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Iron Addiction In Tumor Initiating Cells: A Novel Therapeutic` Target In Ovarian 

Cancer 

Debargha Basuli, M.D., PhD 

University of Connecticut, 2016 

Ovarian cancer is a highly lethal malignancy that has not seen a major therapeutic 

advance in over 30 years. We demonstrate that ovarian cancer exhibits a targetable 

alteration in iron metabolism.  Ferroportin (FPN), an iron efflux pump, is decreased and 

transferrin receptor (TFRC), an iron importer, is increased in ovarian cancer 

tissue.  Expression of FPN and TFRC are strongly associated with patient 

survival.  Ovarian cancer tumor-initiating cells demonstrate a similar profile of iron 

excess.  Iron deprivation induced by desferroxamine, knockout of IRP2, or 

overexpression of FPN preferentially blocks growth of tumor initiating cells.  Iron 

restriction inhibits invasion, synthesis of MMPs and IL6, and reduces intraperitoneal 

spread of tumor cells in vivo.  Growth of ovarian tumors is inhibited by induction of 

ferroptosis, an iron-dependent form of cell death.  Thus, enhanced levels of iron create a 

metabolic vulnerability that can be exploited therapeutically. We show that this 

dependence is already evident in the tumor initiating cell and creates a new therapeutic 

opportunity.  Thus, alterations in iron import and export in ovarian cancer result in an iron 

acquisitive phenotype and an increase in metabolically available iron.  A reduction in 

intracellular iron decreases IL6, which reduces MMPs, invasion and intraperitoneal 

metastases.  Iron dependence can be targeted in two ways:  by reducing intracellular iron 

with chelators, or by treating with agents that induce iron-dependent cell death. 
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INTRODUCTION 
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Introduction of thesis 

This thesis details my research on iron addiction exhibited by ovarian cancer tumor 

initiating cells (TICs) (or popularly known Cancer Stem Cells/CSCs) and targeting it to 

modulate tumor growth. In this introduction, first I will provide a brief overview of the 

relation between iron and cancer. Next, I will provide a background for ovarian cancer. I 

will then describe the current concept about tumor initiating cells. Finally I will introduce 

our concept of how the iron phenotype in the ovarian TICs can be targeted. Altogether, 

this introduction will underscore the rationale for pursing the studies described in this 

thesis.  

Overview of role of iron in human body 

Iron is an essential element for mammalian cells. Iron is critical for cell division, growth 

and metabolism. It is contained or acts as a cofactor in many vital enzymes. In mammalian 

cells, iron enables ribonucleotide reductase activity thereby helping in DNA replication 

and cell growth(1) . Reversible coordination of O2 and its transport by iron containing 

metalloproteins (hemoglobin and myoglobin) is crucial for life. Iron-sulphur proteins are 

best known for their role in oxidation-reduction reactions of the mitochondrial electron 

transport system. Cytochromes contain a variety of heme cofactors and are involved in 

electron transfer reactions required for cellular respiration(2). Iron has important role in 

cellular detoxification through enzymes like peroxidase and catalase (3). Thus iron is 

beneficial to the basic biological processes to sustain life. 
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Normal iron homeostasis in human 

The main source of iron in human is through diet. The majority of dietary iron is absorbed 

by the enterocytes in the duodenum.  A ferric reductase enzyme, duodenal cytochrome 

B (DcytB) present of the luminal border of the enterocytes reduces any ferric iron ( Fe3+ ) 

to ferrous iron ( Fe2+). Divalent metal transporter 1 (DMT1), another protein in the 

enterocytes help in internalizing Fe2+ into the cells and transporting across the cell. On 

the basolateral side of the enterocyte, Fe2+ is again oxidized back to Fe3+ by hephaestin. 

Fe3 + is released by the cell into the circulation through the only known iron exporter in 

mammals called ferroportin (FPN). The body regulates iron absorption mainly by 

regulating the levels of FPN, via hepcidin, an enzyme produced in liver and binds to FPN 

to degrade it. Fe3+ thus released into the blood binds to Transferrin (TF) and circulates 

throughout the body and is delivered to peripheral tissues. Iron bound TF is recognized 

by transferrin receptor (TFR), a cell surface receptor. The Fe3+- TF- TFR complex is 

endocytosed into the cell. In the acidic environment of the endosome, and through the 

enzymatic activity of STEAP reductase, Fe3+ is reduced to Fe2+. TFR is recycled back to 

the cell membrane. With the help of DMT1, Fe2+ effluxes from endosome into the cytosol 

into a pool of loosely bound metabolically active iron, termed as labile iron pool (LIP). Iron 

from this LIP is used for biosynthesis of heme and iron- sulphur clusters, other enzymes 

and the excess iron is stored in an iron storage protein called ferritin. Iron can also be 

pumped out of the cell through FPN.  
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Figure 1. Normal cellular iron homeostasis. 

Upper diagram shows absorption of dietary iron through duodenal enterocyte. 

Lower diagram shows normal cellular iron metabolism. 
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Iron regulatory proteins (IRP1 and IRP2) are the master regulators of iron homeostasis 

and regulate other iron proteins post-transcriptionally (Figure 2). When the cell is iron 

depleted, IRBs bind to the iron response elements (IREs) in the 5’ untranslated region of 

ferritin and FPN mRNAs leading to stalling of translation of these mRNAs. The TFR 

mRNA also has IRE in the 3’ untranslated region. Binding of IRBs to the IRE of TFR 

mRNA stabilizes the mRNA and increased translation of TFR. When the cell is iron 

sufficient, IRBs unbind from the IREs of the respective mRNAs leading to increased 

translation of ferritin and FPN, and decrease in TFR translation. 

 

 

 

 

 

 

 

 

 

Figure 2. Control of iron metabolism through IRB.  
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Iron and cancer 

Despite its beneficial role of iron, iron is found to the culprit of diverse pathological 

conditions in human including cancer. There is a growing body of evidence, both 

epidemiological and biological about the strong association of iron and cancer.  

In one of the early observational studies, Stevens et al demonstrated that in a cohort of 

14000 human participants, higher TF saturation was associated with increase in risk of 

cancer in men within a follow up period of 10-13 years(4). Several studies were conducted 

later, most of which indicated a general trend of increased cancer risk with increased body 

iron stores. Other studies have shown that in hemochromatosis, a genetic disease 

(mutation in HFE gene) leading to massive iron accumulation with in the body, the risk of 

cancer is about 20-200 fold higher than normal people (5, 6). Hemochromatosis patients 

are at increased risk of mainly liver cancer, including cancers in other organs like 

pancreas, breasts and colon (7, 8). In an interventional study, it was observed that 

reduction in body iron through repeated phlebotomy in elderly men was associated with 

overall reduction in cancer risk (9).   

The underlying mechanisms of the strong association of iron and cancer are not 

understood clearly. One popular hypothesis is iron may promote tumor initiation through 

its ability of production of reactive oxygen species via Fenton reaction. Iron reacts with 

hydrogen peroxide to form hydroxyl and hydroperoxyl radicals as follows: 
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Fe2+ + H2O2 → Fe3+ +  HO•    + OH− 

Fe3+ + H2O2 → Fe2+ +  HOO•    + H+ 

ROS produced in Fenton reaction can mutate DNA through oxidative dmage potentially 

leading to tumor initiation(10, 11).  

During the last two decades, several studies manifested that iron metabolism is altered 

in cancer and many iron proteins are found to have important contribution in tumor growth. 

TFR, the major iron import protein has been shown to be highly expressed in many 

cancers including breast cancer, lung cancer, bladder cancer, glioma to name a few(3). 

Studies have shown that targeting TFR can be effective as a therapeutic strategy to halt 

cancer cell growth in vitro and in vivo(12). Antibodies against TFR have shown promising 

results in preclinical trails (13). Cytotoxic moieties conjugated to its ligand TF has been 

used to target highly expressed TFR within the cancer selectively (14).  Ferritin, the iron 

storing protein is found to contribute to tumor growth. In B cell lymphoma and other HRAS 

expressing cancers, ferritin is found to be downregulated, thereby releasing the stored 

iron into the metabolically active labile iron pool of the cancer cells to promote tumor 

growth(15-17). Ferritin is transcriptionally upregulated by TNF(18). TNF induced ferritin 

upregulation is mediated by NF-κB in the fibroblasts (19). In their review, Torti et al (3), 

opine that increased ferritin through NF-κB in the fibroblast might help in sequestering 

iron and thereby preventing oxidative stress within the tumor microenvironment leading 

to tumor survival. Ferritin may also promote angiogenesis in cancer by binding to high 
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molecular weight kininogen (HMWK)(20). Thus ferritin can modulate tumor growth both 

through up and down regulation.  

The FPN- hepcidin regulatory axis is the major pathway through which systemic iron 

levels are regulated with in the body (21). When iron level is high within the body, hepcidin 

is induced in the liver. Hepcidin binds to the FPN in the enterocytes and downregulates 

FPN leading to lesser iron absorption (22). FPN and hepcidin are expressed in breast 

epithelial cells (23). FPN is found to be downregulated in breast cancer cells at protein 

level, probably through a local autocrine FPN-hepcidin loop in the cancer cells (23). FPN 

mRNA expression pattern in the tumor tissue of breast cancer patients is significantly 

associated with patient survival and thus can predict clinical outcome of the disease (23).  

IRP2 is overexpressed in breast cancer and plays an important role in iron accumulation 

in breast cancer (24). IRP2 is shown to upregulate tumor growth and may contribute to 

the poor outcome of the breast cancer patients (24).  

Thus there is substantial evidence, both factual and conceptual that iron plays a pivotal 

role in cancer initial and progression. Altered iron metabolism has been suggested as a 

“hallmark of cancer”(25). A subset of iron genes comprising of 16 genes (termed as iron 

regulatory gene signature, IRGS) has been shown to be superior for risk stratification in 

breast cancer compared to conventional prognostic factors (26). Iron genes and proteins 

are being evaluated for prognosis and therapy in several types of cancers (23, 27, 28). 

Although a lot of studies have been conducted to understand the relation between iron 

and different cancer types, a little work has been done in respect to ovarian cancer, the 

5th most common cancer in women in US and the most lethal gynecological malignancy. 
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In this thesis, the objective of my research work is to explore the characteristics of iron 

metabolism in ovarian cancer, particularly high grade serous ovarian cancer (HGSOC). 

 

High grade serous ovarian cancer (HGSOC) 

Overview of ovarian cancer 

Ovarian cancer is the fifth leading cause of cancer-related deaths among women in the 

United States(29).  In 2014, approximately 22,000 women were diagnosed with ovarian 

cancer, and approximately 14,000 died of the disease, making it the most lethal of the 

gynecologic malignancies (29, 30). Ovarian cancer is a heterogeneous disease 

composed of multiple subtypes that are defined both histologically (31) and molecularly 

(32-34).  High grade serous ovarian carcinoma is the most common histologic subtype, 

accounting for over 50% of ovarian epithelial malignancies.   The 5 year survival rate of 

patients with HGSOC is a dismal 9-34% (31).   

Origin of HSOC 

To more effectively approach HGSOC, efforts have focused on identifying its cell of origin.  

This subject remains an area of active debate (35). Since early 70s, ovarian surface 

epithelium (OSE) was proposed to be the origin of HGSOC by Fathala (36). For 30 years, 

the exact process of how OSE transforms into HGSOC was never precisely understood. 

In the 90s, following the discovery of BRCA1 and BRCA1 genes to be responsible for 

high risks of breast and ovarian cancer (37), a new hypothesis about the cell of origin of 

HGSOC started to emerge. After this, salpingo-oophorectomy became the standard 
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practice for prevention of ovarian cancer in women who were carriers of germline 

mutations in BRCA1 and 2. With the availability of surgical samples from preventive 

salpingo-oophorectomy, the pathologists started to carefully examine the specimen and 

surprising they didn’t find any lesion in the ovaries. Instead, a dysplastic lesion was found 

in the fimbriated end of the fallopian tube samples. Following this observation, a standard 

protocol for systematic evaluation of the surgical samples of the fallopian tubes was 

adopted, called SEE-FIM (referenced in (38)) which led to the identification of an occult 

noninvasive and invasive carcinomas in the fallopian tubes(38, 39). Subsequently, Peik 

et al proposed the occult tubal carcinoma might be the precursor lesion for the high grade 

serous carcinoma in the ovary (40). Several other findings upheld histological, molecular 

and genetic evidence that pointed towards the fallopian origin of HGSOC. Genetic 

expression studies demonstrated that the expression profile of HGSOC resembled 

fallopian tubular epithelium more closely compared to the OSE (41). Tubal intraepithelial 

carcinoma was found positive in 48% of the women with HGSOC but who were not 

carriers of BRCA mutations (42). This lesion was only found in patients with serous 

carcinoma but not in other types of ovarian cancer; hence the term “serous tubular 

intraepithelial carcinoma (STIC) “was proposed for this lesion (42). The first defining 

feature of STIC was the “p53 signature”, characterized by evidence of DNA damage, 

TP53 mutations and P53 protein stabilization found within the secretory cells of the 

fallopian epithelia. (41). Pathological studies of surgical specimens of STICs and HGSOC 

showed that 92% of the STIC have TP53 mutation and are identical to the TP53 mutation 

in the concurrent pelvic high grade cancer supporting the evidence of clonal relationship 

between the two lesions(43).  
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Pathogenies of HGSOC 

The process of transformation of STIC into HGSOC is poorly characterized. Traditionally 

ovarian serous carcinomas have been graded into low grade and high grade. Recent 

molecular and genetic studies have shown that the low and high grade serous ovarian 

cancer have entirely distinct pathogenies pathways (44). Based on the histological 

features and clinical outcome, epithelial ovarian cancer is grouped into 2 major types: 

type 1 and type 2 (45). Type 1 includes low grade serous cancer, low grade endometriod 

cancer, mucinous cancer and some clear cell cancers that arise from a defined precursor 

called borderline tumors (46).Type 1 cancer evolves in a stepwise fashion and exhibit 

more chromosomal stability. Common mutations in Type 1 cancer are Type 1are in 

KRAS, BRAF, PTEN, CTNNB1 and TGFBR2 (46). Type 2 cancer mostly includes the 

HGSOC. HGSOC progresses rapidly and contain TP53 mutations. TP53 mutation in the 

fallopian tube fimbria is probably the earliest event in HGSOC pathogenesis since STICs 

have shortened telomeres compared to HGSOC (47). A TCGA pilot study of HGSOC, 

showed nearly 100% of the tumors harbor TP53 mutation and catalogued low prevalent 

but statistically significant recurrent somatic mutations in 9 other genes including NF1, B1 

and CDK12 RCA1/2, RB1 and CDK12 (48).  c-myc amplification is a common finding in 

advanced-stage ovarian cancer (49). TCGA also identified widespread DNA copy number 

variation in the tumors. Based on these findings, a viable model of progression of HGSOC 

has been proposed where the primary events include p53 loss and BRCA mutation 

leading to a deficiency of homologs recombination repair (HRR) that initiate chromosomal 

instability and widespread copy number (CN) change (Figure 3) (46) (50). Thus though 
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early events in HGSOC are more or less properly defined, HGSOC is characterized by a 

high level of genomic heterogeneity(51) making it difficult  to generalize its genetics.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Proposed model for initiation and progression of HGSOC. 
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Tumor initiating cells (TICs) 

Overview of the concept of TIC 

One current popular concept of tumorigenesis is that the tumors are composed of 

heterogeneous cells populations with different biological properties and tumorigenic 

potentials. A small subset of the tumor cells, called the tumor initiating cells (TICs) is 

thought to play a crucial role in tumor development, chemoresistance and relapse (52, 

53). The recent “cancer cell hypothesis” upholds the concept that tumor growth is not a 

simple monoclonal expansion of the transformed cells but a decisively driven by minority 

of these cellular populations (TICs) that display stem like properties (54).  The concept of 

TICs is evolving and there remain several controversies concerning this model.  The TICs 

are defined possess inherent ability for unlimited self-renewal through asymmetric 

division and differentiation leading to the formation of a tumor mass (55). “Asymmetric 

division” is defined as the process where a mother cell divides into two daughter cells: 

one daughter cell being the exact clone of the parental cell while the second daughter cell 

may not necessarily have the parental traits (56). Thus, tumors arising from TIC consist 

of TICs and mixed population of cells which gives rise to the full heterogeneity of the 

tumor (57). The working model of TICs defines the properties of such cells as having the 

following properties (58): 

1) Unlimited proliferative ability 

2) Potential to self-renew indefinitely in an undifferentiated form 

3) Resistant to chemo and radio therapy 
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4) High DNA repair capacity 

5) Ability to propagate a tumor by expansion of cells that are deregulated at various 

stages of differentiation 

The TICs are reported to be characterized by specific identifying surface markers. 

Although a distinctive profile of surface markers have been identified and described, the 

profile of such surface markers have been found to differ from tumor to tumor and 

probably from patient to patient (54).  

TICs in ovarian cancer 

The theory origin of a TIC is equivocal. Some suggest that TICS not necessarily arise 

from an oncogenic transformation from a normal stem cell but can arise from a progenitor 

or differentiated cell acquiring stem like characteristics through un-differentiation (59). 

However there is also evidence that TICs can arise from neoplastic transformation of a 

normal stem cell (60, 61).  

The first report of stem cells in ovarian cancer was made in 2005 (62). The description of 

the stem cell was derived from a single cell isolated from the ascetic fluid of an ovarian 

cancer patient that could sequentially propagate tumors over several generations. 

Following that, TICs populations have been identified and studied in primary ovarian 

tumors and ovarian cancer cell lines. The major drawback in studies of ovarian TICS is 

the lack of a clearly defined distinct cell surface marker. This makes isolation of a pure 

population of ovarian TICs very difficult. In recent studies, several attempts have been 

made to characterize the ovarian TICs based on the known stem cell markers of other 

types of solid malignancies. CD44, CD24, CD133, CD117, aldehyde hydrogenase 
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isoform 1 (ALDH1A1) have been proposed to denote the stem cell signature within 

ovarian tumors and have been used to isolate these cells from entire bulk of the tumor 

cells (63-66). Ovarian TICs have also been isolated based on their ability to efflux DNA 

dyes (67) and this population of cells are termed as “side population”. The side 

populations exhibit properties of tumorigenicity and chemo resistance at par with the 

properties of a TIC (68) but have shown to have heterogeneity for the known stem cell 

markers. Ovarian TICs isolated based on the surface markers and side population 

correlate with drug resistance and worse clinical prognosis (69). Genetic analysis of these 

cells were enriched in ovarian cancer patients suffering from high recurrence (69). 

Though the cells isolated by the abovementioned ways correlated with some of the 

defining features of stem cell properties, these models have always been debated as a 

true representation of TICs. Some more recent studies have used the functional 

properties of the stemness rather than isolating them based on cell surface markers. Stem 

cells are isolated from colonies growing from single cells possessing self-renewal 

capacity in culture conditions which force the cells to remain in their undifferentiated 

ground state (70).  

Why studying TICs in ovarian cancer so important 

The main challenge for ovarian cancer therapy is to overcome the resistance to treatment 

and recurrence of the disease. Current management strategy of advanced ovarian cancer 

is cytoreduction or tumor debulking surgery followed by chemotherapy to eradicate 

residual cancer (71). The chemotherapy consists of platinum (cisplatin or carboplatin) and 

taxane based agents. Though there is a remission of the cancer in 80% of the patients, 

majority of the patients suffer from a relapse within 2 years. The low 5 year survival rate 
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of only 10-30% is mainly because of the recurrence (72). The standard platinum based 

chemotherapy is very efficient in eradicating the bulk of the tumor mass. But recent 

studies show that the cisplatin fails to remove a core of cancer stem cells (CSCs) or tumor 

initiating cells (TICs) (73) and chronic treatment with this drug promotes enhanced 

damage repair and tumor progression and invasion (74). The TICs are thought to be 

resistant to traditional cytotoxic drugs due to high expression of ATP-binding cassette 

drug transporters and anti-apoptotic proteins, and an efficient DNA damage repair 

mechanism (75). Some current studies have also demonstrated that the residual TICs 

secrete soluble factors that facilitate the recurrence of the tumor (76).  Thus there is 

accumulating evidence that TICs have crucial role if ovarian cancer progression and 

relapse. 

Because of the above mentioned reasons, the current approach of the anti-cancer 

research is slowly shifting from conventional chemotherapies that target the bulk tumor 

cells to molecular targeted therapies against the TICs. This is probably more important in 

the context of ovarian cancer than any other cancer types. As discussed earlier, the lack 

of a thorough characterization of the ovarian TICs complicates any chemotherapy 

research aimed to target the ovarian TICs.   

My thesis is a study to characterize these ovarian TICs in addition of what is currently 

known. We have tried to shed light to iron phenotype of the TICs that may uncover a 

targetable iron dependence of these cells. 

 

 



 
 

17 
 

Thesis Outline 

As discussed in the introduction, iron seems to play an important role in tumorigenesis 

and tumor growth and invasiveness of different kinds of cancers. In most of the cancer, 

the net result of the alteration of the iron proteins is an increase in intra cellular iron levels 

leading to an increased proliferation. Whether this alteration of iron is acquired at an early 

stage of TICs is unknown and has not been explored. A little is known about the role of 

iron in ovarian cancer, particularly HGSOC.   

The objective of this thesis is to provide insight in the iron phenotype of the TICs of 

HGSOC by addressing the following questions: 

1) Is there any distinct iron phenotype in the tumor of the HGSOC patients? 

2) Do iron gene and proteins predict clinical outcome of these patients? 

3) Is iron metabolism altered in the ovarian TICs? 

4) Do the ovarian TICs exhibit any dependence to iron metabolism? 

5) Can iron metabolism be targeted in TICs chemotherapeutically? 

In chapter 2, I will discuss the experimental methods used to address the questions. 

Chapter 3 describes the iron phenotype of the tumors in HGSOC patients. Here I will 

demonstrate that HGSOC express high iron import proteins and low iron export proteins. 

. In chapter 4 I will further show that the mRNA expression of the iron proteins in tumor 

correlates with the clinical outcome of the patients. Chapter 5 describes the profile iron 

genes and proteins in ovarian TICs. We used patient derived ovarian TICs and a genetic 

model for ovarian TICs to characterize the iron parameters in these cells. Chapter 6 

discusses an important finding of enhanced sensitivity of the ovarian TICs to iron 
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alteration. In chapters 7 and 8 I will show two major ways of how iron can be targeted in 

the ovarian TICs to modulate tumor growth and invasion. 

Chapter 9 will provide elaborate discussion of the observations made in the study. 

Chapter 10 will provide a list of references. 
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CHAPTER 2 

METHODS AND MATERIALS 
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Cell isolation from tissues 

Patient derived ovarian TICs were isolated from tumor tissues obtained from HGSOC 

patients who had not received neo-adjuvant therapy and normal fallopian stem cells from 

unaffected fimbrial tissue of the same patient (70) (Yamamoto Y., et al., in preparation). 

The tissues were digested in 2mg/ml collagenase A (Roche) at 37°C for 1.5 hour. 

Disaggregated cells were cultivated onto a feeder layer of lethally irradiated murine 3T3-

J2 cells in stem cell culturing media (SCM-6F8) (70). SCM media contains a cocktail of a 

Notch agonist, a ROCK (Rho Kinase) inhibitor, a Bone Morphogenetic Protein (BMP) 

antagonist, a Wnt agonist, a mitogenic growth factor, insulin or IGF, a TGFP signaling 

pathway inhibitor, and nicotinamide. Single cells were isolated from the cell clones 

growing on the feeder layer and cultured further on a second feeder layer in SCM media. 

Only the cells that are capable of self-renewal (stem cell property) formed clones. Each 

of the clones originating from a single cell represented a clonal expansion of the TIC or 

the normal fallopian stem cell. Clones were then isolated and expanded on a feeder layer 

with SCM media. The patient-derived TIC clones showed a compact cell morphology and 

expressed typical markers of HGSOC, such as Ki67 (proliferative marker), Krt7 and E-

Cadherin (epithelial marker), p53 (indication of stabilized p53 protein due to mutation), 

PAX8 (serous cancer marker)(Yamamoto Y., et al., in preparation).  Consistent with the 

properties of TICs, these cells can self-renew, form tumorspheres and are tumorigenic. 

Xenografts derived from these cells exhibited similar expression profile to the primary 

tumor (Yamamoto Y., et al., in preparation). The normal fallopian stem cells also exhibited 

long term renewability in vitro and the ability to differentiate into secretory and ciliated 

type cells. The cells were PAX8 positive (marker for fallopian tube epithelium stem cells), 
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E-cadherin positive (marker for epithelial origin), and Ki67 positive (marker for 

proliferation). 

 

Immortalization and transformation of fallopian stem cells 

 Adult fallopian stem cells (FTstem) were isolated from fimbrial tissue obtained from 

discarded surgical specimens of women undergoing benign procedures. Cells were 

isolated and cultured in a process similar to that of patient derived TICs mentioned above.  

The FTstem cells thus isolated exhibited long term renewability in vitro and the ability to 

differentiate into secretory and ciliated type cells. The cells were PAX8 positive (marker 

for fallopian tube epithelium stem cells), E-cadherin positive (marker for epithelial origin), 

and Ki67 positive (marker for proliferation). Fallopian stem cells (FTstem) were 

immortalized by infecting with retrovirus expressing hTERT, and SV40 large T antigen as 

previously described(77).  Immortalized cells were further transformed by c-Myc (77).  

Immortalized cells are referred to here as FTi cells and transformed cells as FTt. 

Consistent with the expected properties of tumor-initiating cells, these cells can self-

renew, form tumorspheres and as few as two thousand FTt cells were sufficient to form 

palpable tumors in immunodeficient mice in two weeks, and tumor xenografts 

demonstrated major hallmarks of HGSOC, such as loss of PAX2 and gain of p53, EZH2 

and MUC4 expression, and gene expression profiles similar to HGSOC from human 

patients (77).   
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Infection and isolation of ferroportin-expressing Ftt cells 

 Human FPN cDNA was amplified using Open Biosystem  clone 4823308 (primers shown 

in Suppl. Table 2) and introduced into the lentiviral tetracycline (tet) inducible vector 

pLVX-TetOne-Puro (Takara-Clontech, Mountain View, CA). Lentivirus particles were 

produced by transient cotransfection of the FPN tet-on expression vector and packaging 

vectors (VSVG, pMDLG, and RSV-REV) into 293T cells (78, 79). Viral particles containing 

control empty vector were prepared similarly.  

 

Knock down of IRB2 in Ftt cells 

IRP2 knockdown was performed using lentiviral shRNAs as described (24).   

 

Cell culture 

 Stem cells and tumor progenitor cells (FTstem, CP2-OC, CP2-N, CP34-OC, CP34-N) were 

cultured on δ- irradiated 3T3 fibroblast feeder cells as described. Immortalized and 

transformed stem cells (FTi, FTt) were cultured in DMEM (GIBCO) containing 10% FBS 

(BenchMark). All cells were maintained at 37 °C in a humidified incubator at 7.5% CO2. 

 

Real-time RTPCR 

Briefly, 200 – 400 ng of RNA was reverse transcribed in a total volume of 50 μl with a 

reverse transcription reagents kit (Applied Biosystems). To make a standard curve, serial 

dilutions of RNA from one sample were added to the RT reaction. Aliquots (2 μl) of cDNA 

were added to a 18 μl reaction mixture containing 10 μl of 2× SYBR® Green PCR Master 

Mix (BioRad) and 400 nm primers. Absence of DNA contamination was confirmed by 
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performing PCR from cDNA without reverse transcriptase. Primers used for each gene 

are provided in Supplemental Table 2. 

 

Western blot 

Cells were lysed with NP-40 lysis buffer (25 mM tris (pH 7.4), 1% Triton X-100, 1% SDS, 

1% sodium deoxy-cholate, 150 mM NaCl, aprotinin (2 μg/ml), 1 mM phenylmethylsulfonyl 

fluoride) containing complete protease inhibitor cocktail (Roche Diagnostics). Samples 

were separated by SDS–polyacrylamide gel electrophoresis and transferred to 

nitrocellulose membranes before being incubated with primary and secondary antibodies. 

Bands were detected using chemiluminescence (Thermo Scientific ).  Membranes were 

probed with antibodies to β-actin (Sigma), ferroportin (Novus Biologicals), transferrin 

receptor1 (Invitrogen), IRP2 (Santa Cruz), ferritin H (24), p-STAT3 (cell Signaling) and 

STAT3 (cell Signaling). Western blots were quantified using ImageJ software.  

 

IL6 ELISA 

Cells were seeded in a six well plated in growth media for 24 hours. Conditioned media 

was collected and viable cells counted. IL6 secretion was measured using a Quantikine 

IL6 ELISA kit from R & D systems. ELISA results were normalized to number of viable 

cells at the time of collection of media. 
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Cell Invasion assay 

Cell invasion was conducted by Cultrex® BME Cell Invasion Assay kit by Trevigen in a 

96 well plate with or without basement membrane extract (BME) coating on the inserts as 

per manufacturer’s instructions.  Because FPN affects cell proliferation, we corrected for 

cell number by comparing the number of cells that invaded through basement membrane 

protein to those that migrated through an uncoated 8 micron porous membrane. 

 

Labile iron pool (LIP Assay) 

 Calcein acetoxymethyl ester (CA-AM) was obtained from Molecular Probes. The iron 

chelator, isonicotinoyl salicylaldehyde hydrazone (SIH) (a gift from Dr. P. Ponka, Lady 

Davis Institute for Medical Research, Montreal, Canada) was prepared as a 50 mM stock 

solution in dimethyl sulfoxide (DMSO). Briefly, 25,000 – 50,000 cells were cultured in 96-

well plates (Black with Clear Bottom purchased from Coring) overnight. Cells were loaded 

with 2 μM CA-AM for 15 to 30 minutes at 37°C, and then washed with PBS. 100 μM 

starch-conjugated desferrioxamine (DFO; a generous gift of Biomedical Frontiers, Inc., 

Minneapolis, MN) was added to cells to remove extracellular iron. Fluorescence was 

measured at 485 nm excitation and 535 nm emission with a fluorescence plate reader 

(BioTek Synergy 2). After the fluorescence signal was stabilized, SIH was added at a final 

concentration of 10 μM to remove iron from calcein, causing dequenching. The change 

in fluorescence following the addition of SIH (ΔF) was used as an indirect measure of the 

labile iron pool. 
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Cell viability 

3 × 103 cells were seeded in 96 well plates and treated with either deferoxamine mesylate 

(Sigma), erastin (Selleckchem), or ferrostatin-1 (Selleckchem). Cell viability was 

assessed at 24-72 hours post-treatment using Cell Titer 96 Aqueous (Promega, Madison, 

WI, USA). 

 

Immunohistochemistry 

 Paraffin-embedded formalin-fixed (PEFF) slides of de-identified human tissues obtained 

from HGSOC (10 subjects), low grade serous ovarian cancer (10 subjects), STIC (6 

subjects), normal oviduct (10 subjects), and normal ovary (10 subjects) were collected 

from the biorepository of UCHC (IRB IE-08-310-1). Tissues were immunostained with 

antibodies to human Transferrin Receptor1 (Invitrogen), Ferroportin (Amgen), IRP2 

(LSBio), ferritin H (24), and Ferritin L (Abcam), Cytokeratin 7 (abcam) and Pax 8 

(proteintech). Relevant IgGs were used as negative controls. Images were acquired using 

a Zeiss Axio Scan Z1.  Images of three to four random fields per slide were taken with 

40X objectives using Zeiss Axio Imager A.2 and quantified using the DAB application in 

the open source Fiji software (ImageJ) was used.  Reciprocal intensity was measured by 

subtracting the mean intensity of the stained area of interest from the maximum intensity 

(80). 
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Immunofluorescent staining of cells 

  Cells were plated in 8-chamber slides (BD Falcon) and incubated with anti-human 

Ferroportin 38C8 (Amgen), anti-human Ferritin H (24), anti-Human Ferritin L (Abcam), 

anti-human IRP2 (LSBio), or anti-human Transferrin Receptor (Invitrogen). Rodamine-

Red (Jackson ImmunoResearch), Alexa fluor 488, and Alexa Fluor 555-conjugated 

secondary antibodies were used. Slides were mounted with ProLong Gold anti-fade 

reagent (Invitrogen). Images were acquired using inverted microscopy (Zeiss Axio 

Vert.A1). 

 

Animal Ethics Statement 

 All animal studies were conducted in accordance with the recommendations in the Guide 

for the Care and Use of Laboratory Animals of the Association for the Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC). The experiment 

protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at 

the University of Connecticut Health Center (protocol # 100881). 

 

Animal Experiments 

 Female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG; ~ 6 weeks of age) were obtained 

from Jackson Laboratory. 105 FTt cells containing either the FPN tet-on vector or empty 

vector were injected intraperitoneally (i.p) (n=10/group).   FPN was induced in xenografts 

by adding 2 mg/ml doxycycline to the drinking water and mice were euthanized after 4 

weeks.  For erastin treatment, mice were treated with 20 mg/kg Erastin in 2% DMSO/PBS 

or vehicle alone beginning one day after tumor cell injection.  Treatment was continued 
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at five doses per week for 18 days before mice were sacrificed. Tumors were counted 

and the weight of all tumors found within the abdomen of each mouse was measured.  

 

Statistical analysis of cell culture experiments 

Statistical analyses were performed using Excel or Prism 6 (Graphpad software).  All 

experiments were performed at least three times using a minimum of three 

replicates/condition in each experiment. Comparison tests were performed between two 

groups and statistical significance assessed using two-tailed unpaired Student’s t tests. 

Statistics are reported as the mean ± standard deviation.  

 

Publicly available datasets 

For gene expression studies involving publicly available data, three datasets were 

employed: GSE9891 (n = 285) (34); GSE27651 (n=42) (81); and GSE69428 (n=10 paired 

samples). All expression datasets were obtained using an Affymetrix U133 Plus 2 

microarray platform, and datasets were downloaded from the NCBI Gene Expression 

Omnibus (GEO) database (82) as raw CEL files. Data were processed using robust 

microarray average methods as implemented in the Bioconductor software package affy 

(83, 84). Clinical metadata associated with GSE9891 were obtained from the original 

study (34).   
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Statistical analyses of publicly available datasets 

All hypothesis tests comparing mean expression levels for genes of interest between 

groups were run as two-sided t-tests (or paired t-tests for the paired samples) with 

significance level = 0.05.  All data presented are from probesets 223044_at (FPN) and 

237214_s_at (TFRC).  Association between FPN and TFRC gene expression and patient 

survival using progression free and overall survival outcomes reported in the GSE9891 

data was assessed using Cox proportional hazards regression implemented in the 

survival package in R (85, 86).  Significance for regression coefficients was taken at the 

0.05 level.  To examine differences in survival for FPN using Kaplan Meier methods for 

high and low gene expression groups, expression groups were binned by locating an 

optimal risk stratification cutoff point based on unadjusted p values from log-rank tests.  

Testing for differences in gene expression amongst molecular subtypes defined for the 

GSE9891 dataset was done using overall F-tests for across-group comparisons, followed 

by multiple testing adjusted pairwise t-tests for the subgroups. All pairwise tests were two-

tailed with significance level = 0.05 and multiple testing adjustments were done using 

Benjamini Hochberg FDR adjustments implemented in the software R. Subgroup 

analyses were carried out in the GSE9891 dataset using all subgroups (including the set 

of individuals (n=34) not assigned to a subgroup) for the purposes of pooled variance 

estimation. 
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Chapter 3 

Iron phenotype is altered in tumors of patients with HGOSC and is correlated with 

the outcome of the patients 
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Chapter 3 

3.1 Chapter Introduction 

As discussed in the introduction, iron metabolism is found to be altered in several types 

of cancer. However, it has not been studied extensively in ovarian cancer, particularly 

HGSOC. Our first step was therefore to study the expression pattern for the iron genes 

and proteins (especially TFR and FPN) within the tumor tissues of HGSOC patients. We 

also explored if expression of TFR/FPN correlates with patient survival. 

3.2 Results 

3.2.1 HGSOC is characterized by consistent alterations in expression of iron-

related genes and proteins 

We began by testing whether iron metabolism was altered in HGSOC by assessing levels 

of transferrin receptor 1 (TFRC) and ferroportin (FPN), proteins that play a central role in 

iron metabolism by regulating the uptake and efflux of iron, respectively.  As seen in Fig. 

4, immunohistochemistry of normal ovarian epithelium versus tissue from patients with 

HGSOC revealed that the iron importer TFRC was strongly expressed (p =2x10-7) and 

the iron efflux protein FPN was weakly expressed (p =2x10-11) in HGSOC when compared 

to normal ovarian epithelia.   Because of a growing body of evidence that serous tubal 

intra-epithelial carcinoma (STIC) is a precursor lesion of HGSOC within the fimbrial region 

of the fallopian tubes (87-89), we also compared the staining of normal ovary to STIC.  It 

revealed the same trend:  TFRC was elevated (p =3x10-7) and FPN was decreased (p 

=5x10-6) in STIC relative to the normal ovary.  Since HGSOC is suspected to originate in 

fimbria, we also performed IHC analysis of normal fimbria compared to HGSOC.  Staining 
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of these cells similarly revealed an increase in TFRC (p =0.0001) and decrease in FPN 

(p =7x10-7) when compared to HGSOC.   

IRP2 is a post-transcriptional regulator of TFRC and FPN that is overexpressed in some 

cancers (24). Since overexpression of IRP2 would lead to an increase in TFRC and 

decrease in FPN, we also assessed levels of IRP2 in our samples of normal and 

malignant ovary (Fig. 4).  Although IRP2 was substantially increased in STIC (p =3x10-8) 

and was modestly elevated in HGSOC (p =0.0008) when compared to normal fimbria, it 

was not statistically different in HGSOC versus normal ovary, suggesting that differences 

in levels of IRP2 alone cannot account for all of the observed changes in TFRC and FPN.  

Collectively, these results suggest a phenotype of increased iron retention in ovarian 

cancer cells when compared to epithelial cells of the non-malignant ovary and oviduct 

fimbria. 

We tested whether this profile of iron retention was also characteristic of low grade serous 

ovarian cancer (LGSOC), a less aggressive form of ovarian cancer with a more favorable 

prognosis that is believed to have a different pathogenesis than HGSOC (90, 91).  As 

shown in Fig. 5, IHC staining for TFRC, FPN and IRP2 revealed that malignant tissue 

from patients with LGSOC exhibited a staining profile that was quite distinct from HGSOC 

and more reminiscent of normal tissue, with decreased TFRC (p =0.001), increased FPN 

(p =0.0001)and decreased IRP2 (p =5.9x10-6) relative to HGSOC.  We also performed 

IHC staining for ferritin, an iron storage protein composed of H and L subunits that is 

translationally induced by iron and frequently used as a marker of elevated intracellular 

iron (92). Consistent with a picture of excess iron acquisition and retention in HGSOC, 

staining for either ferritin H or ferritin L demonstrated an increase in HG vs LG ovarian 
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cancer (p =1.6x10-8) (Fig. 6), as well as in HGSOC vs normal ovary or fallopian tube (Fig. 

5).  Thus, a profile of iron retention characterizes HGSOC, an ovarian cancer subtype 

with an especially poor prognosis. 

To determine whether changes in TFRC and FPN were observed at the RNA as well as 

protein level, we examined several publicly available gene expression datasets from 

ovarian cancer patients.  In a study (GSE69428) comparing normal oviduct to HGSOC 

within the same patient, we observed a decrease in FPN mRNA in tumor tissue (p= 

0.0001, paired t test) (Fig. 7).  Results for TFRC were inconsistent, with some probes 

showing an increase and some showing a decrease between normal and tumor.  

Comparison of low grade to high grade ovarian cancer (GSE27651) showed a significant 

decrease in FPN (p = 0.05, two-tailed t-test) and a similar inconsistency in TFRC (Fig. 8).  
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Fig. 4. Proteins that control intracellular iron are altered high grade serous ovarian 

cancer (HGSOC). Representative images of immunohistochemical staining of normal 

fimbria, normal ovary surface epithelia, serous tubal intra-epithelial carcinoma (STIC) and 

HGSOC stained with antibodies against transferrin receptor 1 (TFRC), ferroportin (FPN) 

and iron regulatory protein 2 (IRP2). Dot plots represent quantification of staining of 

tissues collected from 8 patients with HGSOC and 5 with STIC compared to 8 subjects 
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with normal fimbria and 6 individuals with normal ovarian surface epithelium.  Images of 

three to four random fields per slide were quantified. Differences in TRFC (p<0.0001), 

FPN (p<0.0001 and IRP2 (p<0.01) were statistically significant (one way ANOVA). 

*p<0.001, **p<5x10-5, *** p<5x10-6, ****p<5x10-7, one tailed t test for individual 

comparisons.  Scale bar 1 mm; inset scale bar 10 µm. 
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Fig 5. Proteins that control intracellular iron differ in high grade and low grade 

serous ovarian cancer. Representative images of immunohistochemical staining of 

tumor tissues from patients with low grade serous ovarian cancer (LGSOC) and high 

grade serous ovarian cancer (HGSOC). Proteins stained are ferroportin (FPN), transferrin 

receptor (TFRC), Iron Regulatory Protein 2 (IRP2), ferritin heavy chain (FTH) and ferritin 

light chain (FTL). Dot plots show quantification of staining of tissues from 5 patients with 

LGSOC and 8 patients with HGSOC (3 to 4 random fields from each patient tissue slide). 

*p<0.002. Scale bar 1 mm; inset scale bar 10 μm.  
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Fig 6. Increased expression of ferritin heavy (FTH) and ferritin light chain (FTL) in 

HGSOC. Representative images of immunohistochemical staining using antibodies to 

ferritin heavy chain (FTH) and ferritin light chain (FTL) in normal fimbria, normal ovary 

surface epithelia, and high grade serous ovarian cancer (HGSOC). Dot plots represent 

quantification of staining from multiple patients with HGSOC (8 patients) compared to 

normal fimbria (8 subjects) and normal ovarian surface epithelium (6 subjects) (3 to 4 

random fields from each slide). *p<0.1x10-7; **p<1x10-14; ***p<1x10-16. Scale bar 1 mm; 

inset scale bar 10 μm.  
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Fig 7. Ferroportin expression is decreased in HGSOC compared to normal oviduct. 

Log 2-transformed microarray signal intensity values for ferroportin (SLC40A1) in paired 

samples from 10 normal oviduct and 10 high grade serous ovarian cancer (HGSOC) 

samples (GSE69428). P=0.0001, paired t-test.  
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Fig 8. Ferroportin expression is decreased in high grade serous ovarian cancer 

(HGSOC) compared to low grade serous ovarian cancer (LGSOC). Log 2-transformed 

microarray signal intensity values for ferroportin (SLC40A1) in samples from 13 patients 

with LGSOC and 28 patients with HGSOC (GSE27651). P=0.05, unpaired t-test.  
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3.2.2. Expression of FPN and TFRC are associated with ovarian cancer patient 

prognosis   

We next explored whether the changes in FPN and TFRC were associated with survival 

in ovarian cancer patients.  Using a dataset of 285 patients (GSE9891(34)), we examined 

the relationship between gene expression and overall survival using a Cox proportional 

hazards model.  There was a significant association between FPN and patient survival (p 

= 0.049 and 0.013, respectively, for overall and progression free survival).  We also used 

Kaplan Meier analysis to examine the association between FPN expression and survival, 

and observed a significant increase in both overall and progression-free survival in high 

FPN expressors (p = 6.5 x 10-5, log-rank test (Fig. 9 A,B).  Cox PH analysis did not reveal 

a significant association between TFRC and survival.  

We reasoned that heterogeneity in the patient population contained in the GSE9891 

database might have obscured associations between TFRC and patient outcome.  We 

therefore performed two additional analyses of the association between FPN, TFRC and 

patient outcome.  We first assessed the association between FPN and TFRC and 

molecular subtype.  In their study, Tothill et al. (34) identified and validated six molecular 

subtypes of ovarian cancer that had different clinical outcomes (termed C1-C6).  Of these, 

C3, representing predominantly serous ovarian cancers of low malignant potential (LMP), 

and C6, early stage endometriod tumors, had the most favorable outcome.  Ferroportin 

expression differed significantly among subgroups (p < 2x10-16, overall F-test), and was 

increased in the good prognosis C3 subgroup in multiple-testing adjusted pairwise 

comparisons to all other subgroups (Fig. 9C).   Similarly, TFRC expression varied 

significantly among subgroups (p=5.6x10-5, overall F-test) and was reduced in the good 
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prognosis C3 subgroup in multiple-testing adjusted pairwise comparisons to C1, C2, and 

C4 subgroups (and marginally to C5) (Fig. 9D). We also examined the association 

between FPN and TFRC and grade, a known indicator of prognosis.  When patients were 

subdivided according to grade, FPN was significantly different across the grade groups 

(p = 0.029), and showed a decrease in mean expression between the lowest and higher 

grades (Fig. 9E). TFRC was also significantly different across grade groups (p = 0.009, 

overall F-test), and showed increased mean expression level with increasing grade (Fig. 

9F).  Thus decreased expression of FPN and increased expression of TFRC characterize 

ovarian cancer patients with poorer prognosis. 
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Fig. 9.  Low ferroportin and high transferrin receptor expression are associated 

with poor prognosis in patients with HGSOC.  (a,b) Kaplan Meier survival curves for 

FPN expression groups based on optimal risk stratification for GSE9891 dataset (p based 

on the log-rank test). (b,c) Boxplots of log2 gene expression levels for FPN and TFRC 

across molecular subtype groups (data from GSE9891).   Shown are significant 

differences between subgroup C3 and other subgroups: *p < 0.05; **p < 0.005; *** p < 

0.0005.  Individuals who were not assigned a molecular subtype are not shown in this 

Fig. (e,f) Boxplots of log2 gene expression levels for FPN and TFRC across tumor grades. 

 

3.3 Chapter summary 

In this chapter we show that iron trait is altered within the tumor tissues of HGSOC 

patients. TFR, the major iron import protein is increased and FPN, the iron exporter 

protein is decreased in tumor tissues when compared to normal fallopian epithelia or 

normal ovary surface epithelia.  STIC, which is thought to be the precursor lesion of 

HGSIC shows same trend of increased iron import and decreased export when compared 

to normal fallopian tube epithelia. There is only a modest or no increase in IRP2 in tumor 

tissue. Ferritin, which is an iron storage protein and is a surrogate marker for iron retention 

is increased in tumor. This comparative iron profile is also demonstrated between low and 

high grade ovarian malignant tissues. FPN mRNA expression in tumor tissue correlates 

with survival of patients. TFR mRNA expression is lower in favorable prognosis subtypes 

of ovarian cancer patients.  
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Chapter 4 

Iron phenotype is altered in ovarian TICs 
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Chapter 4 

4.1. Chapter introduction 

In chapter 3, we have reported an altered iron phenotype in tumor tissues of HGSOC 

patients. An important clinical problem in the management of ovarian cancer is late stage 

diagnosis:  most patients present with advanced disease that has spread.  Patients who 

have been initially treated with successful response suffer from recurrence and 

chemoresistance of the recurrent tumor. Since the recurrence and drug refractoriness of 

cancer is attributed to the remaining TICs, we sought to determine whether alterations in 

iron metabolism could be detected (and thus ultimately potentially targeted) in the TICs 

resident in the tumor tissue. 

4.2. Results 

4.2.1. Iron metabolism is altered in patient-derived ovarian cancer TICs 

To confirm the early appearance of changes in iron homeostasis in TICs, we used a 

second approach.  We isolated tumor-initiating cells directly from HGSOC patients who 

had not received neo-adjuvant therapy and compared them to normal fallopian stem cells 

from the same patient (70)(Yamamoto et al., in preparation).   Patient-derived tumor 

initiating cell clones showed a compact cell morphology and expressed typical markers 

of high-grade ovarian cancer, such as Ki67 (proliferative marker), Krt7 and E-Cadherin 

(epithelial marker), p53 (indication of stabilized p53 protein due to mutation), PAX8 

(serous cancer marker)(Yamamoto Y., et al., in preparation).  Cells were tumorigenic in 

immunodeficient mice and xenografts derived from these cells exhibited a similar 

expression profile to the primary tumor (Yamamoto Y., et al., in preparation).   
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Analysis revealed a profile of iron acquisition and retention in patient-derived TICs with a 

decrease in FPN, an increase in TFRC (Fig. 10A-F), and an increase in ferritin (Fig. 

10G,H). The net effect of increased iron import and decreased iron export should be 

increase in the labile iron pool (LIP). We found that the LIP (Fig. 10I) is increased with 

the TICs relative to normal fallopian tube stem cells.  Cells derived from a second, 

independent, patient donor yielded similar results at mRNA levels (Fig. 11).  Thus ovarian 

cancer TICs exhibit a profile of increased iron retention.   
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Fig.  10.  Iron metabolism is altered in patient-derived normal stem cells and tumor 

initiating cells.  (A) Representative images of immunofluorescent staining of ferroportin 

(FPN) in normal stem cells (CP2-N) and tumor-initiating cells (CP2-OC) derived from the 

same patient.  Green, FPN; blue, nuclei.  (B) Quantification of FPN fluorescence intensity; 
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(C) qRT-PCR of FPN mRNA; (D) Immunofluorescent staining of transferrin receptor 

(TFRC); (E) quantification of TFRC staining intensity: (F) qRT-PCR of TFRC mRNA; (G) 

Immunofluorescent  staining of ferritin H; (H) Quantification of FTH fluorescence intensity; 

(I) Labile iron pool. *p<0.02; **p<0.0002; ***p<2x10-5.  Scale bar 20 µm. 

 

 

 

 

Fig 11. Normal stem cells and tumor initiating cells differ in their iron phenotype. 

Normal and tumor-initiating cells were isolated from a patient with HGSOC (CP34-N and 

CP34-TIC) and expression of ferroportin (FPN) and transferrin receptor 1 measured using 

qRT-PCR with normalization to β-actin.  
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4.2.2. Iron metabolism is altered in a genetic model of ovarian cancer TICs 

HGSOC is characterized by a high level of genomic heterogeneity(51).  Although patient-

derived TICs most closely represent this heterogeneity of the human disease, a model of 

ovarian TIC with limited and defined genetic alterations can help identify specific genetic 

changes that drive alterations in iron metabolism. We therefore built a genetic model of 

TICs in HGSOC by transducing the normal stem cells with SV40TAg, hTERT and c-Myc 

(77), an approach that has been successfully used previously used to model high grade 

serous ovarian cancer (41, 93-95).  Beginning with the normal stem-like cells derived from 

human fimbria, which we term FTstem cells, we first introduced SV40TAg and hTERT by 

retroviral infection to create immortalized but non-tumorigenic FTi cells.  We then we fully 

transformed them by infecting with c-Myc to create FTt cells.  Consistent with the expected 

properties of tumor-initiating cells, as few as two thousand FTt cells were sufficient to form 

palpable tumors in immunodeficient mice in two weeks, and tumor xenografts 

demonstrated major hallmarks of HGSOC, such as loss of PAX2 and gain of p53, EZH2 

and MUC4 expression, and gene expression profiles similar to HGSOC from human 

patients (77).   

We tested whether changes in iron metabolism occurred during the transition of normal 

FTstem cells to malignant FTt cells.  As shown in Fig. 12A-C, there was a progressive 

decrease in FPN expression at both the mRNA and protein levels as cells transitioned 

from normal to immortalized to fully transformed.  Similar to what we observed in the 

tumor tissues of patients with HGSOC, this was accompanied by a progressive increase 

in TFRC (Fig. 12D-F). Since the increase in TFRC would lead to an increase in iron 

uptake, and a decrease in ferroportin would lead to a concomitant decrease in iron efflux, 
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these changes would be anticipated to result in an increase in the metabolically active 

labile iron pool (LIP) as stem cells transition to malignancy.  We tested this prediction by 

measuring the LIP in FTstem, FTi and FTt cells.  As shown in Fig. 12J, the LIP progressively 

increased in these cells.   Consistent with the increase in LIP, which increases the 

translation of ferritin mRNA, there was an increase in ferritin protein without a 

corresponding increase in ferritin H mRNA (Fig. 12G,H, I).  These data suggest that 

perturbations in iron metabolism occur early in the genesis of HGSOC from TICs , and 

that key elements of the changes in iron metabolism can be recapitulated by genetically 

manipulating three defined genes. 
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Fig. 12. Iron metabolism is modified in a genetic model of ovarian cancer tumor 

initiating cells. (A) Immunofluorescent staining of ferroportin (FPN), in normal fallopian 

tube stem cells (FTstem), immortalized fallopian tube stem cells (FTi) and transformed 

fallopian tube stem cells (FTt).  Red, ferroportin; blue, nuclei.  (B) Western blot of 



 
 

51 
 

ferroportin and β-actin, with Image J quantification of ferroportin/β-actin shown below; (C) 

qRT-PCR of ferroportin mRNA; (D)Immunofluorescent staining of transferrin receptor 1 

(TFRC); (E) TFRC western blot; (F) qRT-PCR of TFRC mRNA; (G) Immunofluorescent 

staining of ferritin heavy chain; (H) Ferritin H western blot; (I) qRT-PCR of ferritin H mRNA; 

(J) labile iron pool.*p<0.02, **p<0.0.0007, ***p<5x10-8; ****p<5x10-11.  Scale bar 20 µm. 

 

4. 3. Chapter summary 

In this chapter we studied the expression of iron proteins in patient derived ovarian TICs. 

Consistent with what we had seen in tumor tissues of HGSOC patients, we see a similar 

iron trait of increased TFR and decreased FPN in ovarian TICs compared to when the 

fallopian stem cells. We also created a genetic model of HGSOC TICs by immortalizing 

fallopian stem cells with hTERT and SV40 and then transforming with c-Myc. In this 

model, we observed that the iron seeking phenotype progressively develops as we go 

from normal to immortalized to fully transformed. This implies that the 3 target genes 

(hTERT, p53, and c-Myc) may have some role (at least in part) in the development of the 

observed iron phenotype in ovarian TICs. As it is expected, the changes in TFR and FPN 

led to increased ferritin and LIP in the ovarian TICs. 
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Ovarian cancer TICs exhibit enhanced iron dependence 
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Chapter 5 

5.1. Chapter introduction 

In previous chapter we see that ovarian TICs exhibit an iron retention phenotype. We 

tested whether the profile of iron acquisition and retention seen in ovarian cancer tumor-

initiating cells is reflective of an enhanced dependence on iron (“iron addiction”)(96).  The 

impetus behind this question is if the TICs possess an iron addiction, it would be a 

potential node to target the TICs through drugs. 

5.2. Results 

Ovarian cancer TICs exhibit enhanced iron dependence 

We treated FTstem, FTi and FTt cells with desferroxamine (DFO), an iron chelator, and 

measured effects on viability.  As shown in Fig. 13A, TICs were remarkably more 

sensitive to iron chelation than normal stem cells; immortalized cells exhibited an 

intermediate sensitivity.   Similarly, patient-derived cancer TICs exhibited an enhanced 

sensitivity to iron depletion when compared to their normal counterparts (Fig. 13B).  To 

confirm the sensitivity of ovarian cancer TICs to iron depletion using a genetic rather than 

pharmacologic approach, we knocked down IRP2 in FTt cells.  As expected, knockdown 

of IRP2 decreased TFRC and increased ferritin, which depletes intracellular iron (Fig. 

13C,D).  Proliferation FTt cells was dramatically inhibited following this genetically-

induced reduction in intracellular iron (Fig. 13E), consistent with the sensitivity of these 

cells to iron depletion by DFO.   
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Fig. 13. Tumor-initiating cells and patient derived cancer stem cells exhibit 

increased iron dependence.  (a, b) Cells were treated for 72 hrs. with the indicated 

concentrations of deferoxamine (DFO) and viability was assessed using an MTS assay. 

(c) Western blot analysis of IRP2, transferrin receptor, (TFRC) and ferritin heavy chain 

(FTH) in IRP2 knock-down in FTt cells (IRP2 KD1, IRP2KD2) and control cells. (d) Colony 

formation in FTt cells treated with control shRNA or IRP2 knockdown vectors. 
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5.3. Chapter summary 

In results shown in this chapter denote that ovarian TICs are sensitive to iron deprivation. 

When iron levels in these cells are decreased (either through treatment of iron chelating 

drugs or by disrupting iron metabolism through IRP2 knockdown), the proliferation is 

inhibited. Interestingly this effect was more prominent in the TICs when compared to 

normal stem cells. This finding opens a new avenue of targeting TICs selectively without 

affecting the normal stem cells.  
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Chapter 6 

Tumorigenicity of ovarian TICs is impacted by targeting their iron addiction  
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Chapter 6 

6.1. Chapter introduction 

In this chapter we explored if the tumorigenicity of ovarian TICs can be modulated by 

targeting the iron addiction in these cells. To study this, we adopted two different ways: 

by increasing the iron efflux and by inducing an iron dependent cell death (ferroptosis). 

Previously we have observed that iron genes and proteins are altered in ovarian TICs. 

We asked the question if the altered iron metabolism is driver or just passenger in 

malignant dissemination of ovarian cancer.  To study that we chose to manipulate FPN, 

a protein that was consistently reduced in ovarian cancer tissues (Fig. 4) and tumor-

initiating cells (Fig. 10-12), and assessed the effect of increasing its expression in ovarian 

cancer tumor-initiating cells. 

In the second approach we induced an iron-dependent form of cell death, called 

ferroptosis in the TICs. The rationale behind this was to take advantage of the increased 

iron levels in the ovarian TICs and target it to modulate tumor formation. Ferroptosis is a 

mechanism of cell death first identified during a screen for novel cancer therapeutics (97, 

98).  Ferroptosis is a morphologically and mechanistically distinct form of cell death that 

is distinguished by its dependence on iron.  Ferroptosis causes cell death through iron-

mediated accumulation of lipid ROS (97, 99), and can be induced by small molecules 

such as erastin (98), and inhibited by specifically designed molecules such as ferrostatin 

(Fer-1)(97).  Despite its route of discovery, erastin and other ferroptosis-inducers do not 

require oncogenic HRAS for activity (100).  We reasoned that the excess iron retained by 

ovarian cancer tumor-initiating cells might render them more susceptible to agents that 
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induce ferroptosis.  To test this hypothesis, we measured the effect of treating ovarian 

cancer tumor-initiating cells and non-cancer stem cells with erastin.   

6.2. Results 

6.2.1. An increase in iron efflux decreases the malignancy of ovarian cancer tumor-

initiating cells 

We overexpressed FPN in the TICs by a conditional doxycycline-driven promoter (FPN-

tet-on).  Overexpression of FPN reduces intracellular iron by enhancing iron efflux, thus 

enabling us to test the consequences of altered intracellular iron on the proliferation and 

tumor-forming ability of ovarian cancer tumor-initiating cells.  As shown in Fig. 15, 

following induction of FPN with doxycycline, cells exhibited the predicted increase in FPN 

and decrease in intracellular iron.  This was accompanied by a significant reduction in cell 

number (Fig. 14A), indicating that a change in the level of FPN is in itself sufficient to 

modulate tumor-initiating cell proliferation in vitro.   

A defining characteristic of tumor-initiating cells is their high degree of tumorigenicity in 

vivo (101); this was also observed in our FTt cells.  To assess whether high intracellular 

iron contributes to tumor growth in vivo, we injected NSG mice intraperitoneally with FTt 

cells containing doxycycline-inducible FPN or control empty vector.  Mice were treated 

with vehicle or with doxycycline, and tumors were allowed to grow for 4 weeks before 

sacrificing the mice.   IHC analysis confirmed the induction of FPN in tumors of mice 

treated with doxycycline (Fig. 16).  As illustrated in Fig. 14B, necropsy revealed widely 

disseminated tumors in control mice, reminiscent of tumors observed in ovarian cancer 

patients with advanced disease.  FPN-overexpressing cells also gave rise to tumors, but 
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the tumor burden and area of metastasis were markedly reduced relative to controls.   

Mice injected with tumor cells that did not overexpress FPN also exhibited large blood 

vessels supplying small and multiple metastases; these were not evident in mice with 

FPN-overexpressing tumors.  Quantification revealed a significant decrease in tumor 

number (p=0.003) as well as a significant decrease in tumor mass (p=4.6x10-7) in mice 

whose tumors over-expressed FPN (Fig. 14C,D).  
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Fig. 14. Increased iron efflux decreases cell viability and tumorigenicity of ovarian 

cancer tumor-initiating cells. (A) Cell viability of FTt cells as assayed by MTS assay at 

indicated time points with and without ferroportin overexpression.  Blue line represents 

control (empty vector with doxycycline), and red line represents FPN
IND

FTt cells 

(ferroportin tet on with doxycycline).  *p<0.0002, one tail t test. (B) Representative images 

of mice inoculated IP with FPN
IND

 FTt cells and left untreated (left) or treated with 

doxycycline (right) for four weeks to induce expression of ferroportin. Untreated mice have 

a greater tumor burden and wider area of metastasis (circled in white).  (C) Quantification 

of tumor number/mouse and (D) tumor mass/mouse following implantation of tumor cells 

containing empty vector (n=9) or tet-on FPN (n=10) following 4 weeks of doxycycline 

treatment.   
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Fig 15. Ferroportin is induced and the labile iron pool is decreased following 

treatment of conditional ferroportin-overexpressing FTt cells with doxycycline. (A) 

qRT-PCR measurement of ferroportin (FPN) mRNA in cells infected with empty vector or 

a tet-on FPN vector following treatment with doxycycline. (B) immunofluorescent staining 

of ferroportin in cells infected with control or tet-on ferroportin vector following treatment 

with doxycycline. Red, ferroportin; blue, nuclei. (D) Labile iron pool in control or tet-on 
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ferroportin cells. Means and standard deviations of sextuplicate cultures. Scale bar 20 

μm.  

 

 

Fig 16. Tumors isolated from mice injected with FTt tet-on FPN cells over-express 

ferroportin. Ferroportin was quantified by IHC staining of the tumor xenografts.  
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6.2.2. Iron flux through ferroportin affects invasion of ovarian cancer tumor-

initiating cells 

Ovarian cancer is characterized by a propensity towards intraperitoneal tumor spread.  

This is believed to arise from tumor cells that originate in the primary tumor and invade 

locally to colonize the peritoneal cavity.  Because overexpressing FPN markedly reduced 

the number of tumors after intraperitoneal injection, we asked whether iron levels might 

directly affect tumor cell invasion.  We tested the invasion of FTt cells following induction 

of FPN.  Because FPN affects cell proliferation (Fig. 14A), we corrected for cell number 

by comparing the number of cells that migrated through a layer of basement membrane 

protein to those that migrated through an uncoated porous membrane (Fig. 17A).  Viable 

cells expressing FPN showed substantially reduced invasion when compared to controls.  

Consistent with these results, expression of matrix metalloproteases MMP2, MMP9, 

MMP14 and uPA, enzymes that degrade the extracellular matrix, were all reduced in 

cancer tumor-initiating cells following induction of FPN (Fig. 18).  Thus, iron augments 

not only proliferation, but invasion and spread of ovarian cancer tumor-initiating cells.   

To understand the mechanism linking iron to invasion, we examined IL6, since this 

cytokine is elevated in ovarian cancer, promotes invasion, and contributes to poor patient 

outcome (102, 103).  Because IL6 is induced via a STAT-3-mediated pathway, we first 

tested whether induction of FPN affected STAT-3 signaling in ovarian cancer tumor 

initiating cells.  As shown in Fig. 17B, induction of FPN decreased STAT-3 signaling in 
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FTt cells.  This was accompanied by a decrease in both IL-6 mRNA and protein in these 

cells (Fig. 17C,D).  Thus, these data suggest that iron accumulation promotes invasion 

of ovarian cancer tumor-initiating cells at least in part through induction of IL-6. 
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Fig. 17. Ferroportin modulates invasion of FTt cells through STAT3 and IL6.(A) In 

vitro invasion was measured in a simplified Boyden chamber consisting of two chambers 

separated by a 8 micron porous filter coated with or without basement membrane extract 

(BME). Invasion was normalized to migration of the cells in the inserts without the BME 

coating.  *p=0.002; **p=5x10-5.  (B) Western blot analysis of p-STAT3 and total STAT-3 in 

FT
t
 cells transduced with empty vector (EV) or FPN-Tet-following 48 hrs. exposure to 

doxycycline.  Band intensities were quantified using ImageJ.  (C) IL6 mRNA was 

assessed using qRT-PCR; (D) IL6 was measured in culture supernates following 48 hrs.’ 

exposure to doxycycline.  *p≤0.0002.    
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Fig 18. Overexpression of ferroportin reduces expression of invasion markers in 

FTt cells. FTt cells containing the FPN-Tet-on or control vector were induced with 

doxycycline and the indicated mRNAs measured using qRT-PCR. MMP2, matrix 

metalloprotease 2; MMP9, matrix metalloprotease 9; MMP14, matrix metalloprotease 14; 

uPA, urokinase plasminogen activator. Means and standard deviations of triplicate 

determinations. 
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6.2.3. Targeting the iron addiction of ovarian cancer tumor-initiating cells by 

inducing ferroptosis 

We induced ferroptosis in the ovarian TICs by treating them with erastin. To confirm that 

cell death was proceeding via ferroptosis, we also treated with the combination of erastin 

and the ferroptosis inhibitor, Fer-1.  As shown in Fig. 19A, erastin decreased cancer 

tumor-initiating cell viability, and effects of erastin were completely blocked in cells treated 

with the combination of erastin and Fer-1 (Fig. 19B,D).  As predicted, cancer tumor-

initiating cells were significantly more susceptible to erastin treatment than non-cancer 

stem cells (Fig. 19A,C).   

To test whether erastin was similarly effective in vivo, we inoculated NSG mice with FTt 

cells and treated them with either vehicle or 20 mg/kg erastin daily for 18 days.  Mice 

were sacrificed and tumor burden measured by both counting tumor number and 

measuring total tumor mass per mouse.  As seen in Fig. 19E,F, erastin treatment 

produced a marked reduction in both tumor number and mass, indicating that ferroptosis-

inducing agents have the potential to successfully target ovarian tumors. 
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Fig. 19.  Erastin induces ferroptosis in tumor-initiating cells and reduces tumor 

number and mass in vivo. (A) 3000 patient-derived normal stem cells (CP2-N) and 

tumor-initiating cells (CP2-TIC) or (c) FTstem and  FTt cells were treated with indicated 

doses of erastin and cell viability assessed 48 hours later.  (B, D) CP2-TIC cells or FTt 

cells were treated with 2 µM of erastin alone or in combination with 2 μM of ferrostatin-1 

for 48 hrs. and cell viability assessed.   *p<0.00005.  (E, F) Mice were injected 
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intraperitoneally with FTt cells and treated for 18 days with either vehicle or 20 mg/kg 

erastin. The number of tumors/mouse and total tumor mass/mouse were measured in the 

vehicle-treated group (n=5) and in the group treated with erastin (n=6). 

 

6.3. Chapter summary 

In this chapter, we show an important finding that iron proteins (at least FPN) in TICs are 

drivers of tumor progression in HGSOC. Induction of FPN in TICs slows the tumor growth 

in mice. In addition, FPN induction also limits the invasion and metastasis of tumors, a 

phenomenon which is a major clinical obstacle for HGSOC management. We also show 

that inhibition of invasiveness of the TICs upon FPN induction may work through 

downregulation of IL-6 p-STAT3 signaling pathway.  

Ferroptosis can be induced in the HGSOC TICs. On account of increased iron levels 

within the TICs compared to normal stem cells, ferroptosis can be used aa a 

chemotherapeutic tool to eradicate the TICs selectively in patients with HGSOC. 
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Chapter 7 

7.1. Summary 

Ovarian cancer is a highly lethal malignancy that has not seen a major therapeutic 

advance in over 30 years. We demonstrate that ovarian cancer exhibits a targetable 

alteration in iron metabolism.  Ferroportin (FPN), an iron efflux pump, is decreased, and 

transferrin receptor (TFRC), an iron importer, is increased in ovarian cancer 

tissue.  Expression of FPN and TFRC are strongly associated with patient 

survival.  Ovarian cancer tumor initiating cells (TICs) demonstrate a similar profile of iron 

excess and an exquisite dependence on iron for proliferation. Alterations in iron 

metabolism in TICs can be mimicked by manipulating p53 and c-myc.  Iron facilitates 

invasion, synthesis of IL6, and intraperitoneal spread of tumor cells in vivo.  Iron 

dependence in TIC can be targeted in two ways:  by reducing intracellular iron with 

chelators, or by treating with agents that induce iron-dependent cell death (ferroptosis). 

Thus, enhanced levels of iron in ovarian cancer TICs create a metabolic vulnerability that 

can be exploited therapeutically.   

 

7.2. Discussion 

Here we have demonstrated that iron metabolism is perturbed in tumors derived from 

patients with HGSOC. HGSOC tumor tissue exhibits an increase in the iron importer 

TFRC, a decrease in the iron efflux pump FPN (Fig 4). Increased import and decreased 

export of iron leads to increased iron retention within the tumor tissue. This is evidenced 

by an increase in the iron storage protein ferritin relative to non-tumor tissue (Fig. 6 ).  

The transition to an “iron-seeking” phenotype appears to be an early event in the 

development of HGSOC, as evidenced by perturbations in patient-derived tumor initiating 

cells and in genetically transformed fallopian tube stem cells (Figs. 10-12).   
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The key objective of cancer therapy is to selectively target the genetic lesions that initiate 

and maintain tumor growth. Most of the cancers harbor multiple genetic alterations, but 

recent preclinical and clinical data supports that cancer cells exhibit dependence on a 

single oncogenic pathway or a protein for its sustained proliferation and survival. The term 

“oncogene addiction” was coined to connote the dependence of cancer cells on the single 

pathway or protein and that switching off this crucial pathway will have devastating effect 

on the cancer growth (104).  Our results suggest that ovarian tumor initiating cells may 

similarly develop an enhanced dependence on iron, or “iron addiction” that can potentially 

be targeted both by agents that induce iron depletion (Fig. 13) and by agents that depend 

on iron for their activity, such as the ferroptosis inducer erastin (Fig. 19).  This is 

particularly relevant for ovarian cancer because of its high genomic heterogeneity and 

such a “moving target” is difficult to destroy. 

Further, we show that changes in iron metabolism in ovarian cancer are not merely 

incidental events or simple bystanders that accompany the transition to malignancy. They 

make important contributions to the growth and metastasis of ovarian cancer cells that is 

reflected in patient prognosis. Thus, reduction of intratumoral iron through upregulation 

of the iron efflux pump ferroportin reduced tumor burden and spread of ovarian cancer in 

the peritoneal cavity of mice (Fig. 16).  In humans, a “high iron” phenotype, particularly 

low ferroportin, was associated with high tumor grade and poor survival (Fig. 9).  Although 

the association of TFRC mRNA with overall survival was less robust than ferroportin, high 

transferrin receptor was also associated with higher grade and molecular subtypes of 

ovarian cancer with poorer survival (Fig. 9). This perhaps implicates that iron efflux as a 
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more prevalent contributor to outcome than iron import, or a predominantly post-

transcriptional mode of TFRC regulation in HGSOC. 

A phenotype of iron acquisition has now been reported in a number of cancers:  

glioblastoma (105), breast(23, 26), prostate(106), and others (3).   Why do cancer cells 

require excess iron?  Iron is required for proliferation and cell cycle progression, and 

upregulation of these processes in cancer cells underpins at least some of their enhanced 

dependence on iron.  Our results suggest that iron may play an additional, unexplored 

role in the malignant process, fostering tumor cell invasion (Fig. 17).  The establishment 

of tumor cells in a metastatic niche requires the acquisition of invasive properties, 

including the ability to degrade the extracellular matrix through the secretion of matrix 

metalloproteases(107).  Elevated levels of intracellular iron appear critical to this process, 

since increasing iron efflux through upregulation of ferroportin led to a decrease in 

expression of several matrix degrading enzymes, including MMPs and uPA (Fig.18).   

How does iron affect expression of MMPs?  We demonstrate that intracellular iron 

upregulates IL6 (Fig. 17), a key cytokine in the initiation and progression of ovarian cancer 

(103, 108).  Elevated levels of IL6 are found in ovarian cancer tissue, and affect tumor 

cell growth, proliferation, and angiogenesis as well as contributing to tumor invasion by 

upregulation of matrix metalloproteases (109).  Iron-mediated upregulation of IL6 is 

consistent with previous work demonstrating that iron chelators inhibit synthesis of IL6 in 

pancreatic cancer cells (110), and that exogenous iron induces IL6 in hepatocytes (111).  

Although details of the pathway linking iron to IL6 are yet to be elucidated, STAT3 may 

play an important role, since a decrease in STAT3 phosphorylation occurred subsequent 
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to iron depletion by ferroportin induction (Fig. 17), and was similarly decreased by iron 

chelation (110). 

Ferroptosis is a recently discovered iron-dependent mode of cell death (98).  Agents that 

trigger ferroptosis represent a potential new class of anti-cancer agents, and are being 

vigorously explored in both preclinical and clinical studies (112).  Iron is required to 

generate the oxidative stress that characterizes ferroptosis, although the precise role 

played by iron remains speculative (100, 113).  We suggest that the enhanced levels of 

iron required for the growth and invasion of ovarian (and other) cancer cells may represent 

an Achilles heel that can be exploited in cancer therapy.   

Our evidence of the vulnerability of tumor-initiating cells to ferroptosis may provide not 

only a new class of compounds that are effective in ovarian cancer, but also an important 

target at which this therapy can be directed: the tumor-initiating cell.    We observed that 

ovarian cancer tumor-initiating cells exhibited decreased FPN, increased TFRC, and 

decreased LIP relative to non-cancer stem cells (Figs. 9-10).  This was accompanied by 

an enhanced sensitivity to erastin, a ferroptosis-inducing agent (Fig. 19).  Erastin was 

also able to profoundly inhibit tumor growth in vivo (Fig. 19).  Since tumor-initiating cells 

are believed to represent treatment-refractory cells that contribute to ovarian cancer drug 

resistance and recurrence (101), the use of ferroptosis-inducing agents in the treatment 

of ovarian cancer, either alone or in combination with conventional therapies, has the 

potential to address a significant clinical problem.   
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7.3. Some limitations of the study 

Ovarian cancer is a disease with high genomic heterogeneity. Cancer phenotype of this 

disease differs from tumor to tumor, from patient to patient. It is therefore important to 

study a big sample size of patients to achieve a statistically significant conclusion about 

ovarian cancer. Given the time frame of my thesis, technical challenges of isolation of 

stem cells, we based our results derived the TICS isolated from 2 patients with HGSOC. 

Though the iron phenotype observed in the patient derived TICs derived from 2 patients 

strongly correlates the findings obtained from the transformed cells used a genetic model 

for the TICs, the small sample size was a big obstacle to make any statistically significant 

conclusion. Our group is in the process of including more HGSOC patients to isolate the 

TICs and reproduce the results we have obtained so far. 

The survival data on ovarian cancer patients are based on the dataset GSE9891. This 

consists of a cohort of 285 patients with different types of ovarian cancer and not just only 

HGSOC. As discussed in the introduction, the origin and pathogenesis of different types 

of ovarian cancer are distinct leading to diversification of the disease histologically, 

genetically and clinically. Our findings of altered iron metabolism are based on tumor 

tissues from HGSOC and TICs isolated from HGSOC patients. Generation of the survival 

data using a cohort consisting of a pure population of HGSOC patients only, will better 

conform our objective. 

In my thesis, we have used a genetic model of HGSOC TICs by transformation of normal 

fallopian stem cells with hTERT, SV40 and c-myc. The concept of origin of cancer stem 

cell or tumor initiating cell is highly debated. While some believe that TICs originate from 



 
 

77 
 

an oncogenic transformation of normal stem cells (60, 61), there exists a different school 

of thought where it is argued that a TIC may originate “un-differentiation” of a transformed 

non-stem cell (59) .  

The inivo studies in this research study are based on inoculation of transformed fallopian 

stem cells. A more bonafide model of HGSOC animal model would be using the patient 

derived TICs to inoculate the animals. Though we have confirmed that patient derived 

TICs are tumorigenic, but we argue that given the high degree of genomic heterogeneity 

of HGSOC in patients the study of modulating some of the desired iron genes in 

tumorigenicity can be complex. Though there are disadvantages of using a genetic model 

of ovarian TICs for animal studies rather than genuine patient derived TICs, the 

advantages of using transformed cells are that it enables us to dissect out the effects of 

manipulation of certain genes within these cells with a known genetic background.  

Modulating intratumoral iron by increasing iron efflux through FPN decreases tumor 

growth in our animal model. Based on this finding, we claim that iron chelation can be a 

potential chemotherapeutic technique to treat HGSOC. However, it is an over-simplified 

statement in context of treating cancer in human. Cancer patients suffer from associated 

anemia of chronic disease and systemic iron chelation may deteriorate anemia. However 

our findings certainly shed some light in understanding the role of iron in ovarian TICs. 

We believe that our finding will likely help HGSOC treatment with the discovery of tumor 

selective discovery in future. 

We show that FPN induction inhibits invasiveness of ovarian TICs. FPN induction also 

decreases expression of MMPs. We hypothesize that FPN overexpression may 
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downregulate invasion by inhibiting IL-6 signaling since most of the MMPs are induced 

by IL-6. We therefore studied IL-6 signaling and found downregulation of IL-6 expression 

and phosphorylation of STAT-3. These experiments show an association of FPN 

induction, and downregulation of IL-6 and invasion. We do not know if FPN drives 

reduction of IL-6, and thereby causing a change in the invasion. 

We propose ferroptosis inducers to be an efficient chemotherapeutic agent to treat and 

prevent relapses in patients with HGSOC based on our findings that erastin kill TICs and 

halt tumor growth. However the current study does not include any experiments to show 

that erastin is effective in preventing tumor replace when compared to the standard 

chemotherapy used to treat HGSOC. 

7.4. Future directions 

This thesis leads to a number of intriguing questions worthy of future investigation. The 

immediate question that comes to my mind and I believe worth exploring is discussed 

below:  

Is there any mechanistic role of iron in maintaining or regulating the TICs in HGOSC? 

Altered iron metabolism is an early phenomenon in the tumorigenesis in HGSOC since 

we observe the trait at the stage of TICs. It is indeed an important finding, but it raises a 

further interesting question:  does iron have any role in regulating the ovarian TICs? In 

the following discussion, I have summarized the pathways and genes that are known to 

regulate ovarian TICs and where I think there could be potential role of iron. I am also 

going to discuss some experiments which I believe can be designed to find the role of 

iron in regulating such pathways.  
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Several pathways like Notch, Hedgehog, Wnt and transforming growth factor-β (TGF-β), 

are found to be crucial for the regulation of the self-renewal and maintenance of CSC/TICs 

(114-116). Blocking these pathways have been suggested to be a promising strategy to 

target TICs and thus treating recurrent malignancies.  

Notch3 gene is often found overexpressed and amplified in ovarian cancer (117). 

Moreover, Notch3 pathway is found to reprogram HGSOC tumor cells assume an array 

of embryonic stem cell markers and is related to the recurrence of ovarian cancer and is 

responsible for resistance to carboplatin (118). Epigenetic alterations (DNA methylation 

and miRNAs) in multiple Notch target genes are shown clinically significant and correlates 

with HGSOC patient survival (119). Some recent studies have shown that Notch3 

pathway may have important role in maintaining the TICs in HGSOC (117, 120). Another 

study showed that hypoxia induces maintenance of undifferentiated cell state or stem cell 

state via notch signaling pathway (121, 122).   Hypoxia leads to recruitment of HIF-1α to 

a Notch-responsive promoter and activation of Notch downstream genes and thus blocks 

differentiation of stem cells (121). Iron levels can regulate HIF-1α proteins and 

transcription factors. High iron levels can activate HIF (123). HIF1 is also shown to induce 

iron uptake by increasing TFR expression (124, 125). Clearly there is evidence that 

suggests that hypoxia that maintains stem cell state through notch signaling, can also 

induce higher iron retention within progenitor cells and can explain the iron addiction 

exhibited by the ovarian TICs.  

Hedgehog signaling pathway has been well implicated in cancer stem cells of several 

cancers including ovarian cancer (114, 116). Hedgehog pathway is recently reported to 

regulate growth of ovarian cancer spheroid forming cells, suggesting that this pathway be 
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directly involved in maintenance of ovarian TICs (126). Though not in cancer cells, but a 

recent study reported that iron can decrease mRNA levels of HHIPL-2, an inhibitor of 

hedgehog signaling pathway. Thus iron has the ability to increase hedgehog pathway and 

may regulate ovarian TICs. This hypothesis can be tested a simple experiment of 

manipulating iron within our ovarian TICs and measuring the activation of the pathway 

through GLI reporter assay (increased transcriptional activity of GL1 indicates activation 

of hedgehog pathway). 

EMT (Epithelial-mesenchymal transition) is an important cellular reorganization process 

by which epithelial cells loose cell polarity and adhesion and transit to a mesenchymal 

stem cells phenotype with more migratory and invasive properties  and occurs during 

tumorigenesis (127). There is evidence that TICs can be generated through EMT (128, 

129). TGF-β signaling plays an important role in EMT and is indicated in induction of 

ovarian TICs (130). Some recent studies have demonstrated that iron chelators (DFO and 

thiosemicarbazone) inhibit TGF-β-induced EMT in certain cancer cells (131, 132). These 

findings make it tempting to hypothesize that iron may have a role in the induction or 

maintenance of ovarian TICs through EMT pathway. Assay of EMT marker proteins like 

E-cadherin, vimentin, in the ovarian TICs upon alteration of cellular iron may give us a 

better insight in this context. 

Other pathway that is implicated in regulation of TICs is Wnt pathway which is very rare 

in epithelial ovarian cancer (114). Recently it has been shown that iron augments Wnt 

signaling in cells with aberrant APC (133).  
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Besides these signaling pathways, there are many cancer-associated genes that have 

been reported to play functional roles in development and maintenance of TICs. The most 

important gene is probably the TP53. As discussed in the introduction, loss of function pf 

p53, a tumor suppressor protein is indicated in the pathogenesis of HGSOC (50) . A 

recent TCGA study revealed that TP53 mutation is present almost in all HGSOC (96%) 

(48) . A recent study showed that ovarian TICs can be generated by depletion of p53 

expression (134). This demonstrates that p53 dysfunction can enhance the self-renewal 

ability of ovarian stem-like tumor cells. On the other hand, iron is found to regulate p53 

signaling through direct heme-p53 Interaction and Modulation of p53 Localization, 

Stability, and Function (135). Clearly iron may have a crucial role in generation of ovarian 

TICs through p53 in-stabilization. 

Other genes that have been shown to have important roles in regulation and proliferation 

of ovarian TICs are c-kit, TWIST-1, LIN28, Nanog (reviewed in (136)). miRNAs (miR-

199a, miR-214 ) have also been found to be important regulators of ovarian TICs (136). 

Though all of these regulators have no clear connection with iron, but some of them like 

c-kit and miRNAs seem to be affected by iron in both stem cells and non-stem cells (137, 

138). 

The first step to find the association of iron proteins with the genes and pathways that are 

responsible for regulation of ovarian TICs, would be a microarray analysis of our ovarian 

TICs with either knockdown or overexpression of iron genes like TFR, FPN or ferritin. The 

array information will likely bring up the genes (and the pathways) that are significantly 

affected due to alteration of iron metabolism. Further invitro and invivo experiments would 

be necessary to confirm any results. 
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1) Can targeting iron in ovarian TICs prevent relapse of HGSOC? Or, Can ferroptosis 

inducers like erastin overcome the failure of platinum to prevent recurrence? 

As discussed earlier, ovarian cancer is notorious for recurrence and resistance to 

chemotherapy. It has been found that the more aggressive and refractory cancers contain 

more TICs (139, 140). Though the standard surgery and chemotherapy can effectively 

reduce tumor mass in ovarian cancer, most patients with residual ovarian TICs acquire 

replaces and chemoresistance (141, 142). Several mechanisms have been suggested so 

as to how ovarian TICs acquire resistance to drugs: high expression  like drug efflux 

through ABC transporters by TICs (143), enrichment of TICs activation of anti-apoptotic 

factors by TICs (57),  efficient DNA repair  (144-146). Currently a lot of attention is being 

focused at targeting the ovarian TICs. In thesis we have shown that manipulating iron or 

inducing ferroptosis kills ovarian TICs and inhibit tumor progression and invasion. Based 

on the current knowledge that TICs are responsible for cancer recurrence and 

chemoresistance, we anticipate that iron signature in the TICs have some role in those 

two phenomena. It is therefore interesting to explore the iron phenotype in cisplatin 

resistant ovarian cancer cells. The first step in this approach would be to do a comparative 

microarray analysis between cisplatin sensitive and resistant ovarian cancer cells and to 

look for the iron related genes that may be differentially expressed in the two groups of 

cells. While lot of studies are being conducted in identifying genes responsible for 

chemoresistance in ovarian cancer patients, focus has always been biased to the known 

genes involved the regulation of TICs/CSCs. Provided some iron related genes turn out 

to be associated with cisplatin resistance, further experiments with cell lines upon 
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manipulating those specific genes will need to be conducted to expose the specific 

signaling pathways or downstream events.  

7.5. Closing thoughts  

In my thesis, we show that HGSOC is characterized by an altered iron phenotype (High 

TFT, low FPN). This trait is also present within the ovarian TICs. Ovarian TICs exhibit 

an enhanced dependence on iron. This increased sensitivity of the TICs on iron can be 

exploited and potentially utilized to treat HGSOC progression, invasion and perhaps 

recurrence and chemo-resistance.  The findings raise some intriguing questions that 

may be helpful in better understanding of HGSOC and in developing tools to fight this 

dreadful disease. 

 

 

 

 

 
 

 

 

 

 



 
 

84 
 

 

 

 

Chapter 8 

References 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

85 
 

References 

1. Nyholm S, Mann GJ, Johansson AG, Bergeron RJ, Graslund A, Thelander L. Role 

of ribonucleotide reductase in inhibition of mammalian cell growth by potent iron 

chelators. The Journal of biological chemistry. 1993 Dec 15;268(35):26200-5. PubMed 

PMID: 8253740. Epub 1993/12/15. eng. 

2. Roat-Malone RM. Iron-Containing Proteins and Enzymes.  Bioinorganic 

Chemistry: John Wiley & Sons, Inc.; 2007. p. 343-476. 

3. Torti SV, Torti FM. Iron and cancer: more ore to be mined. Nature reviews Cancer. 

2013 May;13(5):342-55. PubMed PMID: 23594855. Pubmed Central PMCID: 4036554. 

4. Stevens RG, Jones DY, Micozzi MS, Taylor PR. Body iron stores and the risk of 

cancer. The New England journal of medicine. 1988 Oct 20;319(16):1047-52. PubMed 

PMID: 3173433. Epub 1988/10/20. eng. 

5. Bradbear RA, Bain C, Siskind V, Schofield FD, Webb S, Axelsen EM, et al. Cohort 

study of internal malignancy in genetic hemochromatosis and other chronic nonalcoholic 

liver diseases. Journal of the National Cancer Institute. 1985 Jul;75(1):81-4. PubMed 

PMID: 2989605. Epub 1985/07/01. eng. 

6. Milman N, Pedersen P, a Steig T, Byg KE, Graudal N, Fenger K. Clinically overt 

hereditary hemochromatosis in Denmark 1948-1985: epidemiology, factors of 

significance for long-term survival, and causes of death in 179 patients. Annals of 

hematology. 2001 Dec;80(12):737-44. PubMed PMID: 11797115. Epub 2002/01/18. eng. 

7. Hsing AW, McLaughlin JK, Olsen JH, Mellemkjar L, Wacholder S, Fraumeni JF, 

Jr. Cancer risk following primary hemochromatosis: a population-based cohort study in 



 
 

86 
 

Denmark. International journal of cancer. 1995 Jan 17;60(2):160-2. PubMed PMID: 

7829208. Epub 1995/01/17. eng. 

8. Osborne NJ, Gurrin LC, Allen KJ, Constantine CC, Delatycki MB, McLaren CE, et 

al. HFE C282Y homozygotes are at increased risk of breast and colorectal cancer. 

Hepatology (Baltimore, Md). 2010 Apr;51(4):1311-8. PubMed PMID: 20099304. Pubmed 

Central PMCID: PMC3815603. Epub 2010/01/26. eng. 

9. Edgren G, Reilly M, Hjalgrim H, Tran TN, Rostgaard K, Adami J, et al. Donation 

frequency, iron loss, and risk of cancer among blood donors. Journal of the National 

Cancer Institute. 2008 Apr 16;100(8):572-9. PubMed PMID: 18398098. Epub 2008/04/10. 

eng. 

10. Dizdaroglu M, Rao G, Halliwell B, Gajewski E. Damage to the DNA bases in 

mammalian chromatin by hydrogen peroxide in the presence of ferric and cupric ions. 

Archives of biochemistry and biophysics. 1991 Mar;285(2):317-24. PubMed PMID: 

1654771. Epub 1991/03/01. eng. 

11. Akatsuka S, Yamashita Y, Ohara H, Liu YT, Izumiya M, Abe K, et al. Fenton 

reaction induced cancer in wild type rats recapitulates genomic alterations observed in 

human cancer. PloS one. 2012;7(8):e43403. PubMed PMID: 22952676. Pubmed Central 

PMCID: PMC3430702. Epub 2012/09/07. eng. 

12. Taetle R, Castagnola J, Mendelsohn J. Mechanisms of growth inhibition by anti-

transferrin receptor monoclonal antibodies. Cancer research. 1986 Apr;46(4 Pt 1):1759-

63. PubMed PMID: 3004704. Epub 1986/04/01. eng. 

13. Brooks D, Taylor C, Dos Santos B, Linden H, Houghton A, Hecht TT, et al. Phase 

Ia trial of murine immunoglobulin A antitransferrin receptor antibody 42/6. Clinical cancer 



 
 

87 
 

research : an official journal of the American Association for Cancer Research. 1995 

Nov;1(11):1259-65. PubMed PMID: 9815920. Epub 1995/11/01. eng. 

14. Daniels TR, Bernabeu E, Rodriguez JA, Patel S, Kozman M, Chiappetta DA, et al. 

The transferrin receptor and the targeted delivery of therapeutic agents against cancer. 

Biochimica et biophysica acta. 2012 Mar;1820(3):291-317. PubMed PMID: 21851850. 

Pubmed Central PMCID: PMC3500658. Epub 2011/08/20. eng. 

15. Wu KJ, Polack A, Dalla-Favera R. Coordinated regulation of iron-controlling genes, 

H-ferritin and IRP2, by c-MYC. Science (New York, NY). 1999 Jan 29;283(5402):676-9. 

PubMed PMID: 9924025. Epub 1999/01/29. eng. 

16. Kakhlon O, Gruenbaum Y, Cabantchik ZI. Repression of ferritin expression 

modulates cell responsiveness to H-ras-induced growth. Biochemical Society 

transactions. 2002 Aug;30(4):777-80. PubMed PMID: 12196194. Epub 2002/08/28. eng. 

17. Kakhlon O, Gruenbaum Y, Cabantchik ZI. Ferritin expression modulates cell cycle 

dynamics and cell responsiveness to H-ras-induced growth via expansion of the labile 

iron pool. The Biochemical journal. 2002 May 1;363(Pt 3):431-6. PubMed PMID: 

11964143. Pubmed Central PMCID: PMC1222495. Epub 2002/04/20. eng. 

18. Torti SV, Kwak EL, Miller SC, Miller LL, Ringold GM, Myambo KB, et al. The 

molecular cloning and characterization of murine ferritin heavy chain, a tumor necrosis 

factor-inducible gene. The Journal of biological chemistry. 1988 Sep 5;263(25):12638-44. 

PubMed PMID: 3410854. Epub 1988/09/05. eng. 

19. Kwak EL, Larochelle DA, Beaumont C, Torti SV, Torti FM. Role for NF-kappa B in 

the regulation of ferritin H by tumor necrosis factor-alpha. The Journal of biological 



 
 

88 
 

chemistry. 1995 Jun 23;270(25):15285-93. PubMed PMID: 7797515. Epub 1995/06/23. 

eng. 

20. Coffman LG, Parsonage D, D'Agostino R, Jr., Torti FM, Torti SV. Regulatory 

effects of ferritin on angiogenesis. Proceedings of the National Academy of Sciences of 

the United States of America. 2009 Jan 13;106(2):570-5. PubMed PMID: 19126685. 

Pubmed Central PMCID: PMC2626744. Epub 2009/01/08. eng. 

21. Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward DM, et al. 

Hepcidin regulates cellular iron efflux by binding to ferroportin and inducing its 

internalization. Science (New York, NY). 2004 Dec 17;306(5704):2090-3. PubMed PMID: 

15514116. Epub 2004/10/30. eng. 

22. Ward DM, Kaplan J. Ferroportin-mediated iron transport: expression and 

regulation. Biochimica et biophysica acta. 2012 Sep;1823(9):1426-33. PubMed PMID: 

22440327. Pubmed Central PMCID: PMC3718258. Epub 2012/03/24. eng. 

23. Pinnix ZK, Miller LD, Wang W, D'Agostino R, Jr., Kute T, Willingham MC, et al. 

Ferroportin and iron regulation in breast cancer progression and prognosis. Science 

translational medicine. 2010 Aug 4;2(43):43ra56. PubMed PMID: 20686179. Pubmed 

Central PMCID: PMC3734848. Epub 2010/08/06. eng. 

24. Wang W, Deng Z, Hatcher H, Miller LD, Di X, Tesfay L, et al. IRP2 regulates breast 

tumor growth. Cancer research. 2014 Jan 15;74(2):497-507. PubMed PMID: 24285726. 

Pubmed Central PMCID: 3989290. 

25. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011 

Mar 4;144(5):646-74. PubMed PMID: 21376230. Epub 2011/03/08. eng. 



 
 

89 
 

26. Miller LD, Coffman LG, Chou JW, Black MA, Bergh J, D'Agostino R, Jr., et al. An 

iron regulatory gene signature predicts outcome in breast cancer. Cancer research. 2011 

Nov 1;71(21):6728-37. PubMed PMID: 21875943. Pubmed Central PMCID: 

PMC3206152. Epub 2011/08/31. eng. 

27. Jiang XP, Elliott RL, Head JF. Manipulation of iron transporter genes results in the 

suppression of human and mouse mammary adenocarcinomas. Anticancer research. 

2010 Mar;30(3):759-65. PubMed PMID: 20392994. Epub 2010/04/16. eng. 

28. Carpagnano GE, Lacedonia D, Palladino GP, Koutelou A, Martinelli D, Orlando S, 

et al. Could exhaled ferritin and SOD be used as markers for lung cancer and prognosis 

prediction purposes? European journal of clinical investigation. 2012 May;42(5):478-86. 

PubMed PMID: 21955247. Epub 2011/10/01. eng. 

29. A snapshot of ovarian cancer  [cited 2015 December 21 2015]. Available from: 

http://www.cancer.gov/research/progress/snapshots/ovarian. 

30. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin. 2014 

Jan-Feb;64(1):9-29. PubMed PMID: 24399786. Epub 2014/01/09. eng. 

31. Vang R, Shih Ie M, Kurman RJ. Ovarian low-grade and high-grade serous 

carcinoma: pathogenesis, clinicopathologic and molecular biologic features, and 

diagnostic problems. Adv Anat Pathol. 2009 Sep;16(5):267-82. PubMed PMID: 

19700937. Pubmed Central PMCID: PMC2745605. Epub 2009/08/25. eng. 

32. Leong HS, Galletta L, Etemadmoghadam D, George J, Kobel M, Ramus SJ, et al. 

Efficient molecular subtype classification of high-grade serous ovarian cancer. The 

Journal of pathology. 2015 Jul;236(3):272-7. PubMed PMID: 25810134. Epub 

2015/03/27. eng. 

http://www.cancer.gov/research/progress/snapshots/ovarian


 
 

90 
 

33. Sfakianos GP, Iversen ES, Whitaker R, Akushevich L, Schildkraut JM, Murphy SK, 

et al. Validation of ovarian cancer gene expression signatures for survival and subtype in 

formalin fixed paraffin embedded tissues. Gynecologic oncology. 2013 Apr;129(1):159-

64. PubMed PMID: 23274563. Pubmed Central PMCID: PMC3733243. Epub 2013/01/01. 

eng. 

34. Tothill RW, Tinker AV, George J, Brown R, Fox SB, Lade S, et al. Novel molecular 

subtypes of serous and endometrioid ovarian cancer linked to clinical outcome. Clinical 

cancer research : an official journal of the American Association for Cancer Research. 

2008 Aug 15;14(16):5198-208. PubMed PMID: 18698038. Epub 2008/08/14. eng. 

35. Karst AM, Drapkin R. Ovarian cancer pathogenesis: a model in evolution. J Oncol. 

2010;2010:932371. PubMed PMID: 19746182. Pubmed Central PMCID: 2739011. 

36. Fathalla MF. Incessant ovulation--a factor in ovarian neoplasia? Lancet (London, 

England). 1971 Jul 17;2(7716):163. PubMed PMID: 4104488. Epub 1971/07/17. eng. 

37. Wooster R, Neuhausen SL, Mangion J, Quirk Y, Ford D, Collins N, et al. 

Localization of a breast cancer susceptibility gene, BRCA2, to chromosome 13q12-13. 

Science (New York, NY). 1994 Sep 30;265(5181):2088-90. PubMed PMID: 8091231. 

Epub 1994/09/30. eng. 

38. Medeiros F, Muto MG, Lee Y, Elvin JA, Callahan MJ, Feltmate C, et al. The tubal 

fimbria is a preferred site for early adenocarcinoma in women with familial ovarian cancer 

syndrome. The American journal of surgical pathology. 2006 Feb;30(2):230-6. PubMed 

PMID: 16434898. Epub 2006/01/26. eng. 

39. Carcangiu ML, Radice P, Manoukian S, Spatti G, Gobbo M, Pensotti V, et al. 

Atypical epithelial proliferation in fallopian tubes in prophylactic salpingo-oophorectomy 



 
 

91 
 

specimens from BRCA1 and BRCA2 germline mutation carriers. International journal of 

gynecological pathology : official journal of the International Society of Gynecological 

Pathologists. 2004 Jan;23(1):35-40. PubMed PMID: 14668548. Epub 2003/12/12. eng. 

40. Piek JM, Verheijen RH, Kenemans P, Massuger LF, Bulten H, van Diest PJ. 

BRCA1/2-related ovarian cancers are of tubal origin: a hypothesis. Gynecologic oncology. 

2003 Aug;90(2):491. PubMed PMID: 12893227. Epub 2003/08/02. eng. 

41. Lee Y, Miron A, Drapkin R, Nucci MR, Medeiros F, Saleemuddin A, et al. A 

candidate precursor to serous carcinoma that originates in the distal fallopian tube. The 

Journal of pathology. 2007 Jan;211(1):26-35. PubMed PMID: 17117391. Epub 

2006/11/23. eng. 

42. Kindelberger DW, Lee Y, Miron A, Hirsch MS, Feltmate C, Medeiros F, et al. 

Intraepithelial carcinoma of the fimbria and pelvic serous carcinoma: Evidence for a 

causal relationship. The American journal of surgical pathology. 2007 Feb;31(2):161-9. 

PubMed PMID: 17255760. Epub 2007/01/27. eng. 

43. Kuhn E, Kurman RJ, Vang R, Sehdev AS, Han G, Soslow R, et al. TP53 mutations 

in serous tubal intraepithelial carcinoma and concurrent pelvic high-grade serous 

carcinoma--evidence supporting the clonal relationship of the two lesions. The Journal of 

pathology. 2012 Feb;226(3):421-6. PubMed PMID: 21990067. Pubmed Central PMCID: 

PMC4782784. Epub 2011/10/13. eng. 

44. Kurman RJ, Shih Ie M. The origin and pathogenesis of epithelial ovarian cancer: a 

proposed unifying theory. The American journal of surgical pathology. 2010 

Mar;34(3):433-43. PubMed PMID: 20154587. Pubmed Central PMCID: PMC2841791. 

Epub 2010/02/16. eng. 



 
 

92 
 

45. Malpica A, Deavers MT, Lu K, Bodurka DC, Atkinson EN, Gershenson DM, et al. 

Grading ovarian serous carcinoma using a two-tier system. The American journal of 

surgical pathology. 2004 Apr;28(4):496-504. PubMed PMID: 15087669. Epub 

2004/04/17. eng. 

46. Jones PM, Drapkin R. Modeling High-Grade Serous Carcinoma: How Converging 

Insights into Pathogenesis and Genetics are Driving Better Experimental Platforms. 

Frontiers in oncology. 2013;3:217. PubMed PMID: 23986883. Pubmed Central PMCID: 

PMC3752910. Epub 2013/08/30. eng. 

47. Kuhn E, Meeker A, Wang TL, Sehdev AS, Kurman RJ, Shih Ie M. Shortened 

telomeres in serous tubal intraepithelial carcinoma: an early event in ovarian high-grade 

serous carcinogenesis. The American journal of surgical pathology. 2010 Jun;34(6):829-

36. PubMed PMID: 20431479. Pubmed Central PMCID: PMC4778420. Epub 2010/05/01. 

eng. 

48. Integrated genomic analyses of ovarian carcinoma. Nature. 2011 Jun 

30;474(7353):609-15. PubMed PMID: 21720365. Pubmed Central PMCID: 

PMC3163504. Epub 2011/07/02. eng. 

49. Baker VV, Borst MP, Dixon D, Hatch KD, Shingleton HM, Miller D. c-myc 

amplification in ovarian cancer. Gynecologic oncology. 1990 Sep;38(3):340-2. PubMed 

PMID: 2227545. Epub 1990/09/01. eng. 

50. Bowtell DD. The genesis and evolution of high-grade serous ovarian cancer. 

Nature reviews Cancer. 2010 Nov;10(11):803-8. PubMed PMID: 20944665. Epub 

2010/10/15. eng. 



 
 

93 
 

51. Bai H, Cao D, Yang J, Li M, Zhang Z, Shen K. Genetic and epigenetic 

heterogeneity of epithelial ovarian cancer and the clinical implications for molecular 

targeted therapy. J Cell Mol Med. 2016 Jan 22. PubMed PMID: 26800494. Epub 

2016/01/23. Eng. 

52. Baccelli I, Trumpp A. The evolving concept of cancer and metastasis stem cells. 

The Journal of cell biology. 2012 Aug 6;198(3):281-93. PubMed PMID: 22869594. 

Pubmed Central PMCID: 3413352. Epub 2012/08/08. eng. 

53. Clevers H. The cancer stem cell: premises, promises and challenges. Nature 

medicine. 2011 Mar;17(3):313-9. PubMed PMID: 21386835. Epub 2011/03/10. eng. 

54. Zeimet AG, Reimer D, Sopper S, Boesch M, Martowicz A, Roessler J, et al. 

Ovarian cancer stem cells. Neoplasma. 2012;59(6):747-55. PubMed PMID: 22862176. 

Epub 2012/08/07. eng. 

55. Mimeault M, Batra SK. Targeting of cancer stem/progenitor cells plus stem cell-

based therapies: the ultimate hope for treating and curing aggressive and recurrent 

cancers. Panminerva medica. 2008 Mar;50(1):3-18. PubMed PMID: 18427384. Pubmed 

Central PMCID: PMC3828640. Epub 2008/04/23. eng. 

56. Guddati AK. Ovarian cancer stem cells: elusive targets for chemotherapy. Medical 

oncology (Northwood, London, England). 2012 Dec;29(5):3400-8. PubMed PMID: 

22638913. Epub 2012/05/29. eng. 

57. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer 

stem cells. Nature. 2001 Nov 1;414(6859):105-11. PubMed PMID: 11689955. Epub 

2001/11/02. eng. 



 
 

94 
 

58. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. Prospective 

identification of tumorigenic breast cancer cells. Proceedings of the National Academy of 

Sciences of the United States of America. 2003 Apr 1;100(7):3983-8. PubMed PMID: 

12629218. Pubmed Central PMCID: PMC153034. Epub 2003/03/12. eng. 

59. Barker N, Clevers H. Tracking down the stem cells of the intestine: strategies to 

identify adult stem cells. Gastroenterology. 2007 Dec;133(6):1755-60. PubMed PMID: 

18054544. Epub 2007/12/07. eng. 

60. Staud F, Pavek P. Breast cancer resistance protein (BCRP/ABCG2). The 

international journal of biochemistry & cell biology. 2005 Apr;37(4):720-5. PubMed PMID: 

15694832. Epub 2005/02/08. eng. 

61. Schatton T, Murphy GF, Frank NY, Yamaura K, Waaga-Gasser AM, Gasser M, et 

al. Identification of cells initiating human melanomas. Nature. 2008 Jan 

17;451(7176):345-9. PubMed PMID: 18202660. Pubmed Central PMCID: PMC3660705. 

Epub 2008/01/19. eng. 

62. Bapat SA, Mali AM, Koppikar CB, Kurrey NK. Stem and progenitor-like cells 

contribute to the aggressive behavior of human epithelial ovarian cancer. Cancer 

research. 2005 Apr 15;65(8):3025-9. PubMed PMID: 15833827. Epub 2005/04/19. eng. 

63. Zhang S, Balch C, Chan MW, Lai HC, Matei D, Schilder JM, et al. Identification 

and characterization of ovarian cancer-initiating cells from primary human tumors. Cancer 

research. 2008 Jun 1;68(11):4311-20. PubMed PMID: 18519691. Pubmed Central 

PMCID: PMC2553722. Epub 2008/06/04. eng. 



 
 

95 
 

64. Ponnusamy MP, Batra SK. Ovarian cancer: emerging concept on cancer stem 

cells. Journal of ovarian research. 2008;1(1):4. PubMed PMID: 19014671. Pubmed 

Central PMCID: PMC2584054. Epub 2008/11/19. eng. 

65. Deng S, Yang X, Lassus H, Liang S, Kaur S, Ye Q, et al. Distinct expression levels 

and patterns of stem cell marker, aldehyde dehydrogenase isoform 1 (ALDH1), in human 

epithelial cancers. PloS one. 2010;5(4):e10277. PubMed PMID: 20422001. Pubmed 

Central PMCID: PMC2858084. Epub 2010/04/28. eng. 

66. Gao MQ, Choi YP, Kang S, Youn JH, Cho NH. CD24+ cells from hierarchically 

organized ovarian cancer are enriched in cancer stem cells. Oncogene. 2010 May 

6;29(18):2672-80. PubMed PMID: 20190812. Epub 2010/03/02. eng. 

67. Szotek PP, Pieretti-Vanmarcke R, Masiakos PT, Dinulescu DM, Connolly D, Foster 

R, et al. Ovarian cancer side population defines cells with stem cell-like characteristics 

and Mullerian Inhibiting Substance responsiveness. Proceedings of the National 

Academy of Sciences of the United States of America. 2006 Jul 25;103(30):11154-9. 

PubMed PMID: 16849428. Pubmed Central PMCID: PMC1544057. Epub 2006/07/20. 

eng. 

68. Vathipadiekal V, Saxena D, Mok SC, Hauschka PV, Ozbun L, Birrer MJ. 

Identification of a potential ovarian cancer stem cell gene expression profile from 

advanced stage papillary serous ovarian cancer. PloS one. 2012;7(1):e29079. PubMed 

PMID: 22272227. Pubmed Central PMCID: PMC3260150. Epub 2012/01/25. eng. 

69. Hosonuma S, Kobayashi Y, Kojo S, Wada H, Seino K, Kiguchi K, et al. Clinical 

significance of side population in ovarian cancer cells. Human cell. 2011 Mar;24(1):9-12. 



 
 

96 
 

PubMed PMID: 21547690. Pubmed Central PMCID: PMC3051070. Epub 2011/05/07. 

eng. 

70. Wang X, Yamamoto Y, Wilson LH, Zhang T, Howitt BE, Farrow MA, et al. Cloning 

and variation of ground state intestinal stem cells. Nature. 2015 Jun 11;522(7555):173-8. 

PubMed PMID: 26040716. 

71. Bristow RE, Tomacruz RS, Armstrong DK, Trimble EL, Montz FJ. Survival effect 

of maximal cytoreductive surgery for advanced ovarian carcinoma during the platinum 

era: a meta-analysis. Journal of clinical oncology : official journal of the American Society 

of Clinical Oncology. 2002 Mar 1;20(5):1248-59. PubMed PMID: 11870167. Epub 

2002/03/01. eng. 

72. Ozols RF. Systemic therapy for ovarian cancer: current status and new treatments. 

Seminars in oncology. 2006 Apr;33(2 Suppl 6):S3-11. PubMed PMID: 16716797. Epub 

2006/05/24. eng. 

73. Latifi A, Abubaker K, Castrechini N, Ward AC, Liongue C, Dobill F, et al. Cisplatin 

treatment of primary and metastatic epithelial ovarian carcinomas generates residual cells 

with mesenchymal stem cell-like profile. Journal of cellular biochemistry. 2011 

Oct;112(10):2850-64. PubMed PMID: 21618587. Epub 2011/05/28. eng. 

74. Oliver TG, Mercer KL, Sayles LC, Burke JR, Mendus D, Lovejoy KS, et al. Chronic 

cisplatin treatment promotes enhanced damage repair and tumor progression in a mouse 

model of lung cancer. Genes & development. 2010 Apr 15;24(8):837-52. PubMed PMID: 

20395368. Pubmed Central PMCID: PMC2854397. Epub 2010/04/17. eng. 



 
 

97 
 

75. Zhou BB, Zhang H, Damelin M, Geles KG, Grindley JC, Dirks PB. Tumour-initiating 

cells: challenges and opportunities for anticancer drug discovery. Nature reviews Drug 

discovery. 2009 Oct;8(10):806-23. PubMed PMID: 19794444. Epub 2009/10/02. eng. 

76. Bose D, Zimmerman LJ, Pierobon M, Petricoin E, Tozzi F, Parikh A, et al. 

Chemoresistant colorectal cancer cells and cancer stem cells mediate growth and 

survival of bystander cells. British journal of cancer. 2011 Nov 22;105(11):1759-67. 

PubMed PMID: 22045189. Pubmed Central PMCID: PMC3242606. Epub 2011/11/03. 

eng. 

77. Yamamoto Y, Ning G, Howitt BE, Mehra K, Wu L, Wang X, et al. In Vitro and In 

Vivo Correlates of Physiologic and Neoplastic Human Fallopian Tube Stem Cells. The 

Journal of pathology. 2015 Sep 28. PubMed PMID: 26415052. 

78. Deng Z, Wan M, Sui G. PIASy-mediated sumoylation of Yin Yang 1 depends on 

their interaction but not the RING finger. Mol Cell Biol. 2007 May;27(10):3780-92. 

PubMed PMID: 17353273. Pubmed Central PMCID: 1899983. 

79. Rubinson DA, Dillon CP, Kwiatkowski AV, Sievers C, Yang L, Kopinja J, et al. A 

lentivirus-based system to functionally silence genes in primary mammalian cells, stem 

cells and transgenic mice by RNA interference. Nat Genet. 2003 Mar;33(3):401-6. 

PubMed PMID: 12590264. 

80. Nguyen DH, Zhou, T., Shu, J., Mao, J. Quantifying chroogen intensity in 

immunohistochemistry via reciprocal intensity. CancerInCytes. 2013;2(1:e). 

81. King ER, Tung CS, Tsang YT, Zu Z, Lok GT, Deavers MT, et al. The anterior 

gradient homolog 3 (AGR3) gene is associated with differentiation and survival in ovarian 



 
 

98 
 

cancer. The American journal of surgical pathology. 2011 Jun;35(6):904-12. PubMed 

PMID: 21451362. Pubmed Central PMCID: 3095702. 

82. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al. 

NCBI GEO: archive for functional genomics data sets--update. Nucleic Acids Res. 2013 

Jan;41(Database issue):D991-5. PubMed PMID: 23193258. Pubmed Central PMCID: 

3531084. 

83. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. 

Bioconductor: open software development for computational biology and bioinformatics. 

Genome Biol. 2004;5(10):R80. PubMed PMID: 15461798. Pubmed Central PMCID: 

545600. 

84. Gautier L, Cope L, Bolstad BM, Irizarry RA. affy--analysis of Affymetrix GeneChip 

data at the probe level. Bioinformatics. 2004 Feb 12;20(3):307-15. PubMed PMID: 

14960456. 

85. Therneau TM, Grambsch, P.M. Modeling survival data:  extending the cox model. 

New York: Springer; 2000. 

86. Team RC. R:  A language and environment for statistical computing Vienna, 

Austria: R Foundation for Statistical Computing; 2014. Available from: http:/www.R-

project.org/. 

87. Li HX, Lu ZH, Shen K, Cheng WJ, Malpica A, Zhang J, et al. Advances in serous 

tubal intraepithelial carcinoma: correlation with high grade serous carcinoma and ovarian 

carcinogenesis. Int J Clin Exp Pathol. 2014;7(3):848-57. PubMed PMID: 24696706. 

Pubmed Central PMCID: 3971287. 

http://www.r-project.org/
http://www.r-project.org/


 
 

99 
 

88. Kurman RJ. Origin and molecular pathogenesis of ovarian high-grade serous 

carcinoma. Ann Oncol. 2013 Dec;24 Suppl 10:x16-21. PubMed PMID: 24265397. 

89. Dietl J. Revisiting the pathogenesis of ovarian cancer: the central role of the 

fallopian tube. Arch Gynecol Obstet. 2014 Feb;289(2):241-6. PubMed PMID: 24100801. 

90. Gershenson DM. The life and times of low-grade serous carcinoma of the ovary. 

Am Soc Clin Oncol Educ Book. 2013. PubMed PMID: 23714500. 

91. Chen M, Jin Y, Bi Y, Yin J, Wang Y, Pan L. A survival analysis comparing women 

with ovarian low-grade serous carcinoma to those with high-grade histology. OncoTargets 

and therapy. 2014;7:1891-9. PubMed PMID: 25342912. Pubmed Central PMCID: 

4206388. 

92. Torti FM, Torti SV. Regulation of ferritin genes and protein. Blood. 2002 May 

15;99(10):3505-16. PubMed PMID: 11986201. 

93. Karst AM, Levanon K, Drapkin R. Modeling high-grade serous ovarian 

carcinogenesis from the fallopian tube. Proceedings of the National Academy of Sciences 

of the United States of America. 2011 May 3;108(18):7547-52. PubMed PMID: 21502498. 

Pubmed Central PMCID: 3088633. 

94. Jazaeri AA, Bryant JL, Park H, Li H, Dahiya N, Stoler MH, et al. Molecular 

requirements for transformation of fallopian tube epithelial cells into serous carcinoma. 

Neoplasia. 2011 Oct;13(10):899-911. PubMed PMID: 22028616. Pubmed Central 

PMCID: 3201567. 

95. Crum CP, Drapkin R, Miron A, Ince TA, Muto M, Kindelberger DW, et al. The distal 

fallopian tube: a new model for pelvic serous carcinogenesis. Curr Opin Obstet Gynecol. 

2007 Feb;19(1):3-9. PubMed PMID: 17218844. 



 
 

100 
 

96. Manz DH, Blanchette, N., Paul, B., Torti, F.M., Torti, S.V. Iron and Cancer:  recent 

insights. Annals of the New York Academy of Sciences. 2016 in press. 

97. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al. 

Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 2012 May 

25;149(5):1060-72. PubMed PMID: 22632970. Pubmed Central PMCID: 3367386. 

98. Dolma S, Lessnick SL, Hahn WC, Stockwell BR. Identification of genotype-

selective antitumor agents using synthetic lethal chemical screening in engineered human 

tumor cells. Cancer Cell. 2003 Mar;3(3):285-96. PubMed PMID: 12676586. 

99. Dixon SJ, Stockwell BR. The role of iron and reactive oxygen species in cell death. 

Nat Chem Biol. 2014 Jan;10(1):9-17. PubMed PMID: 24346035. Epub 2013/12/19. eng. 

100. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan 

VS, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 2014 Jan 16;156(1-

2):317-31. PubMed PMID: 24439385. Pubmed Central PMCID: 4076414. 

101. Shah MM, Landen CN. Ovarian cancer stem cells: are they real and why are they 

important? Gynecologic oncology. 2014 Feb;132(2):483-9. PubMed PMID: 24321398. 

Pubmed Central PMCID: 4316675. 

102. Bast RC, Jr., Hennessy B, Mills GB. The biology of ovarian cancer: new 

opportunities for translation. Nature reviews Cancer. 2009 Jun;9(6):415-28. PubMed 

PMID: 19461667. Pubmed Central PMCID: 2814299. 

103. Coward J, Kulbe H, Chakravarty P, Leader D, Vassileva V, Leinster DA, et al. 

Interleukin-6 as a therapeutic target in human ovarian cancer. Clinical cancer research : 

an official journal of the American Association for Cancer Research. 2011 Sep 

15;17(18):6083-96. PubMed PMID: 21795409. Pubmed Central PMCID: 3182554. 



 
 

101 
 

104. Weinstein IB. Cancer. Addiction to oncogenes--the Achilles heal of cancer. 

Science (New York, NY). 2002 Jul 5;297(5578):63-4. PubMed PMID: 12098689. Epub 

2002/07/06. eng. 

105. Schonberg DL, Miller TE, Wu Q, Flavahan WA, Das NK, Hale JS, et al. Preferential 

Iron Trafficking Characterizes Glioblastoma Stem-like Cells. Cancer Cell. 2015 Oct 

12;28(4):441-55. PubMed PMID: 26461092. Pubmed Central PMCID: PMC4646058. 

Epub 2015/10/16. eng. 

106. Tesfay L, Clausen KA, Kim JW, Hegde P, Wang X, Miller LD, et al. Hepcidin 

regulation in prostate and its disruption in prostate cancer. Cancer research. 2015 Jun 

1;75(11):2254-63. PubMed PMID: 25858146. Pubmed Central PMCID: 4454355. 

107. Al-Alem L, Curry TE, Jr. Ovarian cancer: involvement of the matrix 

metalloproteinases. Reproduction. 2015 Aug;150(2):R55-64. PubMed PMID: 25918438. 

Epub 2015/04/29. eng. 

108. Dijkgraaf EM, Welters MJ, Nortier JW, van der Burg SH, Kroep JR. Interleukin-

6/interleukin-6 receptor pathway as a new therapy target in epithelial ovarian cancer. Curr 

Pharm Des. 2012;18(25):3816-27. PubMed PMID: 22591418. 

109. Zou M, Zhang X, Xu C. IL6-induced metastasis modulators p-STAT3, MMP-2 and 

MMP-9 are targets of 3,3'-diindolylmethane in ovarian cancer cells. Cell Oncol (Dordr). 

2015 Oct 28. PubMed PMID: 26510945. 

110. Lui GY, Kovacevic Z, S VM, Kalinowski DS, Merlot AM, Sahni S, et al. Novel 

thiosemicarbazones regulate the signal transducer and activator of transcription 3 

(STAT3) pathway: inhibition of constitutive and interleukin 6-induced activation by iron 

depletion. Mol Pharmacol. 2015;87(3):543-60. PubMed PMID: 25561562. 



 
 

102 
 

111. Dai J, Huang C, Wu J, Yang C, Frenkel K, Huang X. Iron-induced interleukin-6 

gene expression: possible mediation through the extracellular signal-regulated kinase 

and p38 mitogen-activated protein kinase pathways. Toxicology. 2004 Oct 15;203(1-

3):199-209. PubMed PMID: 15363595. 

112. Reed JC, Pellecchia M. Ironing out cell death mechanisms. Cell. 2012 May 

25;149(5):963-5. PubMed PMID: 22632964. 

113. Yang WS, Stockwell BR. Ferroptosis: Death by Lipid Peroxidation. Trends Cell 

Biol. 2015 Dec 2. PubMed PMID: 26653790. Epub 2015/12/15. Eng. 

114. Takebe N, Harris PJ, Warren RQ, Ivy SP. Targeting cancer stem cells by inhibiting 

Wnt, Notch, and Hedgehog pathways. Nature reviews Clinical oncology. 2011 

Feb;8(2):97-106. PubMed PMID: 21151206. Epub 2010/12/15. eng. 

115. Reya T, Clevers H. Wnt signalling in stem cells and cancer. Nature. 2005 Apr 

14;434(7035):843-50. PubMed PMID: 15829953. Epub 2005/04/15. eng. 

116. Merchant AA, Matsui W. Targeting Hedgehog--a cancer stem cell pathway. Clinical 

cancer research : an official journal of the American Association for Cancer Research. 

2010 Jun 15;16(12):3130-40. PubMed PMID: 20530699. Pubmed Central PMCID: 

PMC2888641. Epub 2010/06/10. eng. 

117. Park JT, Li M, Nakayama K, Mao TL, Davidson B, Zhang Z, et al. Notch3 gene 

amplification in ovarian cancer. Cancer research. 2006 Jun 15;66(12):6312-8. PubMed 

PMID: 16778208. Epub 2006/06/17. eng. 

118. Park JT, Chen X, Trope CG, Davidson B, Shih Ie M, Wang TL. Notch3 

overexpression is related to the recurrence of ovarian cancer and confers resistance to 



 
 

103 
 

carboplatin. The American journal of pathology. 2010 Sep;177(3):1087-94. PubMed 

PMID: 20671266. Pubmed Central PMCID: PMC2928943. Epub 2010/07/31. eng. 

119. Ivan C, Hu W, Bottsford-Miller J, Zand B, Dalton HJ, Liu T, et al. Epigenetic 

analysis of the Notch superfamily in high-grade serous ovarian cancer. Gynecologic 

oncology. 2013 Mar;128(3):506-11. PubMed PMID: 23200915. Pubmed Central PMCID: 

PMC3645276. Epub 2012/12/04. eng. 

120. McAuliffe SM, Morgan SL, Wyant GA, Tran LT, Muto KW, Chen YS, et al. Targeting 

Notch, a key pathway for ovarian cancer stem cells, sensitizes tumors to platinum 

therapy. Proceedings of the National Academy of Sciences of the United States of 

America. 2012 Oct 23;109(43):E2939-48. PubMed PMID: 23019585. Pubmed Central 

PMCID: PMC3491453. Epub 2012/09/29. eng. 

121. Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S, Lundkvist J, et al. Hypoxia 

requires notch signaling to maintain the undifferentiated cell state. Developmental cell. 

2005 Nov;9(5):617-28. PubMed PMID: 16256737. Epub 2005/11/01. eng. 

122. Cejudo-Martin P, Johnson RS. A new notch in the HIF belt: how hypoxia impacts 

differentiation. Developmental cell. 2005 Nov;9(5):575-6. PubMed PMID: 16256731. 

Epub 2005/11/01. eng. 

123. Wang GL, Semenza GL. Desferrioxamine induces erythropoietin gene expression 

and hypoxia-inducible factor 1 DNA-binding activity: implications for models of hypoxia 

signal transduction. Blood. 1993 Dec 15;82(12):3610-5. PubMed PMID: 8260699. Epub 

1993/12/15. eng. 

124. Tacchini L, Bianchi L, Bernelli-Zazzera A, Cairo G. Transferrin receptor induction 

by hypoxia. HIF-1-mediated transcriptional activation and cell-specific post-transcriptional 



 
 

104 
 

regulation. The Journal of biological chemistry. 1999 Aug 20;274(34):24142-6. PubMed 

PMID: 10446187. Epub 1999/08/14. eng. 

125. Lok CN, Ponka P. Identification of a hypoxia response element in the transferrin 

receptor gene. The Journal of biological chemistry. 1999 Aug 20;274(34):24147-52. 

PubMed PMID: 10446188. Epub 1999/08/14. eng. 

126. Ray A, Meng E, Reed E, Shevde LA, Rocconi RP. Hedgehog signaling pathway 

regulates the growth of ovarian cancer spheroid forming cells. International journal of 

oncology. 2011 Oct;39(4):797-804. PubMed PMID: 21701772. Epub 2011/06/28. eng. 

127. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal transitions in 

development and disease. Cell. 2009 Nov 25;139(5):871-90. PubMed PMID: 19945376. 

Epub 2009/12/01. eng. 

128. Singh A, Settleman J. EMT, cancer stem cells and drug resistance: an emerging 

axis of evil in the war on cancer. Oncogene. 2010 Aug 26;29(34):4741-51. PubMed PMID: 

20531305. Pubmed Central PMCID: PMC3176718. Epub 2010/06/10. eng. 

129. Celia-Terrassa T, Meca-Cortes O, Mateo F, Martinez de Paz A, Rubio N, Arnal-

Estape A, et al. Epithelial-mesenchymal transition can suppress major attributes of 

human epithelial tumor-initiating cells. The Journal of clinical investigation. 2012 

May;122(5):1849-68. PubMed PMID: 22505459. Pubmed Central PMCID: PMC3366719. 

Epub 2012/04/17. eng. 

130. Cao L, Shao M, Schilder J, Guise T, Mohammad KS, Matei D. Tissue 

transglutaminase links TGF-beta, epithelial to mesenchymal transition and a stem cell 

phenotype in ovarian cancer. Oncogene. 2012 May 17;31(20):2521-34. PubMed PMID: 

21963846. Epub 2011/10/04. eng. 



 
 

105 
 

131. Chen Z, Zhang D, Yue F, Zheng M, Kovacevic Z, Richardson DR. The iron 

chelators Dp44mT and DFO inhibit TGF-beta-induced epithelial-mesenchymal transition 

via up-regulation of N-Myc downstream-regulated gene 1 (NDRG1). The Journal of 

biological chemistry. 2012 May 18;287(21):17016-28. PubMed PMID: 22453918. 

Pubmed Central PMCID: PMC3366822. Epub 2012/03/29. eng. 

132. Richardson A, Kovacevic Z, Richardson DR. Iron chelation: inhibition of key 

signaling pathways in the induction of the epithelial mesenchymal transition in pancreatic 

cancer and other tumors. Critical reviews in oncogenesis. 2013;18(5):409-34. PubMed 

PMID: 23879587. Epub 2013/07/25. eng. 

133. Brookes MJ, Boult J, Roberts K, Cooper BT, Hotchin NA, Matthews G, et al. A role 

for iron in Wnt signalling. Oncogene. 2008 Feb 7;27(7):966-75. PubMed PMID: 

17700530. Epub 2007/08/19. eng. 

134. Motohara T, Masuko S, Ishimoto T, Yae T, Onishi N, Muraguchi T, et al. Transient 

depletion of p53 followed by transduction of c-Myc and K-Ras converts ovarian stem-like 

cells into tumor-initiating cells. Carcinogenesis. 2011 Nov;32(11):1597-606. PubMed 

PMID: 21828057. Epub 2011/08/11. eng. 

135. Shen J, Sheng X, Chang Z, Wu Q, Wang S, Xuan Z, et al. Iron metabolism 

regulates p53 signaling through direct heme-p53 interaction and modulation of p53 

localization, stability, and function. Cell reports. 2014 Apr 10;7(1):180-93. PubMed PMID: 

24685134. Pubmed Central PMCID: PMC4219651. Epub 2014/04/02. eng. 

136. Kwon MJ, Shin YK. Regulation of ovarian cancer stem cells or tumor-initiating 

cells. International journal of molecular sciences. 2013;14(4):6624-48. PubMed PMID: 

23528891. Pubmed Central PMCID: PMC3645658. Epub 2013/03/27. eng. 



 
 

106 
 

137. Li Y, Lin L, Li Z, Ye X, Xiong K, Aryal B, et al. Iron homeostasis regulates the 

activity of the microRNA pathway through poly(C)-binding protein 2. Cell metabolism. 

2012 Jun 6;15(6):895-904. PubMed PMID: 22633452. Pubmed Central PMCID: 

PMC3613991. Epub 2012/05/29. eng. 

138. Song D, Li Y, Cao J, Han Z, Gao L, Xu Z, et al. Effect of iron deficiency on c-kit(+) 

cardiac stem cells in vitro. PloS one. 2013;8(6):e65721. PubMed PMID: 23762416. 

Pubmed Central PMCID: PMC3677875. Epub 2013/06/14. eng. 

139. Singh SK, Clarke ID, Hide T, Dirks PB. Cancer stem cells in nervous system 

tumors. Oncogene. 2004 Sep 20;23(43):7267-73. PubMed PMID: 15378086. Epub 

2004/09/21. eng. 

140. Al-Hajj M, Becker MW, Wicha M, Weissman I, Clarke MF. Therapeutic implications 

of cancer stem cells. Current opinion in genetics & development. 2004 Feb;14(1):43-7. 

PubMed PMID: 15108804. Epub 2004/04/28. eng. 

141. Tomao F, Papa A, Rossi L, Caruso D, Panici PB, Venezia M, et al. Current status 

of bevacizumab in advanced ovarian cancer. OncoTargets and therapy. 2013;6:889-99. 

PubMed PMID: 23901283. Pubmed Central PMCID: PMC3724566. Epub 2013/08/01. 

eng. 

142. Ishii H, Iwatsuki M, Ieta K, Ohta D, Haraguchi N, Mimori K, et al. Cancer stem cells 

and chemoradiation resistance. Cancer science. 2008 Oct;99(10):1871-7. PubMed 

PMID: 19016744. Epub 2008/11/20. eng. 

143. Dean M. ABC transporters, drug resistance, and cancer stem cells. Journal of 

mammary gland biology and neoplasia. 2009 Mar;14(1):3-9. PubMed PMID: 19224345. 

Epub 2009/02/19. eng. 



 
 

107 
 

144. Ito K, Hirao A, Arai F, Matsuoka S, Takubo K, Hamaguchi I, et al. Regulation of 

oxidative stress by ATM is required for self-renewal of haematopoietic stem cells. Nature. 

2004 Oct 21;431(7011):997-1002. PubMed PMID: 15496926. Epub 2004/10/22. eng. 

145. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma stem 

cells promote radioresistance by preferential activation of the DNA damage response. 

Nature. 2006 Dec 7;444(7120):756-60. PubMed PMID: 17051156. Epub 2006/10/20. 

eng. 

146. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, et al. Association of 

reactive oxygen species levels and radioresistance in cancer stem cells. Nature. 2009 

Apr 9;458(7239):780-3. PubMed PMID: 19194462. Pubmed Central PMCID: 

PMC2778612. Epub 2009/02/06. eng. 

 

 


	University of Connecticut
	OpenCommons@UConn
	6-8-2016

	Iron Addiction In Tumor Initiating Cells: A Novel Therapeutic Target In Ovarian Cancer
	Debargha Basuli
	Recommended Citation


	tmp.1475505769.pdf.s4LW2

