL stromal-1 and
stromal-2 signature genes in an epithelial tumor, we selected
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FIGURE 3 | CAFs have an inverse association with tumor stage in DLBCL and ovarian carcinoma. Enrichment of the DLBCL stromal-1 gene signature in progression
stages I-IV in (A) three DLBCL microarray datasets (GSE10846, GSE87371, and GSE4475) that were combined into one dataset, and (B) The Cancer Genome Atlas
(TCGA) ovarian carcinoma dataset (https://cancergenome.nih.gov). The gene signature enrichment analysis was performed using the R2 Genomics Analysis and
Visualization Platform (https://hgserver1.amc.nl). The y axis shows relative enrichment of the DLBCL stomal-1 gene signature. The x axis shows tumor stage. The
number of samples for each tumor stage is indicated in parentheses.

ovarian cancer because of the existing microarray data set
(GSE40595) in which a large number of ovarian cancers
have been laser capture microdissected into epithelial and
stromal components (Yeung et al., 2013). For comparison
with normal tissue, a small number of samples in this data set
were microdissected from the normal ovary epithelium and
stroma (Yeung et al., 2013). Our gene signature enrichment
analysis revealed strong enrichment of the DLBCL stromal-
1 gene signature in CAFs in comparison to cancer cells,
normal ovary fibroblasts, and normal ovary epithelial cells
(Figure 2). The DLBCL stromal-2 gene signature was
enriched in CAFs but also in the normal ovary stroma
(Figure 2).

POSSIBLE MECHANISMS BY WHICH
CAFs CONTRIBUTE TO INVERSE
SURVIVAL OUTCOMES IN B-CELL
LYMPHOMAS AND CARCINOMAS

It is unusual for a gene signature to be associated with
inverse survival outcomes in B-cell lymphomas and carcinomas.
This is unlikely to be a technical error related to microarray
technology as several individual genes from the DLBCL
stromal-1 signature have been validated as predictors of good
survival in DLBCL by independent technologies, such as
immunohistochemistry and qPCR in formalin-fixed paraffin-
embedded tissues (Lossos et al., 2004; Meyer et al., 2011;
Tekin et al., 2016). Similarly, various technologies have
been used to validate many of the signature genes as
predictors of poor survival in carcinomas (Farmer et al., 2009;
Cheon et al., 2014; Calon et al., 2015; Isella et al., 2015;

TABLE 2 | Upstream regulators of genes in the DLBCL stromal gene signature-1
and stromal gene signature-2.

Upstream regulator Molecule type p-value

of overlap

DLBCL stromal-1 gene signature

TGFB1 Growth factor 4.78E-31

COLQ Other 2.70E-20

Bleomycin Chemical drug 1.97E-18

SPDEF Transcription
regulator

2.73E-18

Tgf beta Group 3.95E-18

TGFB3 Growth factor 8.04E-18

TNF Cytokine 1.53E-17

DLBCL stromal-2 gene signature

KLF2 Transcription
regulator

1.89E-09

Rosiglitazone Chemical drug 5.82E-09

VEGFA Growth factor 5.90E-09

PPARG Ligand-dependent
nuclear receptor

1.36E-08

10E,12Z-octadecadienoic acid Chemical –
endogenous
Mammalian

4.98E-08

WNT3A Cytokine 6.02E-08

MGEA5 Enzyme 1.08E-07

The identification of upstream regulators was done using Ingenuity Pathway
Analysis (www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).

Moffitt et al., 2015; Jia et al., 2016). While the mechanism by
which the DLBCL stromal-1 signature genes could contribute to
good survival in DLBCL is still unclear, multiple mechanisms
by which CAFs contribute to poor outcomes in carcinomas
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have been proposed, including the promotion of tumor
growth, angiogenesis, invasion and metastasis, the provision
of protective niches for cancer stem cells, and the obstruction
of access of chemotherapies and immunotherapies (Jain,
2013; Kalluri, 2016). Here, we will specifically focus on
the possible direct or indirect roles of CAFs that could
contribute to inverse survival outcomes in DLBCL and
carcinomas.

Cancer-associated fibroblasts share structural and molecular
features with the reticular fiber networks of secondary lymphoid
organs, which are known to guide and compartmentalize
specific immune cell types and play key roles in mediating
functional immune cell interactions (Acton et al., 2012;
Astarita et al., 2012; Cremasco et al., 2014; Chang and Turley,
2015; Fletcher et al., 2015; Turley et al., 2015). However,
in addition to being sites in which immune responses
are initiated, secondary lymphoid organs are also sites
that foster immune privilege that prevents autoimmunity
by inducing tolerance and deleting autoreactive T cells,
suppressing effector T cell proliferation, and supporting
regulatory T cells (Fletcher et al., 2011, 2014, 2015; Brown
and Turley, 2015). Currently, lymph node fibroblasts are
being explored for their therapeutic potential to circumvent
unwanted inflammation in autoimmune diseases, sepsis,
and graft rejection after organ transplantation (Fletcher
et al., 2011, 2014, 2015). Based on the molecular similarity
between CAFs and lymph node fibroblasts, we propose that
CAFs primarily play an immunosuppressive role in tumors
using similar molecular mechanisms to those used by lymph
node fibroblasts in regulating immune cell tolerance and
homeostasis. In support of this hypothesis, CAF-derived
factors have been shown to contribute to immune editing
in vivo to avoid tumor detection and rejection by the host
immune system (Stover et al., 2007; Kraman et al., 2010).
Specific to B cells, several in vitro models have shown the
ability of different types of fibroblasts to modulate B cell
differentiation, activation, and function. Adipose tissue-derived
fibroblasts have been shown to suppress plasmablast formation
and induce formation of regulatory B cells (Franquesa et al.,
2015) while rheumatoid synovial fibroblasts have been shown
to induce immunoglobulin (Ig) class-switch recombination
and IgG/IgA production in IgD+ B cells (Bombardieri et al.,
2011). We envision that the immunoregulatory functions of
CAFs may lead to improved survival in DLBCL and other
B-cell lymphomas where malignant cells themselves are subject
to functional alteration. In contrast, immunosuppression
by CAFs in carcinomas may lead to an ineffective immune
defense against malignant cells, which is associated with poor
survival.

Cancer-associated fibroblasts are also capable of modifying
the immune landscape by selective attraction, recruitment,
retention, activation, and suppression of different immune
cell types (Karin, 2010; Raz and Erez, 2013; Harper and
Sainson, 2014). Recent studies provide evidence that CAFs
can directly contribute to immune cell fate and survival
(Harper and Sainson, 2014). In mouse models, CAFs have
been shown to attract macrophages, neutrophils, and subsets

of T cells that promote tumor progression (Silzle et al.,
2003; Grum-Schwensen et al., 2010; Elkabets et al., 2011).
One possible underlying mechanism for the association of
the DLBCL stromal-1 gene signature with good survival in
patients with DLBCL is that fibroblasts and the associated
ECM attract and trap malignant B cells thereby impeding
their spread to new anatomical locations. We show a small
but consistent inverse association of the DLBCL stromal-
1 gene signature expression with DLBCL tumor stage (a
measure of lymph node groups and extranodal sites to
which malignant cells have metastasized) (Figure 3A). The
decrease in stromal gene signature expression in the later
stages of DLBCL may indicate that the stroma plays a role
in localizing the lymphoma cells to the lymph nodes during
the earlier stages of the disease. In contrast, DLBCL stromal-1
gene signature expression is typically increased with increased
tumor stage in epithelial carcinomas, such as ovarian cancer
(Figure 3B). The increase in CAFs in the later stages of
carcinomas may prevent immune cells from reaching the tumor
parenchyma by trapping the immune cells in the stroma
thereby preventing an anti-tumor response. A recent study
of immune cell infiltration in metastatic urothelial carcinomas
showed that patients whose tumors were classified as immune-
excluded (immune cells localized in the CAF-rich stroma)
had increased disease progression and decreased response
to immunotherapy (Mariathasan et al., 2018). Therefore, we
hypothesize that CAFs aid in retaining DLBCL in the lymph
node, which is associated with better prognosis, whereas in
carcinomas CAFs trap immune cells, which is associated
with decreased anti-tumor immune activity and a worse
prognosis.

One of the key modulators of the cancer microenvironment
is the multifunctional cytokine, transforming growth factor
β (TGFβ). TGFβ induces CAF activation and fibroblast-
to-myofibroblast transition with consequent linearization of
collagen fibers and stiffening of the ECM. In turn, activated CAFs
induce TGFβ signaling to perpetually maintain the activated state
(Calon et al., 2014; Beach et al., 2016; Erdogan and Webb, 2017).
Consistent with the DLBCL stromal-1 signature representing
CAFs, our Ingenuity Pathway Analysis (IPA) of the DLBCL
gene signatures implicates TGFβ signaling as the main upstream
regulator of the DLBCL stromal-1 gene signature (Table 2).
In carcinomas, TGFβ has been shown to promote tumor
progression by inhibiting immunosurveillance through multiple
mechanisms (Flavell et al., 2010; Sheng et al., 2015), including
the recruitment of macrophages (Byrne et al., 2008) and limited
efficacy of immunotherapy by excluding CD8+ T cells from the
tumor parenchyma (Mariathasan et al., 2018; Tauriello et al.,
2018). It is likely that TGFβ also plays an immunosuppressive role
in lymphomas. However, TGFβ is also a potent negative regulator
of B-cell survival, proliferation, activation, and differentiation
(Sanjabi et al., 2017). Stroma-derived TGFβ has been shown
to induce senescence and apoptosis in mouse models of B-cell
lymphoma (Reimann et al., 2010; Stelling et al., 2018). Thus, the
DLBCL stromal-1 gene signature may be primarily associated
with tumor-promoting immunosuppression in carcinomas, while
the same immunosuppression may lead to the eradication of

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 August 2018 | Volume 6 | Article 98

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-06-00098 August 25, 2018 Time: 10:59 # 8

Haro and Orsulic Stromal Gene Signatures in Cancer

B cells, which represent the malignant component of B-cell
lymphoma.

CONCLUSION

Past clinical trials have taught us that successful targeted therapies
in one disease do not always yield the desired results in
another disease despite the presence of the same target. One
example is the poor response of B-cell-infiltrated carcinomas to
rituximab, which has shown remarkable success in lymphomas
and rheumatoid arthritis. The opposite survival outcomes
associated with the presence of stromal cells in B-cell lymphomas
and carcinomas should serve as a warning that targeting the
tumor microenvironment may produce opposite effects in B-cell
lymphomas and carcinomas.

DATABASE LINKS

GEO Data Sets (https://www.ncbi.nlm.nih.gov/gds)
Immunological Genome Project (https://www.immgen.org)
PRECOG – PREdiction of Clinical Outcomes from Genomic
Profiles (https://precog.stanford.edu) R2: Genomics Analysis

and Visualization Platform (http://hgserver1.amc.nl) The Cancer
Genome Atlas Project (https://cancergenome.nih.gov).
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Inflammation is a key contributor to 
ovarian cancer cell seeding
Dongyu Jia1,4, Yoshiko Nagaoka2, Makoto Katsumata2 & Sandra Orsulic  1,2,3

The incidence of ovarian cancer dramatically increases in early menopause but the factors contributing 
to cancer onset are unclear. Most ovarian cancers originate in the fallopian tube with subsequent 
implantation of malignant cells into the ovary. However, the events and conditions that lead to cancer 
cell implantation are unknown. To quantify which conditions are conducive to the seeding of cancer cells 
in an immunocompetent mouse model, we surgically implanted mouse ovarian cancer cells into the 
oviducts of syngeneic mice and simulated conditions associated with ovulatory wound repair, incessant 
ovulation, ovarian surface scarring, and aging. We found that the dominant site of cancer cell seeding 
was not the ovary but the nearby surgical wound site, which was associated with a strong and persistent 
inflammatory reaction. Conditions in the ovary associated with inflammation, such as acute ovulatory 
wound repair, active healing of the scarred ovarian surface, and mouse aging, contributed to increased 
seeding of the cancer cells to the surgical wound site and tissues surrounding the ovary. Changes in the 
ovary not accompanied by inflammation, such as completed ovulatory cycles and fully-healed scars on 
the ovarian surface, did not contribute to increased cancer cell seeding. We conclude that inflammation 
is the most likely mechanism by which ovulation and postmenopausal events contribute to the 
increased risk of ovarian cancer.

Despite modern day cytoreductive surgical techniques and combination chemotherapies for high-grade ovarian 
cancer, five-year survival rates remain below 40%1. However, when found early, the survival rate dramatically 
rises to 90%1,2. Thus, the ability to detect ovarian cancer in its earliest stages is critical to a cure. It is increasingly 
accepted that high-grade ovarian cancers actually originate in the fallopian tube with malignant cells shedding to 
the adjacent ovary3–7. Since the bulk of the tumor typically forms in the ovary, rather than the fallopian tube, ova-
ries must play a significant role in the early stages of cancer development. Discovering which cellular and molec-
ular processes promote and inhibit the seeding of malignant cells to the ovary could facilitate the development of 
markers for early detection as well as the identification of rate-limiting events in the early stages of ovarian cancer 
development. If contextual molecular cues provided by the ovary are required for the clinical development of 
ovarian cancer, such molecules could serve as novel therapeutic targets to prevent cancer progression in the early 
stages, when cures are more viable.

Epithelial ovarian cancer is predominantly a disease of postmenopausal women8. Many theories of postmen-
opausal onset of ovarian cancer have been proposed, including incessant ovulation and inflammation, hormonal 
changes, reduced immunity, increased cell senescence, and uncontrolled production of reactive oxygen spe-
cies9–13. Epidemiologic data consistently show that the risk of ovarian cancer increases with the number of ovu-
latory cycles14–16, indicating that ovulation plays a significant role in ovarian cancer etiology. However, the peak 
incidence of menopause occurs at age 51, while the peak incidence of invasive epithelial ovarian cancer occurs at 
age 631. Thus, most women develop ovarian cancer years after their last ovulatory cycle. Currently, it is unknown 
which conditions in the ovary promote tumor growth but the fact that more than 80% of ovarian cancer cases 
occur after menopause suggests that the events associated with menopause and aging are major contributing 
factors8.

During the postmenopausal years, ovarian follicles are largely depleted and much of the remaining ovary is 
reduced to a collagenous scar tissue17. If the microenvironment of postmenopausal ovaries is conducive to the 
implantation of cancer cells, simulating postmenopausal conditions should result in more cancer cell deposits in 
the ovary. A better understanding of ovarian cancer pathogenesis, specifically the role of the early postmenopausal 
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ovarian microenvironment in supporting the seeding and survival of malignant cells in the ovary, is necessary to 
develop strategies for ovarian cancer prevention and detection. Experiments in mice provide a convenient system 
in which both the effect and the outcome of specific conditions can be examined and quantified. Previously, we 
used a mouse model to study events associated with ovulation and ovulatory wound repair, including epithelial 
cell entrapment and the formation of epithelial inclusion cysts18. Here, we extended those studies by simulating 
various postmenopausal conditions in mice and quantifying cancer cell deposits for each condition. The goal 
of the study was to determine whether conditions associated with ovulation and aging increase the spread of 
cancer cells from the oviduct to the ovary. To account for a possible role of the immune system in ovarian cancer 
cell seeding, we used an immunocompetent FVB mouse model with syngeneic ovarian cancer cell aggregates 
implanted into the fallopian tube. Our data show that premenopausal and postmenopausal conditions contribute 
to increased cancer cell seeding only in the presence of an inflammatory reaction.

Materials and Methods
Cancer cell line. The FVB-syngeneic mouse ovarian cancer cell line, BR, was engineered with combinations 
of genetic alterations (p53-/-, Brca1-/-, myc, and Akt) as described19. We have shown that this ovarian cancer 
model recapitulates human serous histology, pattern of metastatic spread, and response to standard and targeted 
therapies19–23. The BR cells were subsequently transduced with luciferase lentiviral plasmid pLenti-CMVPuro-
LUC (Addgene, w168-1) to generate BR-luc cells.

Preparation of cell aggregates. BR-luc cells were seeded at a density of 1 × 106 cells per well in Costar 
ultra-low attachment 6-well plates (Corning). The cells were incubated with 3 ml DMEM media in 5% CO2 at 
37 °C. After 2 days, culture media were collected in 15 ml conical tubes and cells were precipitated at 1000 rpm 
for 0.5 minutes. After two rounds of washing with phosphate buffered saline (PBS), large cell aggregates were 
separated into small aggregates by multiple pipetting through a 1 ml pipette tip.

Injection of cell aggregates into oviducts. All procedures in mice were performed in accord-
ance with the approved Cedars-Sinai IACUC protocol (IACUC5318). The procedures were performed in an 
AAALAC-accredited facility at Cedars-Sinai Medical Center. The surgical procedures were performed according 
to the method described for embryo transfer into the oviduct (Manipulating the Mouse Embryo: A Laboratory 
Manual, 3rd Edition, ISBN-978-087969591-0). Under the dissecting microscope, a small incision between the 
infundibulum and the ampulla of the oviduct (equivalent to human fallopian tube) was created using Vannas 
scissors (Supplementary Video 1). The transfer pipette loaded with cell aggregates in PBS was inserted into the 
incision with the tip pointing toward the ovary and approximately 200 cell aggregates in 2 μl volume were injected 
into each oviduct (Supplementary Video 1).

Simulation of ovulatory and menopausal conditions. Mice were superovulated by intraperitoneal 
injection of pregnant mare serum (PMS) and human chorionic gonadotropin (hCG) as previously described18. 
In the control mice, PBS was injected instead of PMS and hCG. To generate scar tissue, bursa (a thin membrane 
covering the ovary in mice) was removed (Supplementary Video 2) and the ovarian surface was burned with a 
hand-held battery-powered cauterizer (Gemini Cautery System) (Supplementary Video 3).

Quantification of cancer cell deposits. Mice were euthanized by CO2 asphyxiation followed by cervical 
dislocation prior to harvesting the ovaries and surrounding tissues. To quantify macroscopic tumors, dimen-
sions (length, width, height) were measured by calipers. Tumor volume (mm3) was calculated using the equation 
V = (L × W × H)/2, where V is tumor volume, L is tumor length, W is tumor width, and H is tumor height. For 
the flat, superficial tumors that typically formed on the surgical wounds/scars, tumor area (mm2) was measured 
using the equation A = L × W, where A is tumor area size, L is tumor length, and W is tumor width. To quantify 
microscopic cancer cell deposits, the ovaries, oviducts, and surrounding fat tissues were fixed in formalin and 
embedded in paraffin. One 4 µm-thick section per sample was stained with hematoxylin and eosin (H&E) and 
evaluated under the light microscope for visible cancer cell deposits.

Statistical analyses. The statistical analyses were performed using GraphPad Prism (version 6.0; GraphPad 
Software). Intergroup differences were assessed by the Student’s t-test.

Data availability. No datasets were generated or analyzed during the current study.

Results
Our ability to screen for early stage ovarian cancer is hampered by deficiencies in the understanding of the molec-
ular and morphological steps involved in ovarian carcinogenesis. It is currently unknown why cancer cells in the 
fallopian tube have the propensity to migrate to the ovary where they tend to form a large tumor mass. To deter-
mine which ovarian conditions are most conducive to implantation of detached tubal cells, we simulated in mice 
conditions associated with ovulatory wound healing, incessant ovulation, atrophy/scarring, and aging.

Inflammatory events associated with ovulatory wound repair contribute to increased cancer 
cell seeding to tissues surrounding the ovary but are not directly associated with the implan-
tation of cancer cells to the ovary. To simulate cancer cell seeding and entrapment during ovulatory 
wound healing, superovulation was induced in 4 week-old female FVB mice by intraperitoneal injection of PMS 
and hCG hormones (superovulated group, N = 6) or PBS (control group, N = 6). This combination of hormones 
induces ovulation of a large number of follicles to form 10–30 acute ovulatory wounds within one ovulatory 
cycle18. Two days after hCG (or control PBS) injection, when ovulatory wound repair is at its peak18, cancer cell 
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aggregates were bilaterally implanted into the mouse oviduct. Three weeks later, intraperitoneal tumor dissemi-
nation was evaluated by recording the presence of ascites and measurable tumor deposits inside of the peritoneal 
cavity. Macroscopically visible swelling was observed in 4/12 ovaries from the superovulated mice and in 0/12 
ovaries from the control mice. Microscopic cancer cell deposits in the oviducts, ovaries, and surrounding fat 
were quantified by pathologic examination of H&E-stained sections under the 4x objective, and the presence of 
cancer cells was further verified under higher magnification (Fig. 1A). The deposits in tissues surrounding the 
ovary were frequently associated with immune cell infiltrates (Fig. 1A). Cancer cell deposits larger than 50 µm 
were present in tissues surrounding the ovary (oviduct, bursa, and space between the fat and ovarian surface) 
in 12/12 samples from the superovulated mice and in 7/12 samples from the control mice (Fig. 1B). However, 
neither group of mice exhibited cell deposits directly on the ovarian surface or as intraovarian inclusions. These 
results suggest that ovulatory wound healing is not directly associated with the implantation of cancer cells to the 
ovary. In both groups of mice, the largest cancer cell deposits presented as carpeting of the abdominal wall at the 
sites of surgical wounds/scars (Fig. 1C). The surgical wound/scar cancer cell deposits were frequently associated 
with immune cell infiltrates (Fig. 1C) and were significantly larger in superovulated mice than in control mice 
(Fig. 1D). Taken together, our results indicate that events associated with ovulatory wound healing contributed 
to increased seeding of cancer cells to the surgical site and tissues surrounding the ovary. The lack of cancer cell 
deposits attached to the ovarian surface indicates that re-epithelialization of the ovarian surface does not signifi-
cantly contribute to cancer cell seeding. It is more likely that ovulatory events contributed to increased inflamma-
tory infiltrates, which attracted cancer cells and/or supported their survival and expansion.

Ovarian atrophy resulting from previous incessant ovulation is not associated with increased 
cancer cell seeding. To simulate cancer cell seeding in ovaries that endured repeated damage and repair 
due to multiple cycles of ovulation, six week-old female FVB mice were subjected to nine weeks of weekly intra-
peritoneal PMS and hCG hormone injections (repeatedly superovulated group, N = 7) or PBS injections (control 
group, N = 7). To mimic conditions in postmenopausal women whose ovaries have not been actively cycling for 
years, we waited 12 weeks after the last superovulation to implant BR-luc cell aggregates into the oviducts of the 
repeatedly superovulated and control mice. Eight weeks after cancer cell implantation, the tumor burden was 
evaluated in both groups. The majority of tumor deposits were found at the surgical wound/scar tissue, which was 
frequently fused with the adjacent fat and infiltrated with immune cells (data not shown). There were no macro-
scopically or microscopically visible cancer cell deposits on the ovaries and oviducts in either group of mice (data 
not shown). Thus, in the absence of acute inflammation, ovaries that have undergone repetitive superovulations 
do not appear to attract cancer cells any more than age-matched ovaries with a normal number of ovulatory 
cycles. One caveat to this experiment is that we did not achieve complete depletion of the oocytes pool despite 
nine cycles of superovulation, possibly because mice become unresponsive to hormone induction after reaching 
reproductive maturity24.

Figure 1. Assessing the effect of ovulatory wound repair on cancer cell seeding from the oviduct to the ovary 
and adjacent tissues. (A) Representative H&E-stained section of cancer cell deposits on the oviduct and ovary. 
Arrows indicate immune cell infiltrates. Size bars: 50 µm. Cd, cancer cell deposit; Ov, ovary; Ovd, oviduct. 
(B) Graph indicates the number of superovulated and control ovary/oviduct samples containing cancer cell 
deposits larger than 50 µm in diameter (out of 12 ovaries in each group). (C) H&E-stained section representing 
‘carpeting’ of cancer cells along the surgical wound/scar site in the peritoneal wall. Arrow indicates an immune 
cell infiltrate. Size bars: 50 µm. Cd, cancer cell deposit. (D) Comparison of cancer cell deposit size at the surgical 
wound/scar site in superovulated and control mice.
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Burn-induced scarring of the ovarian surface is associated with increased cancer cell seeding to 
the ovaries and surrounding tissues only in the presence of active scar wound healing. To simu-
late events associated with postmenopausal ovary atrophy and connective tissue scarring, burn-induced scars were 
generated on the ovarian surface of the six week-old female FVB mice. In each mouse, one ovary was surgically 
released from the ovarian bursa (Supplementary Video 2) and superficially burned with a cauterizer (Fig. 2A and 
Supplementary Video 3). The contralateral ovary was surgically released from the bursa but not burned (control 
ovary) (Fig. 2A). Mice were intraperitoneally injected with a single-cell suspension of BR-luc cells (~1 × 106 cells) 
after one month recovery (N = 8) or two months recovery (N = 7). Four weeks after intraperitoneal cell injection, 
mice were euthanized for tumor burden quantification. Regardless of whether mice were intraperitoneally injected 
with cancer cells one month or two months after surgery, BR-luc cells formed multiple small tumor nodules on the 
mesothelial surfaces of the omentum, pancreas, diaphragm, spleen and abdominal lining; however, there were no 
visible tumor cell deposits on the surface of the burned or control ovaries. Therefore, we assessed microscopic can-
cer cell deposits in H&E-stained sections of ovaries/oviducts and adjacent fat. For the one month recovery group 
(N = 8), cancer cell deposits larger than 50 µm were present in the tissues surrounding the ovary (fat, oviduct, and 
bursa) in 4/8 burned ovaries and in 1/8 control ovaries (Fig. 2B). All ovaries that contained tumor deposits also had 
abundant immune cell infiltrates (Fig. 2C). For the two months recovery group (N = 7), none of the ovary sections 
contained cancer cell deposits (Fig. 2B). Although burn-induced scars on the ovarian surface were detectable two 
months later, the scars were no longer associated with abundant immune cell infiltrates (Fig. 2C). These results 
suggest that burn-induced scars attract cancer cells but only in the presence of inflammation.

Events associated with aging contribute to increased cancer cell seeding to the ovaries and 
surrounding tissues. BR-luc cancer cell aggregates were bilaterally implanted into the oviducts of eight 
week-old (N = 10) and greater than one year-old (age range 14–19 months; N = 10) female FVB mice. Mice were 
euthanized for analysis four weeks after cancer cell implantation. Both groups of mice developed multiple intra-
peritoneal metastases with the largest tumor masses present on the omentum and abdominal wall. Omental and 
abdominal wall masses were more frequent in aged mice (Fig. 3A). Three of the aged mice also exhibited unilat-
eral or bilateral uterine horn hyperplasia (data not shown). H&E-stained sections showed that the ovaries from 
young mice contained multiple follicles in different phases of maturation (data not shown), while the ovaries from 
old mice were devoid of follicles (Fig. 3B). Microscopic examination of the ovaries and adjacent tissues (oviduct, 

Figure 2. Assessing the effect of burn-induced ovary scarring on the seeding of intraperitoneally injected 
cancer cells. (A) Representative images of ovarian surface immediately after manipulation. Control ovaries 
were surgically released from the bursa while burned ovaries were first surgically released from the bursa, then 
superficially burned with a cauterizer. (B) Comparison of seeding efficiency of intraperitoneally injected cancer 
cells one or two months after surgical ovary manipulation. (C) Representative H&E-stained sections of cancer 
cell deposits on the ovaries and oviducts of mice that were injected one or two months after surgical ovary 
manipulation and euthanized four weeks later. Arrow indicates an immune cell infiltrate. Size bars: 100 µm. Cd, 
cancer cell deposit; Ov, ovary; Ovd, oviduct.
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bursa, and adjacent fat) revealed that tumor cell deposits were more frequent in aged mice (Fig. 3A), which also 
contained more abundant immune cell infiltrates (Fig. 3B). These results suggest that ovaries from aged mice are 
more conducive to cancer cell seeding than ovaries from young mice.

Discussion
A poor understanding of the initiating events in ovarian cancer has significantly hampered our efforts towards 
early ovarian cancer detection and prevention. Most early stage cancers in the tubal fimbria are associated with 
a dominant mass in the ovary, indicating that the ovarian microenvironment is essential for tumor growth. 
However, conditions that promote cancer cell seeding and growth in the ovary are still unknown. Recently, 
Yang-Hartwich and colleagues used a mouse xenograft model to test the role of ovulatory wound repair in the 
migration of cancer cells from the injection site in the uterus toward the ovary25. Consistent with epidemiologic 
data that increased ovulation is strongly associated with ovarian cancer15,16, they showed that superovulation in 
mice enhances the migration and adhesion of malignant cells to the ovary and that this attraction is mediated 
through the release of cytokines/chemokines from the surface wound created by oocyte release25. Using a synge-
neic immunocompetent mouse model with cancer cells surgically implanted into the oviduct, we confirmed that 
superovulation contributes to ovarian cancer cell seeding. Tumor cell deposits were accompanied by immune 
infiltrates, indicating that ovulation-induced inflammation may play an important role in cancer cell seeding. It is 
possible that the inflammatory reaction is the only factor that contributes to increased cancer cell seeding because 
the largest cancer cell deposits typically formed in the abdominal wall along surgical wounds, which were asso-
ciated with extensive immune infiltrates. It appears that the wounded surface of the superovulated ovary did not 
play a direct role in cancer cell attraction as there were no cancer cells attached to the ovarian surface epithelium 
or inside the ovarian stroma. The importance of the inflammatory reaction, rather than the damaged ovarian 
surface in cancer cell seeding, was illustrated by the next two sets of experiments in which we repeatedly wounded 
the ovarian surface by multiple rounds of superovulation or burned the ovarian surface to induce scarring. The 
wounded/scarred ovarian surface proved to be attractive to cancer cells only if the wounds were ‘fresh’. If ovarian 
wounds/scars were allowed to recover for two months, cancer cells were no longer attracted to the ovarian surface 
but were still attracted to other sites in the peritoneal cavity where inflammation persisted. It is well established 
that aging is characterized by subclinical, chronic inflammation26. Consistent with multiple studies showing that 
the overall proinflammatory status in older mice is associated with increased tumor burden27, our results show 
that oviductal implantation of cancer cells in aged mice resulted in increased tumor burden throughout the peri-
toneal cavity.

Our finding that surgical wounds in mice attract cancer cells is consistent with an observation in clinical prac-
tice that wound trauma in patients is associated with cancer recurrence28,29. It has been shown that an early peak 
of breast cancer recurrence is due to surgery-driven intervention30. The exact reasons for surgery-related cancer 

Figure 3. Assessing the effect of aging on cancer cell seeding from the oviduct to the ovary and adjacent tissues. 
(A) Comparison of seeding efficiency of cancer cells implanted into the oviducts of young (8 weeks) and aged 
(>1 year) mice. In H&E-stained sections, several ovaries were excluded from the analysis because they were 
either missing from the slide section or the tissue was insufficient for evaluation. (B,C) Representative H&E-
stained section of cancer cell deposits on ovaries and oviducts four weeks after surgical implantation of cancer 
cells into the oviducts of (B) 8-week-old mice and (C) >1-year-old mice. Arrow indicates an immune cell 
infiltrate. Size bars: 100 µm. Cd, cancer cell deposit; Ov, ovary.
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attraction are not fully understood but possible factors include surgery-related acute wound healing process, 
inflammation, and activation of dormant cancer cells by surgery-driven growth factors31–33. If inflammation is 
a key factor in cancer cell seeding, what are the contributions of other factors strongly associated with increased 
cancer incidence, such as ovulation, oocyte depletion and atrophy, and aging? Our data in a mouse model are 
consistent with the concept that most of the factors implicated in ovarian cancer incidence converge on inflam-
mation as a common denominator. One successful path to ovarian cancer prevention has been controlling factors 
that induce inflammation, such as the use of oral contraceptives to suppress ovulation34. Epidemiologic data 
show that aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) can be beneficial in the prevention 
of multiple cancers, including ovarian35,36. Although factors associated with the increased risk of ovarian cancer, 
such as aging and menopause cannot be prevented, the risk can be reduced by suppressing inflammation. The 
results of our study in a mouse model confirm previous results that inflammation is a key factor in promoting 
ovarian cancer cell seeding. An understanding of the mechanisms by which inflammation plays a role in the early 
stages ovarian cancer will be necessary for effective ovarian cancer prevention.
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Abstract  36 

 37 

Primary ovarian high-grade serous carcinoma (HGSC) has been classified into 4 molecular 38 

subtypes: Immunoreactive, Proliferative, Differentiated, and Mesenchymal (Mes), of which the 39 

Mes subtype (Mes-HGSC) is associated with the worst clinical outcomes. We propose that Mes-40 

HGSC comprise clusters of cancer and associated stromal cells that detached from tumors in the 41 

upper abdomen/omentum and disseminated in the peritoneal cavity, including to the ovary. Using 42 

comparative analyses of multiple transcriptomic data sets, we provide the following evidence that 43 

the phenotype of Mes-HGSC matches the phenotype of tumors in the upper abdomen/omentum: 44 

1) irrespective of the primary ovarian HGSC molecular subtype, matched upper 45 

abdominal/omental metastases were typically of the Mes subtype, 2) the Mes subtype was present 46 

in primary ovarian HGSC only in patients with concurrent upper abdominal/omental metastases 47 

and not in those with  primary HGSC confined to the ovary, and 3) primary ovarian Mes-HGSC 48 

had an expression profile characteristic of stromal cells in the upper abdominal/omental 49 

metastases. We suggest that Mes-HGSC signifies advanced intraperitoneal tumor dissemination to 50 

the ovary rather than a subtype of primary ovarian HGSC. This is consistent with the presence of 51 

upper abdominal/omental disease, suboptimal debulking, and worst survival previously reported 52 

in patients with primary ovarian Mes-HGSC compared to other molecular subtypes.   53 

  54 
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Introduction 55 

 56 

The majority of ovarian cancer patients with HGSC are diagnosed with tumors involving one or both 57 

ovaries and various additional intraperitoneal sites including the upper abdomen/omentum (FIGO 58 

stage III) (1). HGSC can arise from the fallopian tube, the ovarian surface serous epithelium, or 59 

extraovarian peritoneal tissues as primary peritoneal carcinoma (PPC) (Fig. 1A). Currently, it is 60 

thought that ovarian cancer cells shed from the primary tumor into the peritoneal fluid and disseminate 61 

in the peritoneal cavity, typically from the ovary to the upper abdomen/omentum (Fig. 1A). However, 62 

the model of primarily unidirectional HGSC metastasis from the pelvis to the upper 63 

abdomen/omentum seems simplistic within a cavity that lacks internal physical barriers to cancer 64 

dissemination. We propose that in stage III HGSC, metastases and PPC in the upper 65 

abdomen/omentum shed cancer cell-stroma aggregates into the peritoneal fluid, resulting in 66 

intraperitoneal dissemination that includes secondary metastases to the primary tumor in the pelvis 67 

(Fig. 1B). Patterns of cancer dissemination within the peritoneal cavity have been difficult to discern 68 

using genomic data because genomic instability is an early event in HGSC and copy number profiles 69 

and mutational patterns are typically shared across different anatomic sites (2-6). However, individual 70 

clones have been tracked using whole-genome and single-nucleus sequencing of patient-matched 71 

tumor deposits at different anatomic locations. These studies identified evidence of metastases to the 72 

ovary or the fallopian tube in 4 of 15 patients, thereby demonstrating that re-seeding of the primary 73 

tumor site by clones from peritoneal metastases is not a rare event (2,3).  74 

 75 

Transcriptomic analyses have clustered primary ovarian HGSC into 4 main molecular subtypes: 76 

Immunoreactive, Mesenchymal (Mes), Proliferative and Differentiated (7,8). The feature that 77 

distinguishes primary ovarian HGSC of the Mes molecular subtype (hereafter referred to as primary 78 

ovarian Mes-HGSC) from the other 3 subtypes (non-Mes subtypes) is the elevated expression of 79 

myofibroblast/extracellular matrix (ECM) remodeling genes (9-11). In addition to this distinct 80 

transcriptome, Mes-HGSC is more frequently associated with the presence of upper 81 

abdominal/omental metastases (12,13), suboptimal surgical debulking (presence of residual 82 

macroscopic disease after cytoreductive surgery) (13-15), severe postoperative complications (13,16), 83 

and reduced overall survival (12-17) in comparison to the non-Mes subtypes. The current theory 84 

suggests that cancer cells in primary ovarian Mes-HGSC recruit myofibroblasts or convert the local 85 



4 
 

ovarian stroma into myofibroblasts, which equip cancer cells with greater metastatic ability (11,13,18). 86 

However, this theory does not explain why metastases are predominantly of the Mes phenotype even 87 

when the primary tumor is Immunoreactive, Proliferative, or Differentiated subtype (19). PPC is also 88 

typically of the Mes phenotype (20), suggesting that this phenotype is an inherent feature of peritoneal 89 

lesions.  90 

 91 

In this study, we used transcriptomic analyses of tumor samples with annotated presumed sites of 92 

tumor origin and sites of sample collection (Table S1) to show that the Mes gene signature is 93 

expressed in the stromal component of tumors in the upper abdomen/omentum but not in most primary 94 

ovarian HGSC. However, if a tumor in the ovary expresses the Mes signature, we propose that this 95 

tumor contains the microenvironment from tumors in the upper abdomen/omentum. This can occur by 96 

two mechanisms (Fig. 1B). The first mechanism involves a primary tumor in the ovary/pelvis that 97 

metastasizes to the omentum/upper abdomen, then the metastases, which have now acquired the Mes 98 

phenotype, continue to seed the rest of the peritoneal cavity, including the ovary where the tumor 99 

initially originated. The second mechanism involves PPC from the upper abdomen/omentum that 100 

metastasizes throughout the peritoneal cavity, including to the ovary. If our hypothesis is correct, we 101 

predict that stage II primary ovarian HGSC (tumors confined to the pelvis) cannot exhibit the Mes 102 

subtype because of the absence of cancer/stroma cell aggregates from the upper abdomen/omentum 103 

(Fig. 1C). 104 

 105 

Results 106 

 107 

The Mes subtype reflects tumor location  108 

We examined whether the Mes phenotype varies across patient-matched FFPE samples of primary, 109 

metastatic, and recurrent HGSC from 24 patients (Fig. 2A and B). The Mes phenotype was determined 110 

by threshold expression of 15 mesenchymal genes (Materials and Methods, Table S2). The 15 genes 111 

were among the top 100 genes used by Verhaak et al. (7) to define the Mes subtype by expression 112 

profile analysis (Mes 100-gene set) (Table S2). In the TCGA data set, this 15-gene signature was 113 

associated with poor overall and progression-free survival (Fig. S1) and was equivalent to the Mes 114 

100-gene set in classifying samples of the Mes subtype (Fig. S2). All 15 genes were expressed at 115 

higher levels in the metastatic and recurrent tumors compared to the matched primary tumors (Fig. 116 
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2A). While only 20% of the primary ovarian HGSC were classified as Mes, 19 79% of the metastatic 117 

and 58% of the recurrent HGSC were classified as Mes (Fig. 2B). The higher percentage of the Mes 118 

subtype in the metastatic samples than in the recurrent samples may be attributed to different sites of 119 

sample collection; the omentum was the most common collection site for metastases while the serosal 120 

aspects of the intestine/colon/rectum were the most common collection sites for recurrent tumors (Fig. 121 

2B). Notably, 15 of 17 metastatic and recurrent samples collected from the omentum were classified as 122 

Mes and none of the 4 metastatic and recurrent samples collected from the lymph nodes was classified 123 

as Mes (Fig. 2B).  124 

 125 

Since most metastases located in the upper abdomen/omentum were classified as Mes (Fig. 2B), we 126 

hypothesized that primary ovarian HGSC of the Mes subtype are actually metastases from the upper 127 

abdomen/omentum to the ovary. If this is correct, HGSC collected from patients with cancer confined 128 

to the pelvis (stage I-II) should not exhibit the Mes phenotype because of the absence of upper 129 

abdominal/omental disease as a source of metastatic tumor clusters able to seed the ovary (Fig. 1C). 130 

We tested this hypothesis in 2 public data sets in which samples had been divided into 4 molecular 131 

subtypes. In this study, we used the original molecular classifications for the TCGA and GSE9891 132 

data sets (8,23). Of note, subsequent studies may have used different classification algorithms, which 133 

resulted in different molecular subtype assignments to the same samples; in a recent study, 22% of 134 

samples had been reclassified to a different molecular subtype (17).  135 

 136 

In the TCGA data set, samples had been divided into 4 molecular subtypes: Immunoreactive, 137 

Mesenchymal (Mes), Proliferative, and Differentiated (8). All of the TCGA tumor samples 138 

presumably originated in the ovary and were collected from the ovary (ov-ov) (Fig. 2C). Of 26 stage II 139 

HGSC samples, only 1 was classified as Mes (Fig. 2C). Notably, that sample (TCGA-61-2133) had 140 

features of an aggressive malignancy despite its stage II designation: it was annotated as stage IIc, 141 

grade 3 with extensive lymphovascular permeation, positive pelvic lymph nodes and the shortest 142 

overall survival among patients with stage IIc HGSC who died from the disease (676 days vs 1380 143 

days mean survival). In contrast to stage II HGSC, in 325 stage III HGSC and 74 stage IV HGSC, Mes 144 

tumors contributed to 23% and 27% of samples, respectively (Fig. 2C). 145 

 146 
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In the GSE9891 data set, HGSC samples had been clustered into C1/Mesenchymal, 147 

C2/Immunoreactive, C4/Proliferative, and C5/Differentiated molecular subtypes (23) and annotated by 148 

their presumed tissue of origin and the site of specimen collection as ov-ov, per-ov, ov-per, and per-149 

per (Fig. 2D). Due to a small number of stage I and stage IV samples, we grouped stage I and II 150 

samples as stage I-II, and stage III and IV samples as stage III-IV. None of the 14 ov-ov stage I-II 151 

HGSC was classified as Mes/C1 (Fig. 2D). Of the 104 ov-ov stage III-IV HGSC, 23% were classified 152 

as C1/Mes. Of the 38 ov-per stage III-IV HGSC, 66% were classified as C1/Mes (Fig. 2D). Of the 9 153 

per-ov HGSC (including 1 stage II and 8 stage III-IV), 67% were classified as C1/Mes (Fig. 2D). 154 

According to our hypothesis, all metastases that originated in the upper abdomen/omentum as PPC and 155 

then spread to the ovary (per-ov) should be of the C1/Mes subtype. However, it is important to note 156 

that these 9 per-ov tumors were reported by pathologists as PPC based only on the impression of 157 

disease distribution gathered from the surgeon's description of the intraoperative findings in the 158 

operative report and the tissue samples that surgeons had elected to excise. Interestingly, and as noted 159 

by pathologists in some of these surgical pathology reports, pathologists were not always certain or in 160 

agreement about the origin of the tumor (primary ovarian vs. PPC). Of the 21 per-per stage III-IV 161 

HGSCs, 86% were classified as C1/Mes. It is unknown if some of these PPC samples were located in 162 

the pelvis.  163 

 164 

Together, we conclude that ov-ov HGSC stage I-II (confined to the pelvis) are almost never of the Mes 165 

subtype while 20%-27% of ov-ov HGSC stage III-IV (presence of concurrent upper 166 

abdominal/omental metastases) are of the Mes subtype. The Mes subtype is predominant among 167 

HGSC samples collected from the peritoneal cavity (ov-per and per-per) as well as samples presumed 168 

to be peritoneal metastases to the ovary (per-ov). 169 

 170 

The Mes molecular subtype is defined by the metastatic microenvironment, not the epithelial 171 

cancer cells  172 

To determine which cell type expresses the Mes 15-gene signature, we used digital image analysis for 173 

the annotation of fibroblasts, epithelial cancer cells, and immune cells in H&E-stained full sections of 174 

omental metastases collected during primary debulking surgery from 152 HGSC patients 175 

(GSE135712) (Fig. 3A). The Mes 15-gene signature z-score was determined for each patient (Fig. 176 

S3A) and correlated with the content of each of the 3 annotated cell types. The two prevalent cell types 177 
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in omental metastases were epithelial cancer cells and fibroblasts, while the content of immune cells 178 

was variable across 152 samples (data not shown). The Mes 15-gene signature correlated with the 179 

fibroblast content (r=0.660; p=2.4e-20), inversely correlated with the epithelial cancer cell content (r=-180 

0.619; p=1.8e-17) and showed no significant correlation with the immune cell content (r=-0.035; 181 

p=0.67) (Fig. 3B), suggesting that among these 3 cell types in omental metastases, fibroblasts are the 182 

most likely source of the Mes 15-gene signature. 183 

 184 

To study the correlation of the Mes 15-gene signature with fibroblast content in primary and metastatic 185 

tumors, we used concurrent primary ovarian HGSC, omental metastases, and non-omental 186 

intraperitoneal metastases collected at the time of primary debulking surgery from 10 HGSC patients 187 

(GSE133296). The average fibroblast content did not differ significantly between primary ovarian 188 

HGSC, omental metastases, and non-omental metastases (Fig. 3C). The Mes 15-gene signature z-189 

score (Fig. S3B) was significantly correlated with the fibroblast content in omental (r=0.703; p=0.02) 190 

and non-omental intraperitoneal (r=0.893; p=5.0e-4) metastases but not in primary tumors (r=0.170; 191 

p=0.64) (Fig. 3D), suggesting that primary tumor fibroblasts were not expressing high levels of the 15 192 

Mes genes. This result is consistent with our prior in situ hybridization findings that only a small 193 

number of patients (~20%) expressed COL11A1 in cancer-associated fibroblasts (CAFs) in primary 194 

ovarian HGSC, while the majority of patient-matched metastases expressed COL11A1 in CAFs (21).  195 

 196 

The Mes 15-gene signature was not enriched in metastases if metastatic epithelial cancer cells were 197 

stripped of their microenvironment. EpCAM-positive epithelial cancer cells isolated from matched 198 

primary ovarian HGSC, ascites, and metastasis from 5 patients (3 with replicate samples) (GSE73168) 199 

(24) exhibited equivalent relative levels of the Mes 15-gene signature z-score (Fig. S3C, D). Together, 200 

these results show that the Mes phenotype is determined by the metastatic microenvironment rather 201 

than by the intrinsic molecular subtype of epithelial cancer cells. 202 

 203 

Primary ovarian HGSC of the Mes subtype are enriched for a gene signature characteristic of 204 

stromal cells in metastases located in the upper abdomen/omentum 205 

We were interested to know if the stroma in primary ovarian HGSC differs from the stroma in HGSC 206 

metastases located in various tissue sites in the peritoneal cavity. To completely exclude the epithelial 207 

cancer cell transcriptome from the analysis, we used published stromal gene signatures derived from 208 
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proteome data of laser-capture microdissected stromal cells from primary ovarian HGSC and matched 209 

omental metastases from 11 HGSC patients (22). We first validated the 2 stromal gene signatures (22) 210 

in our own data set (GSE133296) of matched primary ovarian HGSC, omental metastases, and non-211 

omental metastases from 10 HGSC patients. The primary ovarian HGSC stromal gene signature was 212 

overexpressed in a subset of primary ovarian HGSC while the omental metastasis stromal gene 213 

signature was overexpressed in a subset of omental and non-omental metastases (Fig. 4A). Thus, 214 

application of the published proteome-derived stromal gene signatures to our data set shows that the 2 215 

stromal gene signatures are differentially enriched in primary and metastatic tumors in most, but not 216 

all, patients (i.e. all 3 tumors cluster together in the asterisk-marked gray-colored patient and the teal-217 

colored patient) (Fig. 4A). To assign a quantitative value to the difference in enrichment of the 2 218 

stromal gene signatures, we used an unweighted ratio of the stromal gene signature z-scores (positive 219 

value for the omental metastasis gene signature and negative value for the primary ovarian HGSC 220 

gene signature). The average ratio of the stromal gene signatures was significantly lower in primary 221 

ovarian HGSC compared to patient-matched omental or non-omental metastases in the GSE133296 222 

data set (Fig. 4B).  223 

 224 

Using 2 large transcriptomic data sets in which subsets of samples have been annotated by the site of 225 

sample collection (GSE9891 and GSE2109), we showed that the average ratio of the 2 stromal gene 226 

signatures was lower in tumors located retroperitoneally or in the pelvis (ovary, uterus, and fallopian 227 

tube) than in tumors located outside of the pelvis (omentum, colon/intestine, abdominal wall, 228 

peritoneum, and diaphragm) (Fig. 4C, D). Together, these data suggest that intraperitoneal tumors 229 

located in the pelvis are enriched for a stromal gene signature of primary ovarian HGSC while tumors 230 

outside of the pelvis are enriched for a stromal gene signature of omental metastases.  231 

 232 

To determine whether the 2 stromal gene signatures are associated with molecular subtypes in primary 233 

ovarian HGSC, we used the ovarian TCGA data set (8). Overlay of the 2 stromal gene signatures with 234 

the ovarian TCGA data set showed strong enrichment of the omental metastasis gene signature in the 235 

Mes subtype while the stromal gene signature of primary ovarian HGSC was not significantly 236 

enriched in any specific molecular subtype (Fig. 5A). The ratio of the 2 stromal gene signatures was 237 

significantly enriched in the Mes subtype in comparison to the Immunoreactive, Differentiated, and 238 

Proliferative molecular subtypes (Fig. 5B). Since the Immunoreactive and Mesenchymal primary 239 
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ovarian HGSC subtypes have been shown to contain more stroma (less epithelial cancer cells) than the 240 

Differentiated and Proliferative subtypes (10,11,25,26), it is possible that the stromal gene signatures 241 

are overexpressed in samples with high stromal content and underexpressed in samples with high 242 

epithelial cancer cell content. However, we show little correlation between the stromal gene signatures 243 

and epithelial cancer cell content in the TCGA data set (Fig. 5C), suggesting that the strong 244 

enrichment of the stromal gene signature ratio in Mes-HGSC (Fig. 5B) reflects a molecularly different 245 

type of stroma rather than an increased presence of the stroma in the Mes subtype. 246 

 247 

Discussion 248 

 249 

Molecular profiling studies have identified 4 distinct molecular subtypes of primary ovarian HGSC of 250 

which the Mes subtype has the lowest rate of optimal surgical debulking and the worst overall survival 251 

(7,10,13,15,23,27-29), and is almost always associated with coexisting upper abdominal/omental 252 

metastases (13,15). It has been shown that cancer-associated stroma and ECM largely contribute to the 253 

Mes gene signature (9-11). Additionally, our analyses showed that the transcriptome of primary 254 

ovarian Mes-HGSC is strongly correlated with the stromal gene signature of omental metastasis (22). 255 

Considering the phenotypic similarity between primary ovarian Mes-HGSC and peritoneal metastases 256 

and the frequent coexistence of primary ovarian Mes-HGSC with upper abdominal/omental 257 

metastases, we propose that primary ovarian Mes-HGSC might actually be cancer-stroma aggregates 258 

that detached from tumors located in the upper abdomen/omentum. Indeed, whole-genome and single-259 

nucleus sequencing analyses have demonstrated that metastases are not always unidirectional and that 260 

the re-seeding of peritoneal metastasis to the fallopian tube or ovary can occur (2,3). Unfortunately, 261 

the gene expression based molecular subtypes of such samples cannot be determined as these studies 262 

isolated high purity epithelial tumor cells rather than the stroma, which frequently contributes to gene 263 

expression signatures that define molecular subtypes. 264 

 265 

Studies in cell co-cultures and in mouse models demonstrated the existence of heterotypic aggregates 266 

of cancer cells and stroma, in which stromal cells support epithelial cancer cell survival and guide 267 

peritoneal invasion, and can accompany epithelial cancer cells to a new metastatic site and actively 268 

reconstitute the tumor stroma in newly formed metastases (24,30). However, it has been shown that 269 

HGSC metastases rarely contain CAFs from primary ovarian HGSC (24), suggesting that stromal cells 270 
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in primary ovarian tumors are not overly efficient in accompanying cancer cells to a new metastatic 271 

site and/or are not proficient in re-building the stroma at a new site. It is likely that implantation of 272 

cancer cell-stroma aggregates at a new metastatic site requires significant remodeling of the local 273 

stroma or recruitment of new stroma. Indeed, stroma in the upper abdominal/omental metastases is 274 

frequently enriched for markers of myofibroblasts and ECM remodeling, such as POSTN, COL11A1, 275 

LOX, VCAN, TNC, and THBS2 (9,20,22). It is possible that the upper abdominal/omental metastasis 276 

stroma is more efficient than primary ovarian cancer stroma in accompanying metastatic cancer cells 277 

and reconstituting the stroma at secondary metastatic sites. For example, omental adipocytes have 278 

been shown to promote ovarian cancer metastasis and provide energy for rapid tumor growth (31,32).  279 

 280 

Our result that the majority of patient-matched metastatic or recurrent HGSC samples were classified 281 

as Mes-HGSC irrespective of the primary cancer subtype is consistent with the results of a recent 282 

study in a different cohort of patients (19) as well as a study showing that the majority of PPC are 283 

classified as the Mes subtype (20). According to our hypothesis that the Mes signature is a signature of 284 

stromal cells in the upper abdominal/omental HGSC, all HGSC in the upper abdomen/omentum 285 

should be classified as Mes. Yet in our study, only 86% of PPC and 66% of peritoneal metastases were 286 

classified as Mes. It is also expected that all PPC metastases to the ovary are Mes but only 67% were 287 

classified as Mes. Multiple technical reasons could explain why some metastases to the ovary did not 288 

classify as Mes including imperfections in algorithms that had been used for the Mes subtype 289 

classification in the original publications, unknown precise site of sample collection in the peritoneal 290 

cavity (pelvis vs upper abdomen/omentum), and/or inclusion of samples that had been annotated as 291 

PPC based on the tumor distribution but are actually primary ovarian or fallopian tube HGSC. A 292 

biological explanation for the existence of non-Mes-HGSC metastases in the upper abdomen/omentum 293 

could be that metastases are initially associated with accompanying stroma from the primary ovarian 294 

HGSC until cancer cells can recruit and/or remodel the stroma at the metastatic site.  295 

 296 

We cannot completely exclude the possibility that cancer cells in primary ovarian Mes-HGSC are 297 

capable of converting the resident ovarian stromal cells into myofibroblasts or recruiting 298 

myofibroblast-like stroma to the ovary. However, if this were true, it would be expected that some of 299 

the stage I-II primary ovarian HGSC were of the Mes subtype. Of  the 37 stage I-II primary ovarian 300 

HGSC samples that satisfied our inclusion criteria in the TCGA and GSE9891 data sets, only 1 was 301 
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classified as Mes and that tumor exhibited features of a highly aggressive malignancy (stage IIc with 302 

lympho-vascular invasion and early death from the disease), suggesting the potential presence of 303 

malignant ascites containing microscopic cancer cell-stroma aggregates from the upper 304 

abdomen/omentum. 305 

 306 

Although the main purpose of this study was to present a new perspective in the understanding of 307 

intraperitoneal HGSC dissemination, our results have clinical relevance. We suggest that the Mes gene 308 

signature in primary ovarian HGSC signifies advanced/high-stage intraperitoneal metastatic 309 

dissemination that includes metastasis to the ovary by cancer cell-stroma aggregates from the upper 310 

abdomen/omentum. From this perspective, stage III Mes-HGSC could be considered “more advanced” 311 

than stage III non-Mes-HGSC. Additionally, our results may be relevant to the future clinical use of 312 

molecular subtype biomarkers to triage patients to primary cytoreductive surgery or neoadjuvant 313 

chemotherapy. Genes associated with the Mes subtype have been associated with suboptimal 314 

debulking and increased postoperative morbidity and mortality (13,15,33,34), suggesting that the Mes 315 

subtype could be helpful as a biomarker to triage patients toward neoadjuvant chemotherapy (35). 316 

Some medical centers are already using preoperative biopsy to assess resectability and triage patients 317 

for neoadjuvant chemotherapy (36,37). Our results show that the site of tumor biopsy is important in 318 

determining the Mes subtype. Although large omental metastases are most easily accessed (37), they 319 

are not reliable for patient stratification by tumor molecular subtype classification because they usually 320 

exhibit the Mes subtype. If classification by molecular subtype is to be used to inform clinical 321 

management, our findings underscore that biopsies submitted for molecular analysis should be 322 

obtained from the ovarian mass, even though it may be more difficult to obtain than an omental 323 

biopsy. With the advancement of image-guided core needle biopsy and minimally invasive surgical 324 

techniques, diagnostic ovarian sampling to precisely identify molecular characteristics of the tumor 325 

could become standard clinical practice in individualizing the treatment approach (38,39). 326 

 327 

Materials and Methods 328 

 329 

Patient samples and gene expression analyses. Formalin-fixed paraffin-embedded (FFPE) blocks 330 

were retrieved from the pathology archives at Cedars-Sinai Medical Center under an approved IRB 331 

protocol. FFPE blocks were sectioned onto uncharged glass slides. One 4 µm H&E-stained section 332 
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was used by a pathologist to circle the tumor areas and delineate them from the adjacent normal tissue. 333 

Depending on the tumor size, 1 to 3 unstained 10 µm sections were macrodissected (removal of non-334 

tumor areas based on the H&E template) with a clean razor blade. Total RNA was isolated using the 335 

miRNeasy FFPE kit according to the manufacturer’s instructions (Qiagen). For the GSE135712 data 336 

set, samples of omental metastases collected from 152 HGSC patients at the time of primary debulking 337 

surgery were analyzed for RNA expression of 1067 genes by NanoString nCounter technology 338 

(NanoString Technologies). Data were normalized using nSolver software (NanoString Technologies). 339 

In a separate NanoString data set, matched primary, metastatic, and recurrent HGSC samples from 29 340 

patients were analyzed for RNA expression of 15 genes by NanoString nCounter. Five patients were 341 

excluded from the analysis due to missing tissue or missing mRNA data for one of the matched 342 

tumors. In 4 patients where more than one matched metastatic or recurrent tumor sample was 343 

available, one sample was randomly selected for the study. For the GSE133296 data set, matched 344 

HGSC samples collected from the ovary, omental metastasis, and non-omental intraperitoneal 345 

metastasis from 10 patients at the time of primary debulking surgery were analyzed for RNA 346 

expression by RNA sequencing using the SMARTer Stranded Total RNA-Seq Kit v2 on the Illumina 347 

HiSeqX platform (MedGenome). Unwanted sequences (non-polyA tailed RNAs from the sample, 348 

mitochondrial genome sequences, ribosomal RNAs, transfer RNAs, adapter sequences and others) 349 

were removed using Bowtie2 (version 2.2.4). The paired-end reads were aligned to the reference 350 

human genome downloaded from the UCSC database (GRCh37/hg19). STAR (2.4.1) aligner was used 351 

for read alignment. Reads mapping to ribosomal and mitochondrial genomes were removed before 352 

alignment was performed. The raw read counts were estimated using HTSeq-0.6.1. Read count data 353 

were normalized using DESeq2.  354 

 355 

Expression data sets. For the ovarian TCGA data set, level 3 data (gene merged) on the 356 

AgilentG4502A_07_3 platform was used for analyses. The GSE9891, GSE2109, and GSE73168 data 357 

sets were obtained from the Gene Expression Omnibus (GEO) repository. Raw and normalized data 358 

for GSE135712 and GSE133296 were deposited into the GEO archive. Datasets used in this study and 359 

their associated publications are listed in Table S1. 360 

 361 

Gene signatures distinguishing Mes-HGSC from non-Mes-HGSC. For the 15-gene Mes signature, 362 

matched primary, metastatic, and recurrent FFPE tumor samples from 24 patients with HGSC were 363 
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profiled with NanoString nCounter for expression of 15 genes (Table S2) that we previously found to 364 

be associated with poor survival in HGSC (21) and/or belonged to the pan-cancer gene signature of 365 

activated cancer-associated fibroblasts (9). A threshold for each of the 15 genes was determined by its 366 

median expression level in the primary tumors (Table S3). A score of 1 was given if the expression 367 

exceeded the threshold, otherwise a score of 0 was given (Table S3). Once 15 individual scores 368 

corresponding to 15 mesenchymal genes were obtained, they were used to create a Mes score. The 369 

Mes score was normalized to a range between 0 and 1, in which 1 indicated Mes-HGSC while all other 370 

values indicated non-Mes-HGSC. Application of this 15-gene score algorithm to the TCGA data set 371 

correctly classified 96 of 105 (91%) samples annotated as the Mesenchymal subtype and 317 of 355 372 

(89%) samples annotated as the non-Mesenchymal subtype (Immunoreactive, Proliferative or 373 

Differentiated) (Table S4). For the 100-gene set mesenchymal HGSC gene signature, we used the top 374 

100 genes that distinguished the Mes subtype from other subtypes, according to the study by Verhaak 375 

et al. (7) (Table S2). The 21-gene stromal signature of primary ovarian HGSC and the 21-gene 376 

stromal signature of omental metastasis have been described (22).   377 

 378 

Data analyses. The R2: Genomic Analysis and Visualization Platform (http://hgserver1.amc.nl/cgi-379 

bin/r2/main.cgi) was used for analyses of RNA expression levels and correlation between gene set 380 

signatures and sample groups in different data sets. The gene set signature score was defined as the 381 

average z-score of a z-score-transformed data set. For digital image data analyses, H&E stained slides 382 

were scanned at 20x magnification using Aperio AT Turbo. The image analysis was performed using 383 

the QuPath software. The image analysis workflow consisted of cell/nucleus detection, annotation of 384 

regions containing 3 different cell types (fibroblast, epithelial cancer cell, immune cell), creating the 385 

cell detection classifier, and applying the classifier to all cells in the circled regions of the slide.  386 

 387 

 388 
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FIGURE LEGENDS 412 

 413 

Fig. 1. Diagram of peritoneal dissemination of HGSC. For graphical purposes, only stages II and III 414 

are shown and up to 3 different primary tumors (p1, p2, p3) occurring in individual patients are shown 415 

as if they occurred in a single patient. In stage III HGSC, metastases from the ovary to the upper 416 

abdomen/omentum (ov-per) and PPC (per-per) usually exhibit the Mes subtype (red). Primary ovarian 417 

HGSC are mostly of the non-Mes subtype (blue) but a subset exhibits the Mes subtype (red). (A) In 418 

the current model of ovarian cancer dissemination, tumors spread in one direction - from the pelvis to 419 

the upper abdomen/omentum (ov-per). Primary ovarian HGSC of the non-Mes and Mes subtype form 420 

metastases of the Mes subtype. (B) In the proposed model of peritoneal metastasis, tumors spread in 421 

both directions – from the pelvis to the upper abdomen/omentum (ov-per) and from the upper 422 

abdomen/omentum (HGSC metastases or PPC) to the pelvis (per-ov). True primary ovarian HGSC 423 

(ov-ov) are of the non-Mes subtype while metastases from the upper abdomen/omentum to the ovary 424 

(per-ov) are of the Mes subtype. (C) In stage II HGSC, masses in the ovary are of the non-Mes 425 

subtype because upper abdominal/omental tumors are absent. 426 

 427 

Fig. 2. The Mes subtype is characteristic of upper abdominal/omental metastases and PPC while 428 

HGSC confined to the pelvis does not exhibit the Mes subtype. (A) NanoString expression of 15 429 

mesenchymal genes in FFPE samples from primary, metastatic, and recurrent stage III-IV HGSC from 430 

24 patients. (B) The samples were classified into Mes (red) and non-Mes subtypes using the Mes 15-431 

gene signature z-score. The site of sample collection is indicated for each tumor, with the omentum 432 

and lymph nodes indicated in red and blue, respectively. (C) Distribution of molecular subtypes by 433 

disease stage in the TCGA data set. Excluded from the analysis were 4 samples for which the ovary 434 

was not the presumed site of tumor origin or the site of tumor collection (2 fallopian tube and 2 435 

omentum samples). Additionally, 81 samples that did not cluster among the 4 molecular subtypes were 436 

excluded. (D) Distribution of molecular subtypes by disease stage, site of presumed tumor origin, and 437 

site of sample collection. Included in the analysis were only tumors annotated as high grade (2 or 3); 438 

serous histology; malignant; stage I, II, III or IV; molecular subtype C1/Mesenchymal, C2/Immune, 439 

C5/Differentiated or C4/Proliferative; primary site ovary (ov) or peritoneum (per); and collection site 440 

ovary (ov) or peritoneum/colon/omentum (per). Due to the small number of stage I and stage IV 441 
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samples, stage I and II samples were grouped as stage I-II, and stage III and IV samples were grouped 442 

as stage III-IV. One stage II per-per sample was grouped with 8 stage III-IV per-per samples. 443 

 444 

Fig. 3. The Mes gene signature expression correlates with fibroblast content in HGSC metastases 445 

but not primary ovarian HGSC. (A) A representative example of cell type (fibroblast, epithelial 446 

cancer cell, immune cell) annotation by QuPath analysis of H&E-stained full sections of omental 447 

metastases isolated from 152 HGSC patients at the time of primary debulking surgery (GSE135712). 448 

(B) Correlation of the Mes 15-gene signature score (Y axis) with the content of fibroblasts, cancer 449 

cells, and immune cells in omental metastases isolated from 152 HGSC patients (GSE135712). The 450 

content of each cell type was determined as the percent of one cell type in the 3 annotated cell types 451 

(fibroblasts, cancer cells, immune cells) in each sample (X axis). (C) Fibroblast content in matched 452 

primary tumors, omental metastases, and non-omental peritoneal metastases isolated at the time of 453 

primary debulking surgery from 10 HGSC patients (GSE133296). Fibroblast content was determined 454 

as the percent of fibroblasts in the 3 annotated cell types in each sample. (D) Correlation of the Mes 455 

15-gene signature score (Y axis) with the content of fibroblasts (X axis) individually in matched 456 

primary tumors, omental metastases, and non-omental intraperitoneal metastases from 10 HGSC 457 

patients (GSE133296). 458 

 459 

Fig. 4. The stroma in HGSC metastases has different molecular features than the stroma in 460 

primary ovarian HGSC. (A) Euclidean clustering heatmap of expression values of 2 public stromal 461 

gene signatures (derived from laser-capture microdissected stromal cells in matched primary ovarian 462 

HGSC and omental metastases from 11 patients with HGSC) applied to the GSE133296 transcriptome 463 

data set of matched primary ovarian HGSC, omental metastases, and non-omental metastases from 10 464 

HGSC patients. Blue and red bars on the right indicate which genes belong to the primary ovarian 465 

HGSC stromal gene signature (blue) and the omental metastasis stromal gene signature (red). 466 

Transcripts for GSTA2 (from the original primary ovarian HGSC stromal gene signature) and 467 

LPREL2 (from the original omental metastasis stromal gene signature) were missing in the 468 

GSE133296 data set. The signature score was defined as the average z-score of a z-score-transformed 469 

GSE133296 data set. The average gene signature scores and average unweighted ratio of the signature 470 

scores are shown at the bottom of the heatmap. Asterisks indicate patients for which primary ovarian, 471 

omental metastasis, and non-omental metastasis samples clustered together. (B-D) Dot plots of the 472 
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ratio of z-scores from the omental metastasis stromal gene signature (positive unweighted value) and 473 

primary ovarian HGSC stromal gene signature (negative unweighted value) in (B) primary ovarian 474 

HGSC, omental metastases, and non-omental metastases in the GSE133296 data set; (C) different sites 475 

of sample collection in the GSE9891 data set (excluded from the analysis were tumors of low 476 

malignant potential, non-serous tumors, one bone metastasis, and tumors lacking annotation of the 477 

collection site); and (D) different sites of sample collection in the GSE2109 data set (included in the 478 

analysis were ovarian tumors of all types and histologies that have been annotated by the site of 479 

sample collection; some sites have been grouped in this graph; for original annotation, please see 480 

Table S5). The GSTA2 transcript was missing in the GSE9891 and GSE2109 data sets. The bars 481 

indicate average ratio of z-scores in each group. 482 

 483 

Fig. 5. TCGA primary ovarian Mes-HGSC are enriched for a stromal gene signature of omental 484 

metastases. (A) Euclidean clustering heatmap of expression values of 2 public stromal gene signatures 485 

(derived from laser-capture microdissected stromal cells in matched primary ovarian HGSC and 486 

omental metastases from 11 patients with HGSC) applied to the TCGA primary ovarian HGSC 487 

samples classified as the Immunoreactive, Mesenchymal, Proliferative and Differentiated molecular 488 

subtypes (excluded from the analysis were 4 samples that were not collected from the ovary and 81 489 

samples that did not cluster among the 4 molecular subtypes). The primary ovarian HGSC stromal 490 

signature was represented by 20 of the original 21 genes genes (GSTA2 transcript was missing in the 491 

TCGA data set). The signature score was defined as the average z-score of a z-score-transformed 492 

TCGA data set. Average gene signature scores and the average unweighted ratio of signature scores 493 

are shown at the bottom of the heatmap. (B) Dot plot of the ratio of z-scores from the omental 494 

metastasis stromal gene signature (positive unweighted value) and primary ovarian HGSC stromal 495 

gene signature (negative unweighted value) in the Immunoreactive, Mesenchymal, Proliferative and 496 

Differentiated molecular subtypes in the TCGA data set. (C) Dot plots of Spearman correlation of 497 

stromal signature z-scores and percent of epithelial cancer cells present in histological sections of 498 

tumor samples in the TCGA data set. 499 

 500 

  501 
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SUPPLEMENTARY FIGURES 502 

 503 

Fig. S1. Kaplan-Meier plot of overall survival and disease-free survival using the 15-gene 504 

mesenchymal signature (average expression) in the TCGA data set. Samples include grade 2+3 HGSC.  505 

 506 

Fig. S2. Robustness of the Mes 15-gene signature in classifying Mes-HGSC. (A) Euclidean clustering 507 

heatmaps of expression values of the 15-gene signature defined by NanoString analysis and the 100-508 

gene signature defined by Verhaak et al. (7) in the ovarian TCGA data set in which samples had been 509 

previously classified into the Immunoreactive, Mesenchymal, Proliferative and Differentiated 510 

molecular subtypes. The signature score was defined as the average z-score of a z-score-transformed 511 

TCGA data set. Average gene signature scores are shown at the bottom of each heatmap. (B) 512 

Spearman correlation of gene signature scores between Mes 15-gene set (NanoString) and Mes 100-513 

gene set (Verhaak). (C) Levels of signature scores in the Immunoreactive, Mesenchymal, Proliferative 514 

and Differentiated molecular subtypes. The 15-gene Mes subtype gene set is equally effective in 515 

identifying Mes-HGSC as the standard 100-gene Mes subtype gene set defined by Verhaak et al. (7).  516 

 517 

Fig. S3. Derivation of the Mes 15-gene signature z-score in different gene expression data sets. 518 

Expression values for the 15-gene gene sets are shown as heatmaps of Euclidean clustering analysis 519 

(A) GSE135712, (B) GSE133296, and (C) GSE73168. Average gene signature scores are shown at the 520 

bottom of each heatmap. (D) Relative enrichment of the Mes 15-gene signature in EpCam-positive 521 

epithelial cells isolated from primary ovarian HGSC, matched metastases, and ascites samples from 5 522 

patients (3 with duplicate samples). Excluded from the analysis were samples from 3 patients with 523 

ovarian tumors of low malignant potential. The bars represent median relative enrichment levels in 524 

each group of samples.  525 

 526 

  527 
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SUPPLEMENTARY TABLES  528 

 529 

Table S1. Gene expression datasets and associated publications. 530 

 531 

Table S2. 15-gene and 100-gene signatures of the Mes molecular subtype. Genes overlapping between 532 

the 15-gene and 100-gene signatures are highlighted in yellow. 533 

 534 

Table S3. 15-gene signature NanoString mRNA values and algorithm for classifying the Mes subtype 535 

in 24 patient-matched primary, metastatic, and recurrent HGSC.  536 

 537 

Table S4. Performance of the 15-gene gene classifier from Table S2 in identifying Mes and non-Mes 538 

molecular subtypes in the TCGA data set.  539 

 540 

Table S5. Metastasis site groups in the GSE2109 data set.  541 

  542 
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