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Abstract

The complexity and heterogeneity of ovarian cancer cases are difficult to reproduce in in vitro 

studies, which cannot adequately elucidate the molecular events involved in tumor initiation and 

disease metastasis. It has now become clear that, although the multiple histological subtypes of 

ovarian cancer are being treated with similar surgical and therapeutic approaches, they are in fact 

characterized by distinct phenotypes, cell of origin, and underlying key genetic and genomic 

alterations. Consequently, the development of more personalized treatment methodologies, which 

are aimed at improving patient care and prognosis, will greatly benefit from a better understanding 

of the key differences between various subtypes. To accomplish this, animal models of all 

histotypes need to be generated in order to provide accurate in vivo platforms for research and the 

testing of targeted treatments and immune therapies. Both genetically engineered mouse models 

(GEMMs) and xenograft models have the ability to further our understanding of key mechanisms 

facilitating tumorigenesis, and at the same time offer insight into enhanced imaging and treatment 

modalities. While genetic models may be better suited to examine oncogenic functions and 

interactions during tumorigenesis, patient-derived xenografts (PDXs) are likely a superior model 

to assess drug efficacy, especially in concurrent clinical trials, due to their similarity to the tumors 

from which they are derived. Genetic and avatar models possess great clinical utility and have 

both benefits and limitations. Additionally, the laying hen model, which spontaneously develops 

ovarian tumors, has inherent advantages for the study of epithelial ovarian cancer (EOC) and 

recent work champions this model especially when assessing chemoprevention strategies. While 

high-grade ovarian serous tumors are the most prevalent form of EOC, rarer ovarian cancer 

variants, such as small cell ovarian carcinoma of the hypercalcemic type and transitional cell 

carcinoma, or non-epithelial tumors, including germ cell tumors, will also benefit from the 

generation of improved models to advance our understanding of tumorigenic mechanisms and the 

development of selective therapeutic options.
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Introduction

Ovarian cancer claims approximately 140,200 lives each year, with an additional 225,500 

patients being diagnosed annually (1). In spite of current chemotherapeutic and surgical 

options, this high lethality can be attributed to multiple factors, including a late stage 

presentation by which point the vast majority of patients have widely metastatic disease (2). 

This is largely due to a lack of effective early screening and detection methods. 

Consequently, treatment options for late stage disease are limited and patients become 

increasingly resistant to chemotherapy (3). It is clear that there is an urgent need for 

personalized therapies to improve overall survival (OS) and life quality while in treatment. 

As the predominance of ovarian carcinomas is histologically serous (80–85%), there is a 

greater research emphasis focused on this particular subtype. In North America, 

endometrioid tumors account for approximately 10% of ovarian carcinomas, while clear cell 

(5%) and mucinous (3%) carcinomas are more rare (4). In order to optimize treatment, it is 

important to recognize that ovarian cancer is composed of several different histotypes with 

unique molecular aberrations, cell of origin, and causal events. An enhanced understanding 

of the genomic and epigenomic landscape of these subtypes can aid in the development of 

new targeted agents and immunotherapeutic approaches (3,5).

Tumor-derived cell lines can play a critical role in facilitating cancer biology in in vitro 

studies; however, in vivo animal models can more accurately recapitulate molecular 

characteristics of primary tumors, and as such, be a more pertinent pre-clinical testing 

platform (6). The development of peritoneal metastasis and ascites in addition to the distinct 

tumor microenvironment are crucial elements for a model to accurately recapitulate the 

progression of human disease (2). Two types of mouse models, human tumor xenografts and 

genetically engineered mouse models (GEMMs), have the potential to significantly expand 

our understanding of the disease by creating in vivo platforms for investigation of 

tumorigenic mechanisms and the testing of novel therapies. Murine xenografts have 

typically been generated by isolating tumor cells from patients, establishing tumor cell lines 

in vitro, and then injecting established tumor lines into mice that display a suppressed 

immune system (7), such as thymus-deficient “nude” or severe combined immunodeficient 

(SCID) mice. While this method can better reflect the genomic alterations potentially seen in 

patients by using actual human cancer cells rather than a de novo murine cancer (8), one 

downside is that the use of an established cell line can result in a population that is not truly 

representative of the original tumor and will therefore produces a different response to 

therapy compared to those seen in patients (9). Indeed, the usefulness of the traditional 

xenograft models has historically been debated due to their overall low predictive rate of 

clinical response (10).
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In spite of this, the use of xenografts derived from patients fills a pressing need for 

preclinical models that recapitulate aspects of the tumors found in patients, which, if 

optimized, can lead to a higher rate of success in transitioning drug trials from preclinical 

models to clinic. In an attempt to conquer some of the limitations of the xenograft system, a 

number of advances have been made in this technology since its inception. To account for 

the homogenizing effects of establishing a cell line, patient tumor cells can be directly 

transferred into immunodeficient mice (a process referred to as “direct transfer xenografts”, 

“explant xenografts”, or “tumorgrafts”), which subsequently retain the natural heterogeneity 

as well as the relative cell proportions of the original tumor (11). An advantage of using this 

method is that in addition to performing intraperitoneal or subcutaneous dispersal of tumor 

cells used to create traditional xenografts, multiple pieces of patient tumor gathered from a 

biopsy can be orthotopically implanted at clinically-relevant sites to mirror their original 

location in the patient and their effect on the tumor microenvironment (12). The creation of 

a living model, which contains a microcosm of a specific patient’s cancer, has obvious 

utility in assessing treatment options clinically for that particular patient. Thus, therapeutic 

efficacy can be determined well in advance of the treatment for individual patients, without 

additional risk for them and without altering the makeup of their disease. These patient-

derived xenograft (PDX) models, which are tailored patient stand-ins, have been coined 

“avatar mice” (13) and found to have better rates of prognostic success for a variety of 

cancers, including epithelial ovarian cancer (EOC) (14–21).

GEMMs are a more recent type of in vivo platform. Animal transgenesis was first made 

possible in the early eighties (22) and has since made considerable progress. GEMMs enable 

the management and control of previously introduced transgenes or gene mutations (23). 

With the advent of transgenesis and enhanced gene targeting through conditional expression 

tools, a variety of animal models can be generated to mirror disease progression and 

physiologic states. Two prominent examples include the tetracycline inducible system and 

Cre/ loxP recombinase system (23). These systems allow for in vivo gene induction and/or 

inactivation in a tissue specific manner at temporally regulated points during either 

development or adulthood (24). Since advances in novel imaging technologies and early 

detection methods are critical to improve patient outcome, GEMM are instrumental in that 

regard. In addition, GEMMs are well suited for studying disease pathogenesis and 

investigating key genetic factors in vivo (12). However, there are advantages and limitations 

for all models. For example, a number of limitations for GEMMs require their careful 

consideration prior to use in preclinical or co-clinical setting, as most GEMMs cannot 

entirely mirror a patient’s particular disease on the molecular level. The diversity of the 

genomic landscape, which is typically found within human tumors (15), may be incomplete 

in GEM models engineered with putative “key” gene alterations; additionally, even those 

particular alterations may not be completely expressed or evident in all tissue types as found 

in the patient (25). Conversely, one major shortcoming of the traditional xenograft system 

compared to GEMMs is the absence of a functional immune system. While this still allows 

the testing of cytotoxic therapies, there has been an increased recent focus on the role of the 

tumor microenvironment and the immune response in treatment efficacy, particularly when 

treating drug-resistant or refractory disease (26,27). One such method is the use of therapies 

aimed at boosting the natural immune system in fighting the disease (28). Other methods 

Hasan et al. Page 3

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



involve using human-specific antibodies to directly target tumor anti-immune mechanisms 

(29), which cannot be evaluated in GEMMs despite their functional (murine) immune 

system (30). In order to truly reflect what is seen in the patient and to be an effective testing 

platform, a mouse model must find a way to incorporate the immune characteristics of the 

human patient. Xenografts are able to accomplish this goal thanks to the recent development 

of humanized mice, such as the MI(S)TRG models, which have the capability to receive 

implanted human cancer cells and also express genes that encode human cytokines, leading 

to the development of a human innate immune system in the mouse (31). Dr. Jianzhu Chen 

and collaborators recently pioneered a humanized xenograft mouse model of chemoresistant 

B cell lymphoma/leukemia by injecting engineered human hematopoietic stem cells into 

traditional non-obese diabetic SCID (NOD-scid) immunodeficient mice (30,32). This model 

was responsive to human antibody therapies and led to the discovery of an effective 

treatment (30), which would not have been possible with the use of traditional xenograft or 

GEM models. As mentioned above, avatar PDX mice are an ideal option for preclinical and 

especially co-clinical trials as investigators can “experiment” on an exact patient’s cancer 

population in a living model, in advance of administering therapy to that particular patient. 

Humanized xenograft models can now improve the avatar platform for use in immune-

related trials as well. A variety of PDXs have been developed for the various subtypes of 

ovarian cancer. Xenograft and GEM models complement each other by addressing various 

aspects of disease management from facilitating basic cancer research to providing an 

avenue for drug testing.

Animal models of ovarian cancer highlighting each histological subtype

The site of origin and mechanisms implicated in ovarian cancer development are not entirely 

defined because of the histological complexity of the disease and unique causal factors 

involved. Therefore, in order to gain a better understanding of ovarian cancer pathogenesis it 

is critical to develop models specific for each histotype.

Serous tumor models

The majority of EOCs are of the serous subtype (33). Furthermore, an overwhelming 

majority (90%) of serous EOC (SEOC) are high-grade, contributing to a high lethality for 

this subtype of ovarian cancer (33). There are a number of ways that mouse models can be 

parlayed into reducing the stagnant and bleak survival rate by improving our understanding 

of the disease phenotype and response to treatment. Due to the higher prevalence of serous 

and endometrioid carcinomas, a larger number of animal models are available for these 

histotypes compared to mucinous ovarian carcinoma (MOC) and clear cell carcinomas 

(CCCs) (34). Previously, the ovarian surface epithelium (OSE) was postulated to be a 

primary cell of origin for high grade serous carcinoma (HGSC); however, more recent 

preclinical and clinical data have converged along the hypothesis of the fallopian tube as a 

major tumor initiation site (35–37). Thus, Sherman-Baust et al. utilized GEMMs (36) to 

display progression from untransformed tubal epithelium to invasive ovarian HGSC. This 

animal model expresses the SV40 large T-antigen (TAg), which blocks activation of Tp53 

and Rb pathways, under the control of the mullerian-specific Ovgp-1 promoter (mogp). 

These GEMMs were dubbed “mogp-TAg”. Mice in this system develop lesions that are 
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morphologically and immunohistochemically reminiscent of neoplastic precursor ovarian 

HGSC lesions, including serous tubal intraepithelial carcinoma (STIC) and ovarian invasion 

(36). With the stated goal of earlier tumor detection and improving therapy, Perets et al. 

developed a genetic model of HGSC arising from the fallopian tube (35). The Pax8 

promoter, which is selectively expressed in fallopian tubal secretory cells (FTSECs) but not 

the ovary or OSE, was used to conditionally inactivate key HGSC drivers, including Brca1, 

Brca2, Tp53, and the phosphatase and tensin homolog (Pten) tumor suppressor genes. This 

Pax8-mediated silencing led to the formation of preneoplastic HGSC lesions (STICs) in the 

fallopian tube STICs and HGSC metastasis to ovary and peritoneum, closely mimicking 

human disease progression (35).

Another mouse model confirming the tubal origin hypothesis for HGSC utilizes Dicer; a 

gene critical for mRNA synthesis (37). When the combination of Dicer and Pten genes was 

inhibited via anti-Mullerian hormone receptor type 2-directed Cre (Amhr2-Cre)-mediated 

recombination. This mechanism utilizes the Cre recombinase enzyme to facilitate loxP site-

specific DNA recombination. The double knockout mice developed HGSC originating in the 

fallopian tube and not the ovary. These tumors later metastasized to the abdominal cavity 

and gave rise to ascites. Upon histologic analysis, certain key features of these tumors 

including papillary tumor morphology, as well as nuclear and mitotic activity strongly 

resembled HGSC in patients (37). Microarray gene expression profiles and gene set 

enrichment analysis (GSEA) indicated that gene expression profiles of murine tumors 

closely resemble human HGSC (35–37). In addition to TP53 and RB, The Cancer Genome 

Atlas (TCGA) conducted a large-scale study revealing that aberrations in the BRCA1 and 

BRCA2 genes are present in approximately 20% of high-grade ovarian carcinomas, while 

96% of SEOC show alterations in the TP53 pathway (5,38). Previous GEM models for 

serous carcinoma have been established through combined inactivation of both Rb and Tp53, 

as well as Brca1 and Tp53, yet much remains to be learned regarding SEOC tumorigenesis 

(39). A triple mutant Brca1 (2); Tp53; Rb GEM model resulted in tumors resembling the 

genomic profile of human SEOC, which were then used to study pathway interactions and 

the initiation and progression of EOC. Interestingly, conditional loss of Brca1 or Brca2 

alone was not sufficient to induce transformation; however, when it was coupled with loss of 

Tp53 and Rb function, tumors characteristic of SEOC developed (40). The same group later 

adapted these models as tumor donors for serial xenograft studies. After inducing the 

original triple mutant GEMM via intrabursal injection of adenovirus expressing Cre 

recombinase (Adeno-Cre viral injection), tumor pieces were orthotopically transplanted 

under the bursa of inbred FVB mice (FVB/NCr or FVB/NJ lines), noted for their large litter 

sizes. While the implantation failure rate was found to be initially high and tumors 

developed with a long latency, subsequent passages reduced both. This attribute, combined 

with the recapitulation of clinically relevant phenotypes, supports the use of these orthotopic 

transplants to determine the efficacy of putative SEOC therapies, including PARP and 

immune therapies in immunocompetent mice (41).

While these studies provided mechanistic insight into tumor initiation and progression, they 

did not specifically investigate the contribution of the immune system to tumor 

development. For example, Mucin 1 (MUC1), a tumor-associated antigen, is a possible 
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target for immunotherapy as MUC-1 expression is high in ovarian cancer, including HGSC 

and ovarian endometrioid tumors, and correlates with EOC progression (42,43). Preclinical 

models for MUC1-positive ovarian tumors have been created which can be used for this 

purpose: MUC1/Kras/Pten triple transgenic mice overexpress human MUC1 as a transgene, 

carry a conditional K-rasG12D oncogenic mutation and Pten loss of function (42,43). Initial 

studies using ovarian intrabursal delivery of Adeno-Cre have indicated that MUC1/K-ras/

Pten mice develop metastatic tumors congruent with the human ovarian endometrioid 

histotype (43), as previously shown (44). Interestingly, Adeno-Cre delivery to the fallopian 

tube results in high-grade tumors but the endometrioid histotype is preserved, suggesting 

that the genetic combination dictates the histotype independent of the tumor cell of origin. 

The Kras/ Pten GEMM expressing human MUC1 as a self-antigen closely mirrored the 

local and systemic tumor immune responses seen in patients by triggering the development 

of de novo MUC1 antibodies in tumor bearing hosts and demonstrate the potential for 

testing the efficacy of immunotherapies in GEMMs (43).

Access to specific diagnostic and prognostic biomarkers can be of great help in matching 

patients with optimal therapies in the earliest stages of the disease (45). In an attempt to 

identify new prognostic indicators for high-grade serous (HGS) patients, nude mouse 

xenografts were used to validate an in vitro analysis of gene expression patient profiles. 

Mice were injected with A2780 ovarian tumor cells, a serous cell line selected for high 

levels of COL11A1 expression, a gene found in many HGSC patients with poor prognosis 

and whose levels increase during disease progression, or a version of the same line in which 

short hairpin RNAs (shRNAs) was used to inhibit this gene via RNA interference (RNAi). 

Interestingly, the sh-COL11A1 was found to have an inhibiting effect on tumor growth 

consistent with the hypothesis that COL11A1 correlates with disease severity in patients 

(46). Xenograft models can additionally prove helpful for examining the beneficial and 

detrimental effects of drug interactions on patient tissue without exposing patients to 

increased risk. Paclitaxel (PTX) is a useful therapy for ovarian cancer patients, and 

dexamethasone (DEX) is a complimentary medication used to decrease the chance of 

serious reactions and preventing hypersensitivity to PTX infusion (47). However, a recently 

identified potential side effect of DEX administration is the apparent strengthening of the 

cancer against PTX’s antitumor effects in breast cancer cell lines (48). To examine the 

mechanism of this effect in ovarian cancer, SKOV-3 tumor cells were injected 

subcutaneously in BALB/c nude (nu/nu) mice. By examining the monotherapies and 

combination treatments, it was confirmed that DEX did inhibit PTX’s effects and a possible 

mechanism was identified (49), providing oncologists with crucial information about the 

treatments they are administering. Ovarian cancer comes in a range of sensitivities to 

conventional therapies, such as platinum agents, and progression often corresponds with 

acquired resistance (50). Xenografts can be useful platforms for not only identifying which 

patients are sensitive and resistant prior to treatment, but also by predicting acquired 

resistances as treatment continues (51). Notch is one of the most altered pathways in serous 

carcinoma and has been found to play a key role in cancer stem cells and tumor 

chemoresistance. Targeting the Notch pathway via inhibitors resensitized resistant disease to 

platinum therapy (52), which can reopen tried and tested therapies in chemoresistant patients 

with the worst outcomes. By using a previously-described model of serous xenografts 
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created by implanting primary tumors and ascites derived from patients into NOD-scid mice 

(53), it was found that a combination treatment of the Notch inhibitor, MRK-003, and PTX 

had an enhanced antitumor effect vs. either monotherapy (54).

As SEOC is the most common histological subtype, it can be useful to contrast with other 

subtypes in order to determine notable differences in therapeutic responses and best meet 

patients’ treatment needs. CCC, for instance, is treated similarly to serous carcinoma despite 

therapy resistance (55). A comprehensive genomic, in vitro, and in vivo comparison between 

CCC and serous carcinoma found myriad differences between the two subtypes. Cell lines 

of both types were examined in the absence of oxygen and glucose and CCC was found to 

be more resilient than serous. Mechanistic pathways were identified, and to confirm this 

effect in a living system, the ES2 CCC cell line was injected into nude mice and inhibition 

of those key pathways led to inhibition of tumor progression (56). In addition, an anti-

angiogenesis therapy, sunitinib, was tested in NOD-scid mice bearing xenografts from the 

serous tumor tissue lines LTL237, LTL247 and LTL259, as well as the CCC line LTL175. 

Samples of these lines were embedded under the renal capsule, with the therapy being 

delivered orally. It was found that sunitinib disproportionally increased CCC apoptosis, but 

not that of the serous xenografts, which demonstrates that there are fundamental differences 

in expression between the two subtypes which must be accounted for in treatment (56). 

Examining molecular pathway differences between subtypes can be critically important in 

understanding how they differ and what treatments they respond to. In examining the 

function of the WNT/β-catenin pathway in ovarian carcinomas, the WNT7A ligand was 

detected exclusively in serous epithelial tissue, and not in the endometrioid subtype. To 

observe the effect of loss- and gain-of-function of this ligand, nude mice were 

subcutaneously or intraperitoneally injected with either SKOV3.ip1 (57), in which shRNA 

inhibited WNT7A, or control SKOV3 cells that overexpressed it. Knockdowns had reduced 

growth, and higher expression correlated to increased tumor growth, indicating the ligand as 

a tumor promoter, prognostic predictor, and putative therapeutic target for EOC (58).

When determining if a targeted treatment method is appropriate for multiple subtypes of 

cancer, xenografts can be used to quickly run panels of tests in a wide cross-section of 

potential patient types (59,60). While human epidermal growth factor receptor 2 (HER2/

neu)- and estrogen receptor (ER)-targeted therapies have been successful in breast cancer 

(61,62), their usefulness in ovarian cancer continues to be assessed. To do so, a variety of 

tumor fragments derived from SKOV3 as well as five primary ovarian cancer and ascites 

lines were implanted into CD-1 nude mice. These lines consisted of HOX493 and OV1002 

(serous), HOX516 and HOX486 (mixed serous/endometrioid), and HOX424 (mixed clear 

cell/ endometrioid). HOX424 was the most platinum resistant line consistent with its 

histological subtype but was also the most responsive to the HER2 therapy. Using genomic 

analysis, it was found that the treatment reduced expression of most genes that are notably 

expressed in CCC over other subtypes. Conversely, genes of lower expression levels in CCC 

were expressed at higher levels post-therapy. This not only demonstrates that each subtype 

needs unique treatment considerations due to underlying molecular differences, but also that 

the treatments administered can dramatically alter gene expression in the tumor population. 
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Molecular analysis performed post-therapy could be a powerful tool to allow oncologists to 

adjust treatment in order to react to the changed tumor makeup (63).

It is worth noting that a recent analysis of the genomic profiles of a broad variety of ovarian 

cancer cell lines determined that many of the most commonly used and cited lines, such as 

the previously mentioned SKOV3 and A2780 lines, are not representative of HGSC (64). 

The study elaborates on more appropriate lines to use for specific studies, based on their 

genomic similarities to the typical HGSC copy number aberrations (64).

Considering these confounding issues that can be found in established cell lines, PDX 

models show promise in accurately recapitulating the primary disease. Recently, a panel of 

xenografts spanning a variety of EOC subtypes was derived from 138 patient samples (65). 

The samples were grafted into nude NCr-nu/nu mice according to sample type; solid tumors 

were grafted subcutaneously while ascites samples were dispersed intraperitoneally. A total 

of only 34 successful grafts were developed due to an overall low take rate of 25%. The 

tumor grafts were analyzed and compared favorably to patient histotypes from which they 

were derived. Of the 34 tumor grafts developed, 16 were serous and 3 were mixed serous-

endometrioid. While dissemination was not correlated with histotype, two of the HGSC 

grafts, as expected, were found to have the highest potential of invasion and metastasis. 

Overall, this study found recapitulation of the patient phenotype, including histotype and 

response to chemotherapy. However, a point of concern was that the genomic landscape of 

the tumor grafts did not entirely recapitulate the original tumor and, surprisingly, a higher 

level of genomic variability was seen in the PDX models compared to patient tumors.

Scott et al. recently summarized 11 groups who have successfully developed PDX models 

for HGSC along with their engraftment methodology (66). The factor that is highlighted as 

of primary importance is annotation of the patient-derived lines. As the important role of the 

tumor microenvironment is increasingly recognized, specifics about tumor cell preparation 

and engraftment method are crucial. Additionally, molecular and genomic profiling of PDX 

tumors can specifically identify key genetic changes and the particular histotype of the grafts 

for a direct comparison to the original patient diagnosis. This way, molecular therapies can 

be efficiently tested against their intended target genes and biomarkers for response to a 

particular therapy, which could be identified for specific histotypes. In a follow-up analysis 

by the same group, they identified the use of identical frontline treatments across all EOCs 

as an issue which more advanced PDX modeling could help resolve (67). This study in 

particular highlights the flexibility of the PDX platform in terms of the variety of graft types 

possible and the questions they can help address. For example, in terms of disease 

progression, PDX were used to examine the invasion potential of various phenotypes and, 

interestingly, the success of engraftment was noted as a potential prognostic indicator of 

aggressive disease. In regards to therapy, the high similarity seen between the PDXs and 

their corresponding patient tumors can inform therapy selection and predict response, as 

well as determine molecular changes post-therapy. While the lead-time required to generate 

PDX and the low rate of tumor engraftment may limit their use as a co-clinical platform, 

there are contexts, such as in advance of recurrence, where the timeline is expanded enough 

to accommodate model development.
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A large-scale clinical trial is underway at the Mayo Clinic to assess the predictive accuracy 

of PDX models in determining patient response to therapy, with a special focus on platinum 

resistant patients (68). Dr. Paul Haluska, the leader of this study, is proposing to implant 

mice with tumor fragments immediately after they are removed from patients and administer 

standard platinum chemotherapy to mice on a similar dosing schedule as the corresponding 

patients. PDX mice will further receive a variety of treatments that will be used to guide the 

course of action if a patient is found to be platinum resistant. Genomic data collected from 

this trial are expected to identify specific molecular signatures that correlate with a particular 

therapeutic response (68).

Endometrioid models

Endometrioid ovarian cancer is the second-most common subtype of EOC, and it has 

distinct differences in treatment response compared to serous EOC. Characteristic features 

of endometrioid carcinomas include glandular formations, squamous differentiation, and 

presentation typically involves a large ovarian tumor during early stages of the disease (4). 

Oncogenesis for this subtype is associated with endometriosis (69). GEMMs for the 

endometrioid subtype of ovarian cancer have been successfully exploited to resolve the site 

of origin and pathogenesis for this particular subtype (44,70,71).

Endometriosis has long been suggested as the initiating event in endometrioid ovarian 

carcinoma; however, the mechanism through which this occurs has remained unknown for a 

long time. Our studies in animal models have uncovered the first genetic link between 

endometriosis and endometrioid ovarian cancer, which could help explain their frequent 

association in women. Novel GEM models using an oncogenic K-rasG12D allele or/and a 

conditional Pten deletion resulted in endometriosis and endometrioid ovarian 

adenocarcinoma with widespread metastases, respectively. Adeno-Cre injection into the 

ovarian bursal cavity was used to achieve transformation with a high degree of phenotypic 

similarity to human endometrioid ovarian carcinoma (44). These models introduced a 

previously unstudied combination of genes while accurately replicating the tumor 

morphology and metastatic potential characteristic of human endometrioid ovarian 

carcinoma. Interestingly, our molecular genetic evidence that endometriosis is a precursor 

for endometrioid ovarian cancer has now been validated in clinical studies (72–79).

Similarly, mutations of the ARID1A tumor suppressor gene are present in a significant 

proportion of endometriosis-associated endometrioid ovarian carcinomas (80). In addition, 

TCGA data found that 49% of ovarian endometrioid carcinomas harboring mutations in the 

ARID1A gene also show changes in PTEN (81). Consequently, Arid1a and Pten conditional 

double knockout mice were recently generated (82) via the same method of intrabursal 

Adeno-Cre delivery described earlier (44). Thirteen of the 22 mice developed ovarian 

tumors, five of which were endometrioid and contained within the ovary, while eight were 

undifferentiated and metastasized to the peritoneal cavity. In agreement with the 

histomorphology of human endometrioid ovarian carcinomas, all of the murine tumors 

displayed squamous differentiation. This model has also proven accurate in recapitulating 

poor prognostic patient tumors as the majority of undifferentiated human ovarian 

carcinomas are aggressive and have a fast rate of metastasis. Of the 52 mice, only double 
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knockouts for Arid1a and Pten developed tumors, highlighting a cooperating role for Arid1a 

and Pten in the development of endometrioid ovarian carcinoma. Interestingly, both Arid1a 

and Pten are also frequently mutated in clear cell ovarian cancer; however, no clear cell 

ovarian tumors were identified, suggesting that the OSE, which is activated via intrabursal 

Adeno-Cre delivery, is not likely the cell of origin for this particular histotype.

Similar to GEMMs, endometrioid tumor xenografts were also generated to investigate the 

potential role of oncogenes and tumor suppressor genes in the pathogenesis of endometrioid 

tumors. Thus, an investigation into the distinct molecular mechanisms found in ovarian 

cancer subtypes led to the identification of a specific miRNA, miR-370, which is 

downregulated in endometrioid ovarian cancer (83) and may act as a tumor suppressor 

during pathogenesis. In order to test this hypothesis, two variants of the IGROV1 

endometrioid cell line, with and without overexpression of miR-370, were injected into the 

axillary fossae of nude mice. It was found that the presence of miR-370 did indeed suppress 

tumor growth and promote platinum sensitivity (84). Similarly, the OVTW59 endometrioid 

cell line was generated and injected into SCID mice, and tumor xenografts were selected for 

increased invasive potential. This allowed for the identification of gene expression profiles 

that correlated with an aggressive phenotype. It was found that the gene which encodes for 

the insulin-like growth factor-binding protein 3 (IGFBP-3) was expressed at lower levels in 

invasive tumors, indicating potential function as a suppressor of invasion and metastasis in 

ovarian endometrioid cancer (85). Avatar endometrioid models have also been successfully 

developed as described by Ricci et al.: five were endometrioid, three were mixed serous-

endometrioid, and one was mixed endometrioid. The phenotype of the endometrioid 

xenografts was found in general to resemble that of the patient tumors they are derived from, 

although a mixed serous-endrometrioid graft was one of the only mice tested whose 

chemotherapy profile differed from the original tumor (65).

Mucinous models

MOC is a rare histotype with a significant resistance in advanced stages to typical platinum 

and taxane compounds. The cell of origin for MOC is elusive and neoplasms tend to be 

large, with a mean size of 18 cm at diagnosis. The sheer mass of these tumors may 

occasionally serve as an indication of MOC (86). Comprising roughly 2–10% of EOCs, 

advanced stage MOC generally result in a poor outcome, suggesting an urgent need for the 

development of clinically relevant models and novel therapeutics for this disease (86–88). In 

a large clinical trial comprised of MOC patients with advanced stage disease who were 

administered standard chemotherapy consisting of combination carboplatin and paclitaxel, 

there was an overall decreased sensitivity to chemotherapy coupled with a decreased 

progression free survival (PFS) and OS when compared to SEOC patients (89). A second 

study corroborated this information, assigning women with advanced MOC to the study 

group and women with SEOC as controls. Again, PFS and OS were diminished for the study 

group when compared with SEOC patients. 57.9% of MOC patients exhibited sensitivity to 

platinum compounds whereas 70.8% platinum sensitivity was observed for the SEOC 

control group (90). These studies indicate a need for improved therapeutic options for the 

MOC subtype. However, GEMMs do not yet exist for the mucinous subtype of ovarian 
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cancer, as it is difficult to establish a cell of origin and because MOC presents with unique 

clinical features when compared to other EOCs (86–88).

The laying hen model offers a promising alternative in vivo system to explore the 

mechanisms involved in EOC initiation and progression. This model has received praise and 

attention due to the absence of genetic and chemical manipulation involved in inducing 

ovarian carcinogenesis while maintaining congruous histology and pathogenesis of 

advanced stage human MOC as demonstrated by the formation of ascites and peritoneal 

metastases (2,91). In a study comprised of 26 hen tumors (18 well differentiated and 8 

poorly differentiated), 5 well differentiated mucinous carcinomas developed in addition to 4 

moderate to poorly differentiated mucinous carcinomas (91). Key characteristics of the 

mucinous tumors include glandular formations clustered together and surrounded by 

cytoplasmic mucin, analogous to human MOC. Although a limited number of transgenic 

chicken models have been pioneered, novel strategies are being investigated to reproducibly 

deliver genes to transgenic hen models. Notably, a gelatin nanoparticle containing plasmid 

DNA and expressing enhanced green fluorescent protein (EGFP) has been reported to be a 

safe and efficient delivery tool for gene transfer via egg injection (92). Despite the lack of 

transgenic models available for the laying hen, this spontaneous EOC model has shown 

merit in an interventional setting, especially in testing chemoprevention strategies. Notably, 

a flaxseed enriched-diet was able to reduce ovarian cancer severity, suggesting the need for 

clinical trials evaluating dietary prevention methods, flaxseed in particular, for ovarian 

carcinoma (93). Characterization of ascites collected from chicken ovarian tumors 

uncovered evidence for E-cadherin upregulation, thus identifying another potential 

therapeutic target and gene network for ovarian cancer research (94). Due to the comparable 

histology, etiology, and disease staging between tumors of the laying hen and human MOC, 

this model shows good potential in advancing ovarian cancer research. While genetic 

manipulation has yet to be achieved on a large scale, the laying hen can be used to examine 

therapeutic strategies and facilitate interventional studies.

Based on successful in vitro studies examining a novel Src inhibitor KX-01, a MOC 

orthotopic xenograft model was created to verify these effects in vivo. The RMUG-S and 

RMUG-L cell lines, originally isolated from women with MOC tumors (95,96), were 

injected intraperitoneally into nude mice. KX-01 was evaluated alone and in combination 

with oxaliplatin, demonstrating a notable therapeutic effect in both cases but particularly 

when combined. Similarly, the epidermal growth factor receptor (EGFR), a poor prognostic 

factor in multiple cancers and expressed in 48% of MOC, is a potential therapeutic target. 

To examine the effect of the anti-EGFR antibody cetuximab, the mucinous lines RMUG-L 

and MCAS were grafted into BALB/ c nude mice via subcutaneous injection. This xenograft 

study confirmed the in vitro results observed, which was that cetuximab partially reduced 

tumor growth if the tumor had a KRAS mutation but completely inhibited growth in those 

with increased EGFR expression and without a KRAS mutation (97). This demonstrates that 

even within a histological subtype, treatment tailored to individual patients can have a big 

impact on prognosis (97). The phosphoinositide-3-kinase/protein kinase B/mammalian 

target of rapamycin (PI3K/AKT/mTOR) signaling pathway is activated in a variety of 

cancers and plays a key role in tumor initiation and progression (98). The pathway is 

Hasan et al. Page 11

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activated in 70% of ovarian cancers and as a result it is a promising therapeutic target (99). 

To assess the dual inhibition of PI3K and mTOR in MOC lines, seven lines were tested in 

nude mice MOC xenografts. Of the seven lines tested, five showed synergy between the 

dual inhibitor and traditional paclitaxel/cisplatin treatments and two lines (OMC-1 and 

RMUG-S) showed suppressed tumor growth without adverse side effects (100). Ricci et al. 

successfully generated two MOC avatar xenografts, both of which were somewhat 

responsive to PTX while only one of the mice was responsive to cyclophosphamide 

chemotherapy (65). Patient tumor histology was recapitulated with a high degree of 

similarity with the corresponding PDX xenograft, indicating the clinical utility of this in vivo 

platform (65).

Clear cell models

CCC and endometrioid ovarian carcinoma are believed to originate from endometriosis. 

This distinct histotype is associated with chemoresistance and a poor patient outcome, thus 

demonstrating the need for improved therapeutic options (101) Clear cell tumors share 

similarity in their clinical presentation with endometrioid ovarian neoplasms and the 

majority of patients are diagnosed at early-stage when the disease has not metastasized 

(102). Similar to advanced stage MOC tumors, a hallmark of CCC is chemoresistance. It is 

clear that in vivo models of CCC are crucial for determining alternate therapy solutions and 

there are ongoing investigations into similar avenues as with MOC.

As is the case with MOC, no GEMMs for CCC have been engineered. However, treatments 

aimed at targeting specific genes are beginning to garner more attention. About 46–57% of 

CCCs harbor mutations in the ARID1A gene, which encodes the BAF250a protein, another 

key player in ovarian clear cell carcinogenesis. As demonstrated in xenograft models, 

mutations of the PI3K/AKT/mTOR signaling pathway are common in CCC, suggesting that 

inhibitors of this pathway may bear clinical utility. While there is a paucity of in vivo mouse 

models for CCC, an early-phase clinical trial is currently under way to examine the 

combination of an mTOR inhibitor temsirolimus, carboplatin, and paclitaxel as first-line 

therapy in patients suffering from stage III-IV CCC (103). In addition to gene therapy, 

targeting angiogenesis may provide treatment options for CCC. High expression of vascular 

endothelial growth factor (VEGF) in CCC tumors is correlated with shorter OS, and thus 

merits investigation as a treatment target for CCC. VEGF can be inhibited through the use of 

the monoclonal antibody bevacizumab (101,104) in vivo. Patients treated with bevacizumab 

exhibited drastic growth inhibition of platinum-refractory CCC tumors (104).

Multiple groups were successful in generating models using nude mice and the cell line 

RMG-I, an ovarian CCC line isolated from patient ascites (105). This line overexpresses 

EGFR and was chosen to validate the hypothesis that inhibition of EGFR-ERK could inhibit 

tumor progression. RMG-I tumor cells successfully engrafted in all mice, resulting in tumors 

as early as day 5 (106). An inhibitor of the mammalian checkpoint kinases Chk1 and Chk2 

delivered in parallel with traditional cisplatin treatments was tested in a similar model and 

resulted in suppressed tumor growth (107). RMG-I was also used in a subcutaneous 

xenograft model along with the TOV-21 and ES-2 CCC lines to investigate the therapeutic 

efficacy of dual PI3K and mTOR inhibitors; the study revealed tumor growth suppression 
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with no substantial adverse effects (108). Of the two CCC avatar mice Ricci et al. generated, 

one mouse developed a higher level of peritoneal dissemination and subsequently formed 

ascites (65). Both CCC avatars were somewhat responsive to PTX, while one of the two was 

highly sensitive to cyclophosphamide and one was completely resistant, demonstrating the 

need for more tailored therapeutic options even within a particular subtype. Interestingly, 

transcriptomic profiling revealed that the CCC avatar with greater peritoneal metastasis 

harbored PIK3CA and TP53 mutations while the other mouse was wild type for both (65).

While this review mainly focuses on the main subtypes of EOCs, rarer OC variants, 

including small cell ovarian carcinoma of the hypercalcemic type (SCCOHT) and 

transitional cell tumors merit investigation as well. SCCOHT is an incredibly rare and 

aggressive neoplasm that is histopathologically distinct from ovarian epithelial, transitional 

cell, and germ cell tumors. This rare form of ovarian cancer primarily affects women 

between ages of 9 and 43 and has a one year survival rate of 50% and a 5-year survival rate 

of 10% (109–111). Both in vitro and in vivo models are needed to develop a tailored 

therapeutic regimen that will improve prognosis. In an effort to characterize the disease, 

resected patient tumor samples were propagated in nude mice for six generations. Consistent 

morphology was achieved between primary patient tumors and murine xenografts. Tumor 

fragments were subsequently analyzed through comparative genomic hybridization (CGH), 

electron microscopy, histology, and serum calcium levels, which revealed that SCCOHT 

was indeed heterogeneous and distinguishable from both germ cell tumors and EOC (112). 

Otte et al. successfully created a patient-derived cell line and performed a comprehensive 

morphologic, cytogenetic, and immunohistochemical analysis of tumor cells. In addition, a 

xenograft model of SCCOHT was generated using NOD-scid mice and the murine tumor 

phenotype matched the original patient tumor. Scanning electron and transmission electron 

microscopy revealed rounded and rapidly dividing cells in early stages of differentiation. 

Notably, vimentin; an intermediate filament, was expressed in the vast majority of 

SCCOHT-1 cells, implicating a role for intracellular and matrix interactions. This patient-

derived cell line and xenograft allowed for more in-depth analysis of the properties and 

signaling pathways involved in SCCOHT (109–111). Otte et al. later elaborated on these 

findings to optimize treatment for this disease. SCCOHT-1 cells were found to be highly 

chemoresistant in vitro but showed sensitivity to epothilone B (113). Tumor xenografts 

exhibited diminished tumor size following treatment, thus mimicking the cytotoxic effects in 

vitro. Interestingly, xenograft mice treated with a combination of calcium and epothilone B 

achieved normal calcium serum levels in contrast with mice treated with only one of the two 

agents. The research conducted by Otte et al. demonstrates the critical role of xenograft 

mouse models as a testing platform for targeted SCCOHT therapy. More recently, SCCOHT 

tumor sequencing and immunohistochemical analysis have highlighted the function of 

SMARCA4, with aberrations of this gene largely responsible for disease pathogenesis. This 

finding will be used to guide novel therapies for this aggressive tumor, in addition to 

emphasizing the potential for genetic counseling as a means of disease management and 

prevention (114).
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Conclusions

Serous, endometrioid, mucinous, and clear cell EOC subtypes present with distinct 

histopathological and molecular characteristics that pose unique therapeutic challenges. In 

order to improve patient outcome and effectively treat these different diseases, treatments 

need to be personalized; thus, it becomes critical to investigate tumorigenic mechanisms and 

conduct large-scale drug screening studies for each subtype. These unique attributes and 

challenges can be addressed through the use of both xenograft and GEM mouse models. In 

addition, the distinct features of the laying hen model of spontaneous cancer, which confers 

certain benefits that murine xenograft models and GEMMs do not offer, makes it an 

additional valuable tool for EOC research. Emphasis should be placed on improving chicken 

transgenesis and employing the natural advantages inherent in this model to examine 

alternative treatment and prevention strategies. While most research studies focus on HGSC 

tumors, rarer ovarian cancer variants, such as small cell ovarian carcinoma of the 

hypercalcemic type and transitional cell carcinoma, or non-epithelial tumors, including germ 

cell tumors, will also benefit from improved animal models and drug testing platforms. 

These studies highlight the combined role for both xenograft and GEM models in cancer 

research. Certain challenges and advantages are inherent to both strategies. GEMMs allow 

for the analysis of specific roles and interactions of oncogenes and tumor suppressors during 

disease progression in a replicable efficient system (115). Xenografts and especially avatar 

PDX models have unique attributes that make them particularly well suited for therapeutic 

analyses, including concurrent human and murine clinical trials (6).

Acknowledgements

Funding: This work is supported by grants awarded to D.M.D. by the DOD OCRP (W81XWH-10-1-0263, 
W81XWH-14-1-0092, and W81XWH-14-1-0205), American Cancer Society (RSG-13-083-01-TBG), NIH 
(1R03CA189462-01), Ovarian Cancer Research Fund Liz Tilberis award, Burroughs-Wellcome Fund Career 
Award in the Biomedical Sciences 1005320.01, V Foundation for Cancer Research Scholar Award, Rivkin 
Foundation, and the Mildred Moorman Ovarian Cancer Research Fund.

References

1. Liu J, Matulonis UA. New strategies in ovarian cancer: translating the molecular complexity of 
ovarian cancer into treatment advances. Clin Cancer Res. 2014; 20:5150–5156. [PubMed: 
25320365] 

2. Lengyel E, Burdette JE, Kenny HA, et al. Epithelial ovarian cancer experimental models. Oncogene. 
2014; 33:3619–3633. [PubMed: 23934194] 

3. Chien J, Kuang R, Landen C, et al. Platinum-sensitive recurrence in ovarian cancer: the role of 
tumor microenvironment. Front Oncol. 2013; 3:251. [PubMed: 24069583] 

4. Soslow RA. Histologic subtypes of ovarian carcinoma: an overview. Int J Gynecol Pathol. 2008; 
27:161–174. [PubMed: 18317227] 

5. Kanchi KL, Johnson KJ, Lu C, et al. Integrated analysis of germline and somatic variants in ovarian 
cancer. Nat Commun. 2014; 5:3156. [PubMed: 24448499] 

6. Khaled WT, Liu P. Cancer mouse models: past, present and future. Semin Cell Dev Biol. 2014; 
27:54–60. [PubMed: 24718321] 

7. Kelland LR. Of mice and men: values and liabilities of the athymic nude mouse model in anticancer 
drug development. Eur J Cancer. 2004; 40:827–836. [PubMed: 15120038] 

Hasan et al. Page 14

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8. Massazza G, Tomasoni A, Lucchini V, et al. Intraperitoneal and subcutaneous xenografts of human 
ovarian carcinoma in nude mice and their potential in experimental therapy. Int J Cancer. 1989; 
44:494–500. [PubMed: 2777413] 

9. Ricci F, Broggini M, Damia G. Revisiting ovarian cancer preclinical models: implications for a 
better management of the disease. Cancer Treat Rev. 2013; 39:561–568. [PubMed: 23434073] 

10. Sausville EA, Burger AM. Contributions of human tumor xenografts to anticancer drug 
development. Cancer Res. 2006; 66:3351–3354. discussion 3354. [PubMed: 16585151] 

11. Monsma DJ, Monks NR, Cherba DM, et al. Genomic characterization of explant tumorgraft 
models derived from fresh patient tumor tissue. J Transl Med. 2012; 10:125. [PubMed: 22709571] 

12. Richmond A, Su Y. Mouse xenograft models vs GEM models for human cancer therapeutics. Dis 
Model Mech. 2008; 1:78–82. [PubMed: 19048064] 

13. Garralda E, Paz K, López-Casas PP, et al. Integrated next-generation sequencing and avatar mouse 
models for personalized cancer treatment. Clin Cancer Res. 2014; 20:2476–2484. [PubMed: 
24634382] 

14. Hidalgo M, Bruckheimer E, Rajeshkumar NV, et al. A pilot clinical study of treatment guided by 
personalized tumorgrafts in patients with advanced cancer. Mol Cancer Ther. 2011; 10:1311–
1316. [PubMed: 21673092] 

15. Dong X, Guan J, English JC, et al. Patient-derived first generation xenografts of non-small cell 
lung cancers: promising tools for predicting drug responses for personalized chemotherapy. Clin 
Cancer Res. 2010; 16:1442–1451. [PubMed: 20179238] 

16. Villarroel MC, Rajeshkumar NV, Garrido-Laguna I, et al. Personalizing cancer treatment in the 
age of global genomic analyses: PALB2 gene mutations and the response to DNA damaging 
agents in pancreatic cancer. Mol Cancer Ther. 2011; 10:3–8. [PubMed: 21135251] 

17. Zhao H, Thong A, Nolley R, et al. Patient-derived tissue slice grafts accurately depict response of 
high-risk primary prostate cancer to androgen deprivation therapy. J Transl Med. 2013; 11:199. 
[PubMed: 23985008] 

18. DeRose YS, Wang G, Lin YC, et al. Tumor grafts derived from women with breast cancer 
authentically refect tumor pathology, growth, metastasis and disease outcomes. Nat Med. 2011; 
17:1514–1520. [PubMed: 22019887] 

19. Litzenburger BC, Creighton CJ, Tsimelzon A, et al. High IGF-IR activity in triple-negative breast 
cancer cell lines and tumorgrafts correlates with sensitivity to anti-IGF-IR therapy. Clin Cancer 
Res. 2011; 17:2314–2327. [PubMed: 21177763] 

20. Khabele D, Fadare O, Liu AY, et al. An orthotopic model of platinum-sensitive high grade serous 
fallopian tube carcinoma. Int J Clin Exp Pathol. 2012; 5:37–45. [PubMed: 22295145] 

21. Weroha SJ, Becker MA, Enderica-Gonzalez S, et al. Tumorgrafts as in vivo surrogates for women 
with ovarian cancer. Clin Cancer Res. 2014; 20:1288–1297. [PubMed: 24398046] 

22. Hanahan D, Wagner EF, Palmiter RD. The origins of oncomice: a history of the first transgenic 
mice genetically engineered to develop cancer. Genes Dev. 2007; 21:2258–2270. [PubMed: 
17875663] 

23. Jaisser F. Inducible gene expression and gene modification in transgenic mice. J Am Soc Nephrol. 
2000; 11(Suppl 16):S95–S100. [PubMed: 11065338] 

24. Gama Sosa MA, De Gasperi R, Elder GA. Animal transgenesis: an overview. Brain Struct Funct. 
2010; 214:91–109. [PubMed: 19937345] 

25. Abate-Shen C, Pandolf PP. Effective utilization and appropriate selection of genetically engineered 
mouse models for translational integration of mouse and human trials. Cold Spring Harb Protoc. 
2013; 2013(11)

26. Chen F, Qi X, Qian M, et al. Tackling the tumor microenvironment: what challenge does it pose to 
anticancer therapies? Protein Cell. 2014; 5:816–826. [PubMed: 25185441] 

27. Smith EL, Zamarin D, Lesokhin AM. Harnessing the immune system for cancer therapy. Curr 
Opin Oncol. 2014; 26:600–607. [PubMed: 25250678] 

28. Chang CL, Hsu YT, Wu CC, et al. Dose-dense chemotherapy improves mechanisms of antitumor 
immune response. Cancer Res. 2013; 73:119–127. [PubMed: 23108141] 

Hasan et al. Page 15

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



29. Duraiswamy J, Kaluza KM, Freeman GJ, et al. Dual blockade of PD-1 and CTLA-4 combined 
with tumor vaccine effectively restores T-cell rejection function in tumors. Cancer Res. 2013; 
73:3591–3603. [PubMed: 23633484] 

30. Leskov I, Pallasch CP, Drake A, et al. Rapid generation of human B-cell lymphomas via combined 
expression of Myc and Bcl2 and their use as a preclinical model for biological therapies. 
Oncogene. 2013; 32:1066–1072. [PubMed: 22484426] 

31. Rongvaux A, Willinger T, Martinek J, et al. Development and function of human innate immune 
cells in a humanized mouse model. Nat Biotechnol. 2014; 32:364–372. [PubMed: 24633240] 

32. Pallasch CP, Leskov I, Braun CJ, et al. Sensitizing protective tumor microenvironments to 
antibody-mediated therapy. Cell. 2014; 156:590–602. [PubMed: 24485462] 

33. House CD, Hernandez L, Annunziata CM. Recent technological advances in using mouse models 
to study ovarian cancer. Front Oncol. 2014; 4:26. [PubMed: 24592355] 

34. Seidman JD, Horkayne-Szakaly I, Haiba M, et al. The histologic type and stage distribution of 
ovarian carcinomas of surface epithelial origin. Int J Gynecol Pathol. 2004; 23:41–44. [PubMed: 
14668549] 

35. Perets R, Wyant GA, Muto KW, et al. Transformation of the fallopian tube secretory epithelium 
leads to high-grade serous ovarian cancer in Brca;Tp53;Pten models. Cancer Cell. 2013; 24:751–
765. [PubMed: 24332043] 

36. Sherman-Baust CA, Kuhn E, Valle BL, et al. A genetically engineered ovarian cancer mouse 
model based on fallopian tube transformation mimics human high-grade serous carcinoma 
development. J Pathol. 2014; 233:228–237. [PubMed: 24652535] 

37. Kim J, Coffey DM, Creighton CJ, et al. High-grade serous ovarian cancer arises from fallopian 
tube in a mouse model. Proc Natl Acad Sci U S A. 2012; 109:3921–3926. [PubMed: 22331912] 

38. Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. 
Nature. 2011; 474:609–615. [PubMed: 21720365] 

39. Xing D, Orsulic S. A mouse model for the molecular characterization of brca1-associated ovarian 
carcinoma. Cancer Res. 2006; 66:8949–8953. [PubMed: 16982732] 

40. Szabova L, Yin C, Bupp S, et al. Perturbation of Rb, p53, and Brca1 or Brca2 cooperate in 
inducing metastatic serous epithelial ovarian cancer. Cancer Res. 2012; 72:4141–4153. [PubMed: 
22617326] 

41. Szabova L, Bupp S, Kamal M, et al. Pathway-specific engineered mouse allograft models 
functionally recapitulate human serous epithelial ovarian cancer. PLoS One. 2014; 9:e95649. 
[PubMed: 24748377] 

42. Budiu RA, Elishaev E, Brozick J, et al. Immunobiology of human mucin 1 in a preclinical ovarian 
tumor model. Oncogene. 2013; 32:3664–3675. [PubMed: 22964632] 

43. Tirodkar TS, Budiu RA, Elishaev E, et al. MUC1 positive, Kras and Pten driven mouse 
gynecologic tumors replicate human tumors and vary in survival and nuclear grade based on 
anatomical location. PLoS One. 2014; 9:e102409. [PubMed: 25078979] 

44. Dinulescu DM, Ince TA, Quade BJ, et al. Role of K-ras and Pten in the development of mouse 
models of endometriosis and endometrioid ovarian cancer. Nat Med. 2005; 11:63–70. [PubMed: 
15619626] 

45. Konecny GE, Wang C, Hamidi H, et al. Prognostic and therapeutic relevance of molecular 
subtypes in high-grade serous ovarian cancer. J Natl Cancer Inst. 2014; 106(10)

46. Cheon DJ, Tong Y, Sim MS, et al. A collagen-remodeling gene signature regulated by TGF-β 
signaling is associated with metastasis and poor survival in serous ovarian cancer. Clin Cancer 
Res. 2014; 20:711–723. [PubMed: 24218511] 

47. O'Cathail SM, Shaboodien R, Mahmoud S, et al. Intravenous versus oral dexamethasone 
premedication in preventing Paclitaxel infusion hypersensitivity reactions in gynecological 
malignancies. Int J Gynecol Cancer. 2013; 23:1318–1325. [PubMed: 23907557] 

48. Wu W, Chaudhuri S, Brickley DR, et al. Microarray analysis reveals glucocorticoid-regulated 
survival genes that are associated with inhibition of apoptosis in breast epithelial cells. Cancer Res. 
2004; 64:1757–1764. [PubMed: 14996737] 

Hasan et al. Page 16

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Hou WJ, Guan JH, Dong Q, et al. Dexamethasone inhibits the effect of paclitaxel on human 
ovarian carcinoma xenografts in nude mice. Eur Rev Med Pharmacol Sci. 2013; 17:2902–2908. 
[PubMed: 24254559] 

50. Luvero D, Milani A, Ledermann JA. Treatment options in recurrent ovarian cancer: latest evidence 
and clinical potential. Ther Adv Med Oncol. 2014; 6:229–239. [PubMed: 25342990] 

51. Masazza G, Lucchini V, Tomasoni A, et al. Malignant behavior and resistance to cisplatin of 
human ovarian carcinoma xenografts established from the same patient at different stages of the 
disease. Cancer Res. 1991; 51:6358–6362. [PubMed: 1933898] 

52. McAuliffe SM, Morgan SL, Wyant GA, et al. Targeting Notch, a key pathway for ovarian cancer 
stem cells, sensitizes tumors to platinum therapy. Proc Natl Acad Sci U S A. 2012; 109:E2939–
E2948. [PubMed: 23019585] 

53. McCann CK, Growdon WB, Kulkarni-Datar K, et al. Inhibition of Hedgehog signaling antagonizes 
serous ovarian cancer growth in a primary xenograft model. PLoS One. 2011; 6:e28077. [PubMed: 
22140510] 

54. Groeneweg JW, DiGloria CM, Yuan J, et al. Inhibition of notch signaling in combination with 
Paclitaxel reduces platinum-resistant ovarian tumor growth. Front Oncol. 2014; 4:171. [PubMed: 
25072022] 

55. Pectasides D, Pectasides E, Psyrri A, et al. Treatment issues in clear cell carcinoma of the ovary: a 
different entity? Oncologist. 2006; 11:1089–1094. [PubMed: 17110628] 

56. Stany MP, Vathipadiekal V, Ozbun L, et al. Identification of novel therapeutic targets in 
microdissected clear cell ovarian cancers. PLoS One. 2011; 6:e21121. [PubMed: 21754983] 

57. Yu D, Wolf JK, Scanlon M, et al. Enhanced c-erbB-2/neu expression in human ovarian cancer 
cells correlates with more severe malignancy that can be suppressed by E1A. Cancer Res. 1993; 
53:891–898. [PubMed: 8094034] 

58. Yoshioka S, King ML, Ran S, et al. WNT7A regulates tumor growth and progression in ovarian 
cancer through the WNT/ -catenin pathway. Mol Cancer Res. 2012; 10:469–482. [PubMed: 
22232518] 

59. Yan SB, Peek VL, Ajamie R, et al. LY2801653 is an orally bioavailable multi-kinase inhibitor 
with potent activity against MET, MST1R, and other oncoproteins, and displays anti-tumor 
activities in mouse xenograft models. Invest New Drugs. 2013; 31:833–844. [PubMed: 23275061] 

60. Keir ST, Morton CL, Wu J, et al. Initial testing of the multitargeted kinase inhibitor pazopanib by 
the Pediatric Preclinical Testing Program. Pediatr Blood Cancer. 2012; 59:586–588. [PubMed: 
22190407] 

61. Nahta R, Hung MC, Esteva FJ. The HER-2-targeting antibodies trastuzumab and pertuzumab 
synergistically inhibit the survival of breast cancer cells. Cancer Res. 2004; 64:2343–2346. 
[PubMed: 15059883] 

62. Gökmen-Polar Y, Neelamraju Y, Goswami CP, et al. Expression levels of SF3B3 correlate with 
prognosis and endocrine resistance in estrogen receptor-positive breast cancer. Mod Pathol. 2014 
[Epub ahead of print]. 

63. Faratian D, Zweemer AJ, Nagumo Y, et al. Trastuzumab and pertuzumab produce changes in 
morphology and estrogen receptor signaling in ovarian cancer xenografts revealing new treatment 
strategies. Clin Cancer Res. 2011; 17:4451–4461. [PubMed: 21571868] 

64. Domcke S, Sinha R, Levine DA, et al. Evaluating cell lines as tumour models by comparison of 
genomic profiles. Nat Commun. 2013; 4:2126. [PubMed: 23839242] 

65. Ricci F, Bizzaro F, Cesca M, et al. Patient-derived ovarian tumor xenografts recapitulate human 
clinicopathology and genetic alterations. Cancer Res. 2014; 74:6980–6990. [PubMed: 25304260] 

66. Scott CL, Becker MA, Haluska P, et al. Patient-derived xenograft models to improve targeted 
therapy in epithelial ovarian cancer treatment. Front Oncol. 2013; 3:295. [PubMed: 24363999] 

67. Scott CL, Mackay HJ, Haluska P Jr. Patient-derived xenograft models in gynecologic 
malignancies. Am Soc Clin Oncol Educ Book. 2014:e258–e266. [PubMed: 24857111] 

68. Ashford, M. New Mayo Clinic Trial lto Explore Use of Avatar Mice to Guide Ovarian Cancer 
Treatment [Internet]. Genome Web. 2014. p. 1-4.Available online: https://www.genomeweb.com/
clinical-genomics/new-mayo-clinic-trial-explore-use-avatar-mice-guide-ovarian-cancer-treatment

Hasan et al. Page 17

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.genomeweb.com/clinical-genomics/new-mayo-clinic-trial-explore-use-avatar-mice-guide-ovarian-cancer-treatment
https://www.genomeweb.com/clinical-genomics/new-mayo-clinic-trial-explore-use-avatar-mice-guide-ovarian-cancer-treatment


69. Sereni MI, Baldelli E, Gambara G, et al. Functional characterization of epithelial ovarian cancer 
histotypes by drug target-based protein signaling activation mapping: implications for personalized 
cancer therapy. Proteomics. 2015; 15:365–373. [PubMed: 25311472] 

70. Wu R, Hendrix-Lucas N, Kuick R, et al. Mouse model of human ovarian endometrioid 
adenocarcinoma based on somatic defects in the Wnt/beta-catenin and PI3K/Pten signaling 
pathways. Cancer Cell. 2007; 11:321–333. [PubMed: 17418409] 

71. Wu R, Baker SJ, Hu TC, et al. Type I to type II ovarian carcinoma progression: mutant Trp53 or 
Pik3ca confers a more aggressive tumor phenotype in a mouse model of ovarian cancer. Am J 
Pathol. 2013; 182:1391–1399. [PubMed: 23499052] 

72. Prowse AH, Manek S, Varma R, et al. Molecular genetic evidence that endometriosis is a 
precursor of ovarian cancer. Int J Cancer. 2006; 119:556–562. [PubMed: 16506222] 

73. Matsuzaki S, Canis M, Pouly JL, et al. Differential expression of genes in eutopic and ectopic 
endometrium from patients with ovarian endometriosis. Fertil Steril. 2006; 86:548–553. [PubMed: 
16815388] 

74. Irving JA, Catasús L, Gallardo A, et al. Synchronous endometrioid carcinomas of the uterine 
corpus and ovary: alterations in the beta-catenin (CTNNB1) pathway are associated with 
independent primary tumors and favorable prognosis. Hum Pathol. 2005; 36:605–619. [PubMed: 
16021566] 

75. Kolasa IK, Rembiszewska A, Janiec-Jankowska A, et al. PTEN mutation, expression and LOH at 
its locus in ovarian carcinomas Relation to TP53, K-RAS and BRCA1 mutations. Gynecol Oncol. 
2006; 103:692–697. [PubMed: 16793127] 

76. Cirpan T, Aygul S, Terek MC, et al. MMAC tumor supressor gene expression in ovarian 
endometriosis and ovarian adenocarcinoma. Eur J Gynaecol Oncol. 2007; 28:278–281. [PubMed: 
17713092] 

77. Kobayashi H, Kajiwara H, Kanayama S, et al. Molecular pathogenesis of endometriosis-associated 
clear cell carcinoma of the ovary (review). Oncol Rep. 2009; 22:233–240. [PubMed: 19578761] 

78. Stewart CJ, Leung Y, Walsh MD, et al. KRAS mutations in ovarian low-grade endometrioid 
adenocarcinoma: association with concurrent endometriosis. Hum Pathol. 2012; 43:1177–1183. 
[PubMed: 22305241] 

79. Suryawanshi S, Vlad AM, Lin HM, et al. Plasma microRNAs as novel biomarkers for 
endometriosis and endometriosis-associated ovarian cancer. Clin Cancer Res. 2013; 19:1213–
1224. [PubMed: 23362326] 

80. Wiegand KC, Shah SP, Al-Agha OM, et al. ARID1A mutations in endometriosis-associated 
ovarian carcinomas. N Engl J Med. 2010; 363:1532–1543. [PubMed: 20942669] 

81. McConechy MK, Ding J, Senz J, et al. Ovarian and endometrial endometrioid carcinomas have 
distinct CTNNB1 and PTEN mutation profiles. Mod Pathol. 2014; 27:128–134. [PubMed: 
23765252] 

82. Guan B, Rahmanto YS, Wu RC, et al. Roles of deletion of Arid1a, a tumor suppressor, in mouse 
ovarian tumorigenesis. J Natl Cancer Inst. 2014; 106(7)

83. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006; 6:857–866. 
[PubMed: 17060945] 

84. Chen XP, Chen YG, Lan JY, et al. MicroRNA-370 suppresses proliferation and promotes 
endometrioid ovarian cancer chemosensitivity to cDDP by negatively regulating ENG. Cancer 
Lett. 2014; 353:201–210. [PubMed: 25063739] 

85. Torng PL, Lee YC, Huang CY, et al. Insulin-like growth factor binding protein-3 (IGFBP-3) acts 
as an invasion-metastasis suppressor in ovarian endometrioid carcinoma. Oncogene. 2008; 
27:2137–2147. [PubMed: 17952116] 

86. Brown J, Frumovitz M. Mucinous tumors of the ovary: current thoughts on diagnosis and 
management. Curr Oncol Rep. 2014; 16:389. [PubMed: 24777667] 

87. Liu T, Hu W, Dalton HJ, et al. Targeting SRC and tubulin in mucinous ovarian carcinoma. Clin 
Cancer Res. 2013; 19:6532–6543. [PubMed: 24100628] 

88. Leys CM, Gasior AC, Hornberger LL, et al. Laparoscopic resection of massive ovarian mucinous 
cystadenoma. J Laparoendosc Adv Surg Tech A. 2012; 22:307–310. [PubMed: 22283565] 

Hasan et al. Page 18

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



89. Alexandre J, Ray-Coquard I, Selle F, et al. Mucinous advanced epithelial ovarian carcinoma: 
clinical presentation and sensitivity to platinum-paclitaxel-based chemotherapy, the GINECO 
experience. Ann Oncol. 2010; 21:2377–2381. [PubMed: 20494964] 

90. Karabuk E, Kose MF, Hizli D, et al. Comparison of advanced stage mucinous epithelial ovarian 
cancer and serous epithelial ovarian cancer with regard to chemosensitivity and survival outcome: 
a matched case-control study. J Gynecol Oncol. 2013; 24:160–166. [PubMed: 23653834] 

91. Barua A, Bitterman P, Abramowicz JS, et al. Histopathology of ovarian tumors in laying hens: a 
preclinical model of human ovarian cancer. Int J Gynecol Cancer. 2009; 19:531–539. [PubMed: 
19509547] 

92. Tseng CL, Peng CL, Huang JY, et al. Gelatin nanoparticles as gene carriers for transgenic chicken 
applications. J Biomater Appl. 2013; 27:1055–1065. [PubMed: 22262575] 

93. Eilati E, Hales K, Zhuge Y, et al. Flaxseed enriched diet-mediated reduction in ovarian cancer 
severity is correlated to the reduction of prostaglandin E(2) in laying hen ovaries. Prostaglandins 
Leukot Essent Fatty Acids. 2013; 89:179–187. [PubMed: 23978451] 

94. Tiwari A, Hadley JA, Hendricks GL 3rd, et al. Characterization of ascites-derived ovarian tumor 
cells from spontaneously occurring ovarian tumors of the chicken: evidence for E-cadherin 
upregulation. PLoS One. 2013; 8:e57582. [PubMed: 23460878] 

95. Matsuo K, Nishimura M, Bottsford-Miller JN, et al. Targeting SRC in mucinous ovarian 
carcinoma. Clin Cancer Res. 2011; 17:5367–5378. [PubMed: 21737505] 

96. Sakayori M, Nozawa S, Udagawa Y, et al. Biological properties of two newly established cell lines 
(RMUG-S, RMUG-L) from a human ovarian mucinous cystadenocarcinoma. Hum Cell. 1990; 
3:52–56. [PubMed: 2083224] 

97. Sato N, Saga Y, Mizukami H, et al. Cetuximab inhibits the growth of mucinous ovarian carcinoma 
tumor cells lacking KRAS gene mutations. Oncol Rep. 2012; 27:1336–1340. [PubMed: 22246397] 

98. Sparks CA, Guertin DA. Targeting mTOR: prospects for mTOR complex 2 inhibitors in cancer 
therapy. Oncogene. 2010; 29:3733–3744. [PubMed: 20418915] 

99. Li H, Zeng J, Shen K. PI3K/AKT/mTOR signaling pathway as a therapeutic target for ovarian 
cancer. Arch Gynecol Obstet. 2014; 290:1067–1078. [PubMed: 25086744] 

100. Kudoh A, Oishi T, Itamochi H, et al. Dual inhibition of phosphatidylinositol 3'-kinase and 
mammalian target of rapamycin using NVP-BEZ235 as a novel therapeutic approach for 
mucinous adenocarcinoma of the ovary. Int J Gynecol Cancer. 2014; 24:444–453. [PubMed: 
24552895] 

101. Jin Y, Li Y, Pan L. The target therapy of ovarian clear cell carcinoma. Onco Targets Ther. 2014; 
7:1647–1652. [PubMed: 25285014] 

102. Lengyel E. Ovarian cancer development and metastasis. Am J Pathol. 2010; 177:1053–1064. 
[PubMed: 20651229] 

103. (NCI) NCI. [cited 2014 Nov 21] Temsirolimus, carboplatin, and paclitaxel as first-line therapy in 
treating patients with newly diagnosed stage III-IV clear cell ovarian cancer [Internet]. 
ClinicalTrials.gov. 2010. Available online: http://clinicaltrials.gov/ct2/show/NCT01196429

104. Mabuchi S, Kawase C, Altomare DA, et al. Vascular endothelial growth factor is a promising 
therapeutic target for the treatment of clear cell carcinoma of the ovary. Mol Cancer Ther. 2010; 
9:2411–2422. [PubMed: 20663925] 

105. Nozawa S, Tsukazaki K, Sakayori M, et al. Establishment of a human ovarian clear cell 
carcinoma cell line (RMG-I) and its single cell cloning--with special reference to the stem cell of 
the tumor. Hum Cell. 1988; 1:426–435. [PubMed: 3154025] 

106. Bartholomeusz C, Oishi T, Saso H, et al. MEK1/2 inhibitor selumetinib (AZD6244) inhibits 
growth of ovarian clear cell carcinoma in a PEA-15-dependent manner in a mouse xenograft 
model. Mol Cancer Ther. 2012; 11:360–369. [PubMed: 22144664] 

107. Itamochi H, Nishimura M, Oumi N, et al. Checkpoint kinase inhibitor AZD7762 overcomes 
cisplatin resistance in clear cell carcinoma of the ovary. Int J Gynecol Cancer. 2014; 24:61–69. 
[PubMed: 24362713] 

108. Kashiyama T, Oda K, Ikeda Y, et al. Antitumor activity and induction of TP53-dependent 
apoptosis toward ovarian clear cell adenocarcinoma by the dual PI3K/ mTOR inhibitor DS-7423. 
PLoS One. 2014; 9:e87220. [PubMed: 24504419] 

Hasan et al. Page 19

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clinicaltrials.gov/ct2/show/NCT01196429


109. Otte A, Göhring G, Steinemann D, et al. A tumor-derived population (SCCOHT-1) as cellular 
model for a small cell ovarian carcinoma of the hypercalcemic type. Int J Oncol. 2012; 41:765–
775. [PubMed: 22581215] 

110. Young RH, Oliva E, Scully RE. Small cell carcinoma of the ovary, hypercalcemic type A 
clinicopathological analysis of 150 cases. Am J Surg Pathol. 1994; 18:1102–1116. [PubMed: 
7943531] 

111. Dykgraaf RH, de Jong D, van Veen M, et al. Clinical management of ovarian small-cell 
carcinoma of the hypercalcemic type: a proposal for conservative surgery in an advanced stage of 
disease. Int J Gynecol Cancer. 2009; 19:348–353. [PubMed: 19407558] 

112. Walt H, Hornung R, Fink D, et al. Hypercalcemic-type of small cell carcinoma of the ovary: 
characterization of a new tumor line. Anticancer Res. 2001; 21:3253–3259. [PubMed: 11848480] 

113. Otte A, Rauprich F, Hillemanns P, et al. In vitro and in vivo therapeutic approach for a small cell 
carcinoma of the ovary hypercalcaemic type using a SCCOHT-1 cellular model. Orphanet J Rare 
Dis. 2014; 9:126. [PubMed: 25103190] 

114. Witkowski L, Carrot-Zhang J, Albrecht S, et al. Germline and somatic SMARCA4 mutations 
characterize small cell carcinoma of the ovary, hypercalcemic type. Nat Genet. 2012; 46:438–
443. [PubMed: 24658002] 

115. Mullany LK, Richards JS. Minireview: animal models and mechanisms of ovarian cancer 
development. Endocrinology. 2012; 153:1585–1592. [PubMed: 22396450] 

Hasan et al. Page 20

Transl Cancer Res. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


