

  ijms-14-08213




ijms-14-08213







 2013, 14(4), 8213-8227; doi:10.3390/ijms14048213




Review



The Importance of the PI3K/AKT/MTOR Pathway in the Progression of Ovarian Cancer



Zachary C. Dobbin and Charles N. Landen *





Division of Gynecologic Oncology, Department of Obstetrics and Gynecology, University of Alabama at Birmingham, Wallace Tumor Institute, 1824 6th Avenue South, Birmingham, AL 35233, USA









*



Author to whom correspondence should be addressed; Tel.: +1-205-934-0473.







Received: 27 February 2013; in revised form: 28 March 2013 / Accepted: 1 April 2013 / Published: 15 April 2013



Abstract

:

Ovarian cancer is the fifth most common cause of death due to cancer in women despite being the tenth in incidence. Unfortunately, the five-year survival rate is only 45%, which has not improved much in the past 30 years. Even though the majority of women have successful initial therapy, the low rate of survival is due to the eventual recurrence and succumbing to their disease. With the recent release of the Cancer Genome Atlas for ovarian cancer, it was shown that the PI3K/AKT/mTOR pathway was one of the most frequently mutated or altered pathways in patients’ tumors. Researching how the PI3K/AKT/mTOR pathway affects the progression and tumorigensis of ovarian cancer will hopefully lead to new therapies that will increase survival for women. This review focuses on recent research on the PI3K/AKT/mTOR pathway and its role in the progression and tumorigensis of ovarian cancer.
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1. Introduction


Ovarian cancer is the fifth most common cause of death due to cancer in women, despite ranking tenth in incidence [1]. In ovarian cancer, primary treatment is surgical resection of visible disease followed by adjuvant chemotherapy usually consisting of a combination of platinum-based and taxane-based chemotherapy. Currently, the five-year survival rate for ovarian cancer is only 45% [1]. This high mortality rate is due to the high incidence of patients presenting with advanced stage disease and the high rate of recurrence despite successful initial therapy. Approximately 50% of all patients treated with first-line chemotherapy will achieve a complete clinical response; however, if those patients undergo a secondary laparotomy, 50% of the complete clinical response patients will be positive for residual disease, and rarely ever be disease-free [2]. Importantly, even among patients who have no visible or pathologically detected disease, 50% of those will eventually relapse. This leads to the somber fact that more than 70% of patients will ultimately develop recurrent disease [2].



In order to reduce the high mortality rate seen in ovarian cancer, research is being conducted in early detection [3–5] and in development of new therapeutics to treat recurrence and chemoresistance in ovarian cancer. In terms of treatment of ovarian cancer, many clinical trials have focused on changing the dosing, scheduling, and combination of available chemotherapies in order to improve survival. While there have been moderate improvements, such as using intraperitoneal delivery of chemotherapy, or dose-dense Taxol regimens, cure rates have not changed significantly. Therefore, in order to improve survival, new therapeutics need to be developed that will target the chemoresistant population of ovarian cancers.



In ovarian cancer, numerous targeted therapies have been developed and tested with limited success. This indicates that identification of an advanced ovarian cancer depending on a single gene or on oncogene addiction that can be targeted by a single agent is rare [6]. Furthermore, there is prevailing evidence that ovarian cancers can be broadly classified into two groups, type I and type II. Type I ovarian cancer is considered low grade and will more often present in an early stage but still have relative resistance to platinum-based therapy. Type II ovarian cancers are represented by high grade serous and undifferentiated cancers that present at a late stage and, while aggressive, normally initially respond to platinum-based therapy [6].



The Cancer Genome Atlas has identified numerous activating mutations, DNA copy number changes and inactivating mutations in ovarian cancer that demonstrate the complex heterogeneity seen in ovarian cancer. While this complexity indicates that there will likely never be one molecular-targeted therapy that will cure all ovarian cancer, several pathways are frequently abnormal. One such pathway is the PI3K/AKT/mTOR pathway, with mutations or amplifications in 34% of samples analyzed [7]. These include mutations in PIK3CA, deletion in PTEN, amplification of AKT1, AKT2, and AKT3, which all lead to an aberrant functioning PI3K/AKT/mTOR pathway. In this review, the focus will be on recent research implicating the PI3K/AKT/mTOR pathway in ovarian cancer progression and tumorigenesis.




2. Overview of the PI3K/AKT/mTOR Pathway


The PI3K/Akt/mTOR pathway is a central regulator in both normal cell physiology and in cancer proliferation, tumorigenesis, and metastasis. The pathway is comprised of three main driving molecules: PI3 kinase (PI3K), AKT, and mammalian target of rapamycin (mTOR).



The PI3K are a family of lipid kinases that phosphorylate the 3-hydroxyl group of phosphoionositides [8]. There are three classes that make up the PI3K family: class I, class II, and class III [9]. Class I are heterodimers of PI3K consisting of a catalytic p110 subunit and a regulatory p85 subunit. The p110 has three isoforms (α, β, and δ). A combination of the p85 subunit and the p110 (α, β or δ) make up the group known as class IA PI3K. Class IB is made up of a p101 and 110-γ subunit [8]. Together, the role of class 1 PI3K is involved in cell proliferation, insulin signaling, immune function and inflammation [8,9]. Class II PI3Ks are monomeric catalytic isoforms involved in the regulation of membrane trafficking, while class III, solely made up of Vps34, has a role in autophagy [10]. It is primarily class IA PI3K that has been implicated in cancer and have numerous targeted pharmaceuticals being developed or currently in clinical trials.



After PI3K is fully activated, the kinase converts the substrate phosphatidylinositol 4,5-bisphosphate (PI(4,5)-P2) into PIP(3,4,5)3. This conversion of PIP2 to PIP3 allows for AKT and PDK1 to be brought together near the inside of the cell membrane. This results in AKT, a serine/threonine kinase, being phosphorylated at threonine-308 in its kinase domain. AKT can also be activated by phosphorylation at serine-473 by mTOR-Rictor (MTORC2) which is in the helical domain of AKT [11]. AKT is the central molecule in the PI3K/AKT/mTOR pathway, activating and modulating numerous downstream targets. AKT can stimulate protein synthesis and cell growth by activating mTOR though inhibition of the TSC1/2 complex and modulating cell proliferation by inactivating cell cycle inhibitors [9,12,13].



TOR was originally discovered in the yeast Saccharomyces cervisiae by the observation that this protein was inhibited by the macrolide rapamycin [14]. Later, a structurally and functional conserved mammalian version was discovered and designated as mTOR [15,16]. mTOR is a 289 kDa serine/threonine kinase that actually belongs to the PI3K-related protein kinase family as its C-terminus shares strong homology to the catalytic domain of PI3K [16]. In the mammalian cell, it was discovered that mTOR actually exists in two complexes, mTORC1 and mTORC2 [17,18]. MTORC1 is made up of raptor, mTOR, PRAS40, mLST8/GβL, and deptor, while mTORC2 contains rictor, mTOR, mLST8/GβL, Sin1, protor-1, and deptor [17,19]. MTORC2 is unique from MTORC1 not only because of the slight difference in molecules that make up the complex but because it is not sensitive to rapamycin [17]. mTORC1 is sensitive to growth factor stimulation, oxygen levels, or nutrient availability and functions by regulating the phosphorylation of rS6K and 4E-BP1, two proteins involved in the control of protein synthesis, translation initiation, and cell mass. mTORC2 participates in cell survival and proliferation in part through its ability to control AKT activity by phosphorylation of AKT at serine-473 [11].



The role of the PI3K/Akt/mTOR pathway in ovarian cancer is foreshadowed by its role in protecting the primordial follicles from destruction during normal oocyte maturation. Polycyclic aromatic hydrocarbons, which are environmental toxins, are known reproductive toxins that results in primordial follicle atresia causing premature ovarian failure [20]. One polycyclic aromatic hydrocarbon that has been shown to induce ovotoxicity is 3-methylcholanthrene (3MC) [20,21]. However, until recently, the mechanism was not well understood. When murine ovaries are treated with 3MC, it has been documented that follicular atresia [22] can be prevented with treatment of LY294002, a PI3K inhibitor. In the face of insult by an ovotoxin, the follicles attempt cell survival via upregulation of the PI3K/AKT/mTOR pathway that paradoxically leads to an increase in follicular proliferation, depleting the reserve of primordial ovarian follicles [22]. This results in the phenotype of premature ovarian failure in 3MC treatment. As in cancer, the PI3K/Akt/mTOR pathway has a key role in promoting cell survival in the normal ovary.



The role of the PI3K/AKT/mTOR pathway in ovarian cancer is extremely complex, arising from two main sources: (1) the diverse alterations found with PI3K/AKT/mTOR pathway itself; and (2) the diverse alterations in inputs into the PI3K/AKT/mTOR pathway. Through these various changes, the PI3K/AKT/mTOR pathway has demonstrated to play a key role in ovarian cancer tumorigenesis, progression, and chemotherapy resistance.




3. Tumorigenesis of Ovarian Cancer and PI3K/AKT/mTOR Pathway


Historically, the subtypes of epithelial ovarian cancer have been defined by histology and are primarily classified into papillary serous, endometrioid, mucinous, and clear cell [23,24]. Recent evidence is leading to the idea that the disease of epithelial ovarian cancer is actually comprised of a spectrum of cancer types that originate from different pelvic organs, most notably form the fallopian tube [6,25,26].



While Kim et al. identified a role for PI3K/AKT/mTOR in the tumorigenesis of type II ovarian cancer arising from the fallopian tube, other groups have implicated the pathway in the tumorigenesis of type I ovarian cancer arising from the ovarian bursa. Type I ovarian cancer is considered lower grade than type II and typically less responsive to traditional chemotherapy [27]. In addition, Type I has frequent cell signaling pathway mutations in KRAS, BRAF, CTNNB1, and PTEN and comprises most endometrioid, clear cell, and mucinous histologies [28,29]. When Apc and Pten are conditionally inactivated in the ovarian bursa of a mouse, an endometrioid ovarian carcinoma develops that has nuclear expression of β-catenin and absence of PTEN expression [27].



While the above models required one mutation in PI3K/Akt/mTOR coupled with a mutation in another pathway, if a double knockout is present with alterations to two members of the PI3K/AKT/mTOR pathway, ovarian tumorigenesis can occur. Using a genetically engineered mouse that was bred to have an activating PIK3CAH1047R mutation and be PtenWT/del, Kinross et al. noticed that the mice only had hyperplasia of the ovarian surface epithelium [30]. However, when a second deletion of Pten was introduced directly into the ovarian bursa, the mice developed ovarian serous adenocarcinomas and granulosa cell tumors. This indicates that a secondary defect in a co-regulator of PI3K activity is sufficient in conjunction with a mutant PIK3CA for tumorigenesis to occur [30]. Mutations in the PI3K/AKT/mTOR pathway clearly result in the generation of ovarian tumors; however, what type they relate to clinically depends on the type of the genetic loss and the combination of genetic mutations.




4. PI3K/AKT/mTOR in the Proliferation and Progression of Ovarian Cancer


The role of the PI3K/AKT/mTOR pathway in terms of proliferation and progression of ovarian cancer is extremely complex. Many perturbations have been shown to contribute to carcinogenesis, with the endpoint the same: activation of the pathway results in an increase in cell proliferation, migration, invasion, and chemotherapy resistance.



The complexity begins with how deregulation of PI3K/AKT/mTOR can occur as a result of over-activation, mutations in the catalytic domains, mutations in the regulatory domain, or modifications to the downstream targets of PI3K. As demonstrated by the TCGA, the most prevalent mutational alterations are those affecting PIK3CA and PTEN[7]. PTEN is located on chromosome 10q23 and functional loss of PTEN impairs its lipid phosphatase activity, which is critical for tumor suppressor activity [31]. For PIK3CA, its dysfunction arises as a mutation on chromosome 3 that is predominately observed in endometrial, breast, and colorectal cancers or by gene amplification in ovarian cancer [32].



Robust pre-clinical models have been established for studying the PI3K/AKT/mTOR pathway in ovarian cancer. For example, SKOV3 has an activating mutation in PIK3CA[33] and the A2780 cell line has deletion of PTEN[34]. By targeting the individual members of the PI3K/AKT/mTOR pathway with siRNA, the role of each component can be easily elucidated.



If the p100 subunit of PI3K, which is encoded for by PIK3CA, is targeted with siRNA in OVCAR-3 cells, there is a decrease in migration, decreased invasion, and a decrease in proliferation [35]. The decrease in proliferation has also been replicated in OVCAR-8 (AKT2 copy number gain), UPN251 (PIK3CA DNA copy number gain) and A2008 (PIK3CA mutation) cell lines that are treated with siRNA against PIK3CA [36]. However, one report was not able to reduce proliferation in OVCAR-3 cells treated with the PI3K inhibitor LY29400 [37]. The difference might be accounted for given molecular-targeted therapies require the over-activation of the target in order for the therapy to have a target. While OVCAR-3 may have low basal AKT activity, targeting it via siRNA will still knockout any expression [35,37]. This leads to the complexity in designing treatments that take advantage of the pathway in ovarian cancer. Overall targeting of PIK3CA results in the decrease of proliferation markers CyclinD1, CDK4, CyclinE, CDK2 and p21 and an increase in expression of p27. As G1 cell cycle progression is regulated by the CDK inhibitor p27, the release from its inhibition seems to account for the decrease in cell proliferation [35].



Proliferation and invasion is also affected when AKT is directly targeted as well. SiRNA against the AKT1 isoform reduces proliferation of OVCAR-3 cells, but to a lesser degree than inhibition of PIK3CA [35]. Targeting the AKT2 isoform has been shown to increase the activation of apoptosis [36]. This increase in apoptosis activation is not seen when PIK3CA is targeted. Invasion of ovarian cancer cells is reduced with AKT1 knockout but to a lesser extent then PIK3CA knockout [35,36]. When p110-α or AKT1are targeted with siRNA, there is also a decrease in the downstream molecule p70S6K1. Directly targeting p70S6K1 also reduces proliferation and invasion in ovarian cancer cells, though there is no rescue of expression of the CDK-inhibitor p27KIP1 that is seen in targeting p100-α or AKT1 [35]. This indicates the cell cycle is not being inhibited as strongly as when molecules higher in the PI3K/AKT/mTOR pathway are targeted.



Targeting mTOR directly can also decrease ovarian cancer cell proliferation and migration. However, the complexity of mTOR in the pathway contributes to the difficulty in elucidating mTOR’s exact role in proliferation. As mentioned earlier, mTOR can be found in two complexes: MTORC1 and MTORC2 [17–19]. It is important to study each complex independently as treating with rapamycin shows a differential response in each complex. When mTORC1 was targeted using siRNA against raptor, there was a decrease in pS6 and p4E-BP1 levels [17]. Raptor knockdown also provokes an increase in pS473-AKT, indicating compensatory activation of AKT by mTORC2 in response to loss of mTORC1 signaling. Conversely, rictor knockdown decreases pS473-AKT and pS6 levels. In terms of proliferation, knockdown of raptor has a greater inhibitory effect then knockdown of rictor. Raptor has a similar effect on proliferation as mTOR siRNA knockdown, thereby indicating that mTORC1 is more important in cell proliferation for ovarian cancer [17]. Though MTORC1 signaling has the more important role in ovarian cancer cell proliferation than MTORC2, therapeutically, both molecules will need to be targeted to prevent the compensatory activation of AKT via MTORC2 when MTORC1 is inhibited alone [17,38].



While the activation of PI3K/AKT/mTOR leads to an increase in proliferation, invasion, and migration, the mechanism of how this occurs appears to be regulated through essential matrix metalloproteinase (MMPs). MMPs are zinc-dependent endopeptidases with the ability to degrade various extracellular matrix proteins. They are involved in cleavage of cell surface receptors and releasing apoptotic signals and by targeting collagen IV in the basement help allow a cell to migrate [39,40]. Tissue inhibitor of matrix metalloproteinases (TIMP) are naturally occurring inhibitors of MMPs, except for TIMP1 and TIMP2, which help activate MMP-2 and MMP-9 [41], thereby playing a role in migration and invasion in ovarian cancer [42]. Research in other malignancies has identified that activation of PI3K leads to an increase in MMP-2 activity and an increase in cell motility [43,44]. Treating ovarian cancer cell lines SKOV3, OVCAR5 and IGROV1 with a PI3K inhibitor, LY294002, there is a reduction in gondatropin-induced MMP-2 activity with little change in MMP-9 activity [42]. However, migration and invasion are significantly decreased when cells are treated with LY294002 and cisplatin. This can be occurring due to TIMP1 and TIMP2 expression decreased by LY294002 hence preventing migration through a decrease in MMP-2 activity [42].



Other studies have found that MMP-9 activity and not MMP-2 activity is responsible for migration and invasion. The flavonoid apigenin, which can inhibit tumor growth [45], is able to reduce the amount of metastases in the abdominal organs of an orthotopic xenograft model [46]. Mechanistically, the reduction in metastases is due to apigenin inhibiting AKT phosphorylation and subsequently causing a decrease in MMP-9 activity, though not MMP-2. While these results are in opposition to what Karam et al.[42] found—they saw a decrease in MMP-2 activity in the presence of a decrease in AKT phosphorylation—overall, the observed phenotype is identical. Whether through a decrease in MMP-2 or MMP-9 activity, inhibiting AKT phosphorylation results in a decrease in invasion, migration, and metastasis of ovarian cancer cells.



When brought together, a picture begins to emerge on how the PI3K/AKT/mTOR pathway is playing a key role in invasion for ovarian cancer. PI3K activation leads to the phosphorylation of AKT, which in turn activates p70S6K1. This downstream activation results in TIMP1 and TIMP2 expression activating MMP-2 or MMP-9 allowing for invasion and migration.




5. Outside Influences on the PI3K/AKT/mTOR Pathway


Numerous different inputs into the PI3K/AKT/mTOR pathway add to the complexity of the picture. One input involves the normal stress response pathway. The AMP-activated protein kinase (AMPK) is a metabolic stress-related and energy censor kinase that plays a role in monitoring the AMP/ATP ratio. Activation of AMPK ultimately results in downstream signals that control processes important for regulation of metabolism including fatty acid oxidation and mRNA translation/protein synthesis [47]. AMPK can suppress the activation of the mTOR pathway via indirect inhibitory effects on the mTORC1 complex by the phosphorylation and activation of the TSC2-TSC1 complex [47]. Normally AMPK physiologically inhibits mTOR in the context of decreased energy sources to the cell. However in cancer, there is evidence that AMPK signaling is reduced, allowing the cancer cell to escape normal proliferation controls [47]. While AMPK signaling is reduced in ovarian cancer cells, it can be restored though the use of metformin. Metformin is used in therapy for diabetes and can modulate AMPK activation [48]. With metformin treatment, AMPK activation inhibits protein biosynthesis and decreases phosphorylation of mTOR [48]. This results in a modulation of p21, p27, and Cyclin D1, thus reducing proliferation [48].



Alternatively, PI3K/AKT/mTOR can be activated by the loss of sMEK1 without affecting individual members of the PI3K/AKT/mTOR pathway. sMEK1 is a tumor suppressor of the protein phosphatase 4 regulatory subunit 3 (PP4R3) and the PP2A subfamily, which are conserved serine/threonine phosphatase [49]. Interestingly, sMEK1 is downregulated in ovarian and cervical tumor tissue [49]. However, re-expression of sMEK1 in the OVCAR-3 cell line results in a suppression of cell proliferation by inducing cell cycle arrest at G1/G0 phase with an increase in CDK inhibitor p16, and p27 [49]. In addition, sMEK1 expression induces PI3K and AKT dephosphorylation and reduction of expression of the mTOR/p70S6K proteins [49].



The PI3K/AKT/mTOR pathway can also be activated via alternative phosphorylation of AKT. PI3K will activate AKT through phosphorylation on a Threonine-308 residue. However, EGFR can phosphorylate AKT independent of PI3K change at the Serine-473 residue resulting in AKT over-activation [50] and an increase in angiogenesis, metastasis and anti-apoptosis properties. Reduction of EGFR phosphorylation and AKT phosphorylation results in apoptosis induction and the dissociation of rictor and raptor from mTOR, causing a decrease in proliferation [50]. The activation of the EGFR-AKT axis may also be further upstream involving G protein-coupled receptor 30 (GPR30). GPR30, a 7-transmembrane estrogen receptor, is widely expressed in cancer cell lines [51,52] and strongly associated with proliferation, invasion, metastasis, and drug resistance of various cancer cell lines [53–55]. GPR30 can phosphorylate EGFR and thus activate AKT in ovarian cancer cell [56], and at least one study has demonstrated a poor prognosis with high GPR30 expression [57].



Another example of mutations outside the pathway impacting mTOR is hyper-activation of fatty acid synthase (FASN). FASN is an enzyme responsible for de novo synthesis of lipids from sugars, is overexpressed in 80% of ovarian carcinomas [58], and has been shown to be a predictor of poor survival [59]. Inhibition of FASN results in PI3K and downstream mediators to be targeted for degradation by ubiquitilation, leading to cytoreduction and growth arrest in A2780, SKOV3, OVCAR-3 ovarian cancer cell lines [60]. This is unique, as pathway inhibitors usually result in a reduction of phosphorylation and not an actual decrease in measureable protein.



These outside pathways that result in activation of the PI3K/AKT/mTOR pathway will make it difficult to identify which patients would benefit the most from target therapy. If only the mutation status of PI3K/AKT/mTOR members is analyzed, potential candidates for treatment would be missed if their pathway aberration is the result of an outside influence.




6. MicroRNA, Ovarian Cancer, and the PI3K/AKT/mTOR Pathway


The discovery of miRNAs in 1993 and later their functional roles in cancer as tumor suppressors or oncogenes opened up a new understanding of tumorigenesis and possible therapeutic options [61,62]. Work by Zhang et al. in 2008 [63] brought some of the first research implicating miRNAs in the pathogenesis and tumorigenicity of epithelial ovarian cancer. miRNAs in ovarian cancer play both oncogenic and tumor suppressive roles. miRNA-93 has been identified as a regulator of PTEN/AKT signaling with expression of miRNA-93 inversely correlating with PTEN expression [64]. In addition, miRNA-93 has been shown to decrease cisplatin chemosensitivity in ovarian cancer cells. miRNA-21 also acts on ovarian cancer via the PI3K/AKT/mTOR pathway by suppressing PTEN, and is even activated by AKT in hypoxic conditions to induce survival [65,66]. Another oncogenic miRNA in ovarian cancer is miRNA-182, which has been shown to promote cell growth, invasion and chemoresistance by targeting programmed cell death 4 (PDCD4) and was able to reduce chemosensitivity of ovarian cancer cells to Taxol [67].



The role of miRNA in epithelial ovarian cancer is not always oncogenic. miRNA-152 and miRNA-185 co-contribute to cisplatin sensitivity in ovarian cancer cells [68]. Overexpressing miRNA-152 and miRNA-185 in cisplatin-resistant ovarian cancer cell lines results in restoring of chemosensitivity through suppressing DNA methytransferase 1 [68]. Research has indicated that miR-204 has an important role in tumorigenesis [69,70], and high-resolution custom miRNA comparative genomic hybridization has shown that there is frequent genomic loss in the chromosome containing miR-204 [71]. miR-204 is lost in 44.63% of ovarian tumors analyzed and its overexpression in SKOV3 ovarian cancer cells reduces colony-forming capacity. It appears that miR-204 is targeting genes associated with tumorigenesis [71] by reducing p-AKT, p-4E-BP1 and p-S6. However, the regulation of p-AKT is outside of the known phosphorylated residues associated with the PI3K/AKT/mTOR pathway [71]. This indicates miR-204 is downregulating p-AKT outside of the two phosphorylated residues known in to be activated in the PI3K/AKT/mTOR pathway.




7. Clinical Relevance of PI3K/AKT/mTOR Pathway


While preclinical studies have contributed invaluable knowledge about the progression and tumorigenesis of ovarian cancer, the final step is finding a correlation in the clinic. Not only are genetic alterations identified and observed in preclinical models present in clinical samples, but there is also prognostic and potential therapeutic value in understanding how a patient’s tumor has a modified PI3K/AKT/mTOR pathway. Analyses of clinical samples have ranged from looking at the mutational status of the regulator molecules of the pathway, changes in the activity of the downstream molecules, and the effect these changes have on survival and therapy options.



One molecule that is frequently mutated in ovarian cancer is PIK3CA. A mutational change here can result in over-activation of PI3K kinase activity. When there is a PIK3CAH1047R mutation, which is in the kinase domain, it results in enhanced lipid kinase activity [30]. If an inactivating mutation occurs in PIK3R1, the p85 regulatory subunit of PI3K, PI3K/AKT/mTOR over-activation occurs. In patients with a PIK3CA activating mutation, 40% also had an inactivating mutation in the regulatory genes PIK3R1 or PTEN[30]. Mutations and alterations also occur in AKT resulting in an increased amount of activated AKT. Typically, ovarian cancer will have AKT amplification and at a lower frequency due to a missense mutation in AKT[35,72].



In a more comprehensive analysis of 93 primary ovarian tumors, Comparative Genomic Hybridization (aCGH) was used to identify copy number changes. When looking at nine canonical signaling pathways (PI3K/AKT/mTOR, MAPK, TGF-B, p38/MAPK, JNK, JAK/STAT, WNT/β-Catenin, and NFκB) and copy number variation in terms of patient survival, the PI3K/AKT/mTOR pathway was the most frequently altered cancer related pathway [36]. Similar to the findings of Kinross et al., 40% of patients had genetic aberrations in PIK3CA, with the most copy number gains seen in all the patient samples [36]. The second most copy number gains were seen in PIK3CB (27%) and Cyclin-D2 (27%), which would account for uncontrolled cell cycle progression in ovarian cancer [36]. Also PIK3R4 and PIK3R1, genes for the regulatory subunit for PI3K, showed a decrease in copy number in 20% and 22% of patients, respectively [36]. Importantly, the copy number variations identified in the PI3K/AKT/mTOR pathway were directionally concordant with the expected oncogenic activity. This was not the case in the other pathways examined. In the other pathways that showed a copy number variation, it was “non-directional” or against the observed oncogenic activation [36].



This data implicates that copy number variation is a feasible method for identifying alterations in the PI3K/AKT/mTOR pathway in patients. The copy number variations observed in the PI3K/AKT/mTOR pathway also correlated with survival. Patients with two copies of wild-type PIK3CA vs. patients with a copy number gain or mutation in PIK3CA survived 59.3 months versus 28 months [36]. If a patient does not have any copy number variation or mutation in PIK3CA, PIK3CB, or PIK3R4, median survival was 80.4 months compared to patients with two or more alterations in different genes and thus a median survival of 18.2 months. The findings of this study indicate that not only can changes in the PI3K/AKT/mTOR pathway provide prognostic factors about survival, but also that genetic activation of the PI3K/AKT/mTOR pathway is an important characteristic of ovarian cancer.



Increasingly, clinicians and researchers believe that while genetic information is indicative of the genetic background of a patient’s tumor, functional readouts of alterations in a patient’s tumor can provide more information in directing future therapies. Identifying which patients are expected to respond to first-line chemotherapy treatment and future treatment can help guide therapy, that is, avoid therapies that will not benefit the patient. In a study that analyzed the ascites fluid of 88 patients with advanced ovarian cancer, the mutational status and phosphorylation status of members of the PI3K/AKT/mTOR pathway were analyzed. In patients that were chemotherapy naïve, there was a statistically significant increase in the level of phospho-p70S6K and p-AKT in the ascites fluid of patients who were classified as non-responders as compared to patients who had either a partial- or complete-response to first-line chemotherapy [73]. However, this increase in phospho-p70S6K and p-AKT did not correlate with corresponding mutations or amplifications in PIK3CA, mutations in AKT2, or loss of PTEN. While the study admits the lack of correlation could be the result of small sample size, it is also possible that there are other factors leading to over-activation of the p70S6K and AKT. Interestingly, in patients that did not respond to subsequent chemotherapy compared to patients who did, only phopsho-p70S6K was significantly elevated [73]. While there is no doubt that genetic alterations in PIK3CA, and AKT, or the loss of PTEN contribute to the role of the PI3K/AKT/mTOR pathway in the progression of ovarian cancer, this study suggests that that there are additional important factors that drive the PI3K pathway [73]. Furthermore, it is important to look at functional readouts of pathway activation, as elevated phospho-p70S6K levels may be indicative of chemoresistance.



Further studies are highly warranted in identifying the best scenarios for administering PI3K/AKT/mTOR pathway inhibitors. While PI3K/AKT/mTOR inhibitors are in trials for breast cancer and endometrial cancer, there have been limited clinical uses thus far in ovarian cancer. One of the first reports on clinical use of a PI3K/AKT/mTOR inhibitor in ovarian cancer looked at the utility of the dual-targeting strategy involving PI3K/AKT/mTOR and RAF/MEK/ERK pathways [74]. The PI3K/AKT/mTOR and RAF/MEK/ERK pathways are both heavily implicated in cancer progression. Also, both pathways have the ability to be activated by the RAS proteins and recent data has shown that when downstream AKT and mTOR are inhibited by pharmacologic agents, PI3K can activate mitogen-activation protein kinase (MAPK) via RAS [75]. There is concern that targeting one pathway will lead to quick resistance to that therapy, as the other pathway will compensate and take over-activation [76]. In this study of 236 patients, 32.2% received a combination of PI3K-pathway inhibitor and MAPK-pathway inhibitor, where 52.5% received just a PI3K-pathway inhibitor and 15.3% received a MAPK-pathway inhibitor [74]. In patients that had co-activation of both PI3K/AKT/mTOR and RAS/MEK/ERK that were treated with dual-inhibitors, all patients showed regression of the tumors varying between 2% and 64%. However, if the patients had a PI3KCA mutation with KRAS activation and only received an inhibitor to one of the two pathways, there was no response to therapy [74]. Considering the complexities of the PI3K/AKT/mTOR pathway, singleagent treatment is unlikely to be successful.




8. Conclusion


In the development and progression of ovarian cancer, it is clear that the PI3K/AKT/mTOR pathway plays an instrumental role. This role manifests itself in many unique ways presenting a complex picture for ovarian cancer. Alterations in the pathway can be the initializing event in aggressive high grade serous cancers or for low grade endometrioid type ovarian carcinoma. Mutations in the pathway can contribute to cellular proliferation, invasion and migration through modification of cell cycle inhibitors and MMPs. Additionally, changes in outside inputs, such as AMPK, sMEK, or FASN, can result in pathway changes without initiating genetic alterations in PI3K/AKT/mTOR family members. Multiple miRNAs can suppress or promote pathway activation in the same way as outside molecules.



Clinically, expression of p70S6K can help determine if a patient will respond to chemotherapy and copy number alterations can be prognostic for a patient’s survival. The PI3K/AKT/mTOR is a diverse pathway that affects equally diverse aspects of tumor development, progression, and patient survival. While targeting of PI3K/AKT/mTOR for treatment would seem to be an ideal strategy due to its importance, it will be difficult. Therapies will have to be given in combination and specifically tailored to each patient in order to have the most effect.







Acknowledgements


Funding support provided in part by the University of Alabama at Birmingham Center for Clinical and Translational Science (5UL1RR025777), the Reproductive Scientist Development Program through the Ovarian Cancer Research Fund and the National Institutes of Health (K12 HD00849), and the Department of Defense Ovarian Cancer Research Academy (OC093443).




Conflict of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.; Ward, E.; Brawley, O.; Jemal, A. Cancer statistics, 2011. CA A Cancer J. Clin 2011, 61, 212–236. [Google Scholar]

	



Armstrong, D.K. Relapsed ovarian cancer: Challenges and management strategies for a chronic disease. Oncologist 2002, 7, 20–28. [Google Scholar]

	



Badgwell, D.; Bast, R.C., Jr. Early detection of ovarian cancer. Dis. Markers 2007, 23, 397–410. [Google Scholar]

	



Bast, R.C., Jr.; Brewer, M.; Zou, C.; Hernandez, M.A.; Daley, M.; Ozols, R.; Lu, K.; Lu, Z.; Badgwell, D.; Mills, G.B.; et al. Prevention and early detection of ovarian cancer: Mission impossible? In Cancer Prevention, Recent Results in Cancer Research; Springer: Berlin, Germany, 2007; Volume 174, pp. 91–100. [Google Scholar]

	



Kobayashi, E.; Ueda, Y.; Matsuzaki, S.; Yokoyama, T.; Kimura, T.; Yoshino, K.; Fujita, M.; Kimura, T.; Enomoto, T. Biomarkers for Screening, Diagnosis and Monitoring of Ovarian Cancer. Cancer Epidemiol. Biomarkers Prevent 2012. doi:0.1158/1055-9965.EPI-12-0646. [Google Scholar]

	



Bast, R.C.; Mills, G.B. Dissecting “pi3kness”: The complexity of personalized therapy for ovarian cancer. Cancer Discov 2012, 2, 16–18. [Google Scholar]

	



The Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature 2011, 474, 609–615.[Green Version]

	



Cantley, L.C. The phosphoinositide 3-kinase pathway. Science 2002, 296, 1655–1657. [Google Scholar]

	



Markman, B.; Dienstmann, R.; Tabernero, J. Targeting the pi3k/akt/mtor pathway—Beyond rapalogs. Oncotarget 2010, 7, 530–543. [Google Scholar]

	



Engelman, J.A.; Luo, J.; Cantley, L.C. The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism. Nat. Rev. Genet 2006, 7, 606–619. [Google Scholar]

	



Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of akt/pkb by the rictor-mtor complex. Science 2005, 307, 1098–1101. [Google Scholar]

	



Brunet, A.; Bonni, A.; Zigmond, M.J.; Lin, M.Z.; Juo, P.; Hu, L.S.; Anderson, M.J.; Arden, K.C.; Blenis, J.; Greenberg, M.E. Akt promotes cell survival by phosphorylating and inhibiting a forkhead transcription factor. Cell 1999, 96, 857–868. [Google Scholar]

	



Diehl, J.A.; Cheng, M.; Roussel, M.F.; Sherr, C.J. Glycogen synthase kinase-3β regulates cyclin d1 proteolysis and subcellular localization. Genes Dev 1998, 12, 3499–3511. [Google Scholar]

	



Heitman, J.; Movva, N.R.; Hall, M.N. Targets for cell cycle arrest by the immunosuppressant rapamycin in yeast. Science 1991, 253, 905–909. [Google Scholar]

	



Sabatini, D.M.; Erdjument-Bromage, H.; Lui, M.; Tempst, P.; Snyder, S.H. Raft1: A mammalian protein that binds to fkbp12 in a rapamycin-dependent fashion and is homologous to yeast tors. Cell 1994, 78, 35–43. [Google Scholar]

	



Brown, E.J.; Albers, M.W.; Bum Shin, T.; ichikawa, K.; Keith, C.T.; Lane, W.S.; Schreiber, S.L. A mammalian protein targeted by g1-arresting rapamycin-receptor complex. Nature 1994, 369, 756–758. [Google Scholar]

	



Montero, J.C.; Chen, X.; Ocaña, A.; Pandiella, A. Predominance of mtorc1 over mtorc2 in the regulation of proliferation of ovarian cancer cells: Therapeutic implications. Mol. Cancer Ther 2012, 11, 1342–1352. [Google Scholar]

	



Zoncu, R.; Efeyan, A.; Sabatini, D.M. Mtor: From growth signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol 2011, 12, 21–35. [Google Scholar]

	



Peterson, T.R.; Laplante, M.; Thoreen, C.C.; Sancak, Y.; Kang, S.A.; Kuehl, W.M.; Gray, N.S.; Sabatini, D.M. Deptor is an mtor inhibitor frequently overexpressed in multiple myeloma cells and required for their survival. Cell 2009, 137, 873–886. [Google Scholar]

	



Borman, S.M.; Christian, P.J.; Sipes, I.G.; Hoyer, P.B. Ovotoxicity in female fischer rats and b6 mice induced by low-dose exposure to three polycyclic aromatic hydrocarbons: Comparison through calculation of an ovotoxic index. Toxicol. Appl. Pharmacol 2000, 167, 191–198. [Google Scholar]

	



Shiromizu, K.; Mattison, D.R. Murine oocyte destruction following intraovarian treatment with 3-methylcholanthrene or 7,12-dimethylbenz(a)anthracene: Protection by alpha-naphthoflavone. Teratog. Carcinog. Mutagen 1985, 5, 463–472. [Google Scholar]

	



Sobinoff, A.P.; Nixon, B.; Roman, S.D.; McLaughlin, E.A. Staying alive: Pi3k pathway promotes primordial follicle activation and survival in response to 3mc-induced ovotoxicity. Toxicol. Sci 2012, 128, 258–271. [Google Scholar]

	



Kaku, T.; Ogawa, S.; Kawano, Y.; Ohishi, Y.; Kobayashi, H.; Hirakawa, T.; Nakano, H. Histological classification of ovarian cancer. Med. Electron Microsc 2003, 36, 9–17. [Google Scholar]

	



McCluggage, W.G. Morphological subtypes of ovarian carcinoma: A review with emphasis on new developments and pathogenesis. Pathology 2011, 43, 420–432. [Google Scholar]

	



Dubeau, L. The cell of origin of ovarian epithelial tumours. Lancet Oncol 2008, 9, 1191–1197. [Google Scholar]

	



Kim, J.; Coffey, D.M.; Creighton, C.J.; Yu, Z.; Hawkins, S.M.; Matzuk, M.M. High-grade serous ovarian cancer arises from fallopian tube in a mouse model. Proc. Natl. Acad. Sci. USA 2012, 109, 3921–3926. [Google Scholar]

	



Wu, R.; Hu, T.C.; Rehemtulla, A.; Fearon, E.R.; Cho, K.R. Preclinical testing of pi3k/akt/mtor signaling inhibitors in a mouse model of ovarian endometrioid adenocarcinoma. Clin. Cancer Res 2011, 17, 7359–7372. [Google Scholar]

	



Kurman, R.J.; Shih, I.-M. Pathogenesis of ovarian cancer: Lessons from morphology and molecular biology and their clinical implications. Int. J. Gynecol. Pathol 2008, 27, 151–160. [Google Scholar]

	



Shih Ie, M.; Kurman, R.J. Ovarian tumorigenesis: A proposed model based on morphological and molecular genetic analysis. Am. J. Pathol 2004, 164, 1511–1518. [Google Scholar]

	



Kinross, K.M.; Montgomery, K.G.; Kleinschmidt, M.; Waring, P.; Ivetac, I.; Tikoo, A.; Saad, M.; Hare, L.; Roh, V.; Mantamadiotis, T.; et al. An activating pik3ca mutation coupled with pten loss is sufficient to initiate ovarian tumorigenesis in mice. J. Clin. Investig 2012, 122, 553–557. [Google Scholar]

	



Myers, M.P.; Pass, I.; Batty, I.H.; van der Kaay, J.; Stolarov, J.P.; Hemmings, B.A.; Wigler, M.H.; Downes, C.P.; Tonks, N.K. The lipid phosphatase activity of pten is critical for its tumor supressor function. Proc. Natl. Acad. Sci. USA 1998, 95, 13513–13518. [Google Scholar]

	



Markman, B.; Atzori, F.; Pérez-García, J.; Tabernero, J.; Baselga, J. Status of pi3k inhibition and biomarker development in cancer therapeutics. Ann. Oncol 2010, 21, 683–691. [Google Scholar]

	



Ihle, N.T.; Lemos, R.; Wipf, P.; Yacoub, A.; Mitchell, C.; Siwak, D.; Mills, G.B.; Dent, P.; Kirkpatrick, D.L.; Powis, G. Mutations in the phosphatidylinositol-3-kinase pathway predict for antitumor activity of the inhibitor px-866 whereas oncogenic ras is a dominant predictor for resistance. Cancer Res 2009, 69, 143–150. [Google Scholar]

	



Santiskulvong, C.; Konecny, G.E.; Fekete, M.; Chen, K.-Y.M.; Karam, A.; Mulholland, D.; Eng, C.; Wu, H.; Song, M.; Dorigo, O. Dual targeting of phosphoinositide 3-kinase and mammalian target of rapamycin using nvp-bez235 as a novel therapeutic approach in human ovarian carcinoma. Clin. Cancer Res 2011, 17, 2373–2384. [Google Scholar]

	



Meng, Q.; Xia, C.; Fang, J.; Rojanasakul, Y.; Jiang, B.-H. Role of pi3k and akt specific isoforms in ovarian cancer cell migration, invasion and proliferation through the p70s6k1 pathway. Cell. Signal. 2006, 18, 2262–2271. [Google Scholar]

	



Huang, J.; Zhang, L.; Greshock, J.; Colligon, T.A.; Wang, Y.; Ward, R.; Katsaros, D.; Lassus, H.; Butzow, R.; Godwin, A.K.; et al. Frequent genetic abnormalities of the pi3k/akt pathway in primary ovarian cancer predict patient outcome. Genes Chromosom. Cancer 2011, 50, 606–618. [Google Scholar]

	



Altomare, D.A.; Wang, H.Q.; Skele, K.L.; de Rienzo, A.; Klein-Szanto, A.J.; Godwin, A.K.; Testa, J.R. Akt and mtor phosphorylation is frequently detected in ovarian cancer and can be targeted to disrupt ovarian tumor cell growth. Oncogene 2004, 23, 5853–5857. [Google Scholar]

	



Itamochi, H.; Oishi, T.; Shimada, M.; Sato, S.; Uegaki, K.; Naniwa, J.; Sato, S.; Nonaka, M.; Terakawa, N.; Kigawa, J.; et al. Inhibiting the mtor pathway synergistically enhances cytotoxicity in ovarian cancer cells induced by etoposide through upregulation of c-jun. Clin. Cancer Res 2011, 17, 4742–4750. [Google Scholar]

	



Curran, S.; Murray, G.I. Matrix metalloproteinases: Molecular aspects of their roles in tumour invasion and metastasis. Eur. J. Cancer 2000, 36, 1621–1630. [Google Scholar]

	



Stamenkovic, I. Matrix metalloproteinases in tumor invasion and metastasis. Semin. Cancer Biol 2000, 10, 415–433. [Google Scholar]

	



Brew, K.; Dinakarpandian, D.; Nagase, H. Tissue inhibitors of metalloproteinases: Evolution, structure and function. Biochim. Biophys. Acta 2000, 1477, 267–283. [Google Scholar]

	



Karam, A.K.; Santiskulvong, C.; Fekete, M.; Zabih, S.; Eng, C.; Dorigo, O. Cisplatin and pi3kinase inhibition decrease invasion and migration of human ovarian carcinoma cells and regulate matrix-metalloproteinase expression. Cytoskeleton 2010, 67, 535–544. [Google Scholar]

	



Vasko, V.; Saji, M.; Hardy, E.; Kruhlak, M.; Larin, A.; Savchenko, V.; Miyakawa, M.; Isozaki, O.; Murakami, H.; Tsushima, T.; et al. Akt activation and localisation correlate with tumour invasion and oncogene expression in thyroid cancer. J. Med. Genet 2004, 41, 161–170. [Google Scholar]

	



Furuya, F.; Hanover, J.A.; Cheng, S.-Y. Activation of phosphatidylinositol 3-kinase signaling by a mutant thyroid hormone β receptor. Proc. Natl. Acad. Sci. USA 2006, 103, 1780–1785. [Google Scholar]

	



Fang, J.; Zhou, Q.; Liu, L.-Z.; Xia, C.; Hu, X.; Shi, X.; Jiang, B.-H. Apigenin inhibits tumor angiogenesis through decreasing hif-1α and vegf expression. Carcinogenesis 2006, 28, 858–864. [Google Scholar]

	



He, J.; Xu, Q.; Wang, M.; Li, C.; Qian, X.; Shi, Z.; Liu, L.-Z.; Jiang, B.-H. Oral administration of apigenin inhibits metastasis through akt/p70s6k1/mmp-9 pathway in orthotopic ovarian tumor model. Int. J. Mol. Sci 2012, 13, 7271–7282. [Google Scholar]

	



Vakana, E.; Altman, J.K.; Platanias, L.C. Targeting ampk in the treatment of malignancies. J. Cell. Biochem 2012, 113, 404–409. [Google Scholar]

	



Rattan, R.; Graham, R.P.; Maguire, J.L.; Giri, S.; Shridhar, V. Metformin suppresses ovarian cancer growth and metastasis with enhancement of cisplatin cytotoxicity in vivo. Neoplasia 2011, 13, 483–491. [Google Scholar]

	



Byun, H.J.; Kim, B.R.; Yoo, R.; Park, S.Y.; Rho, S.B. Smek1 enhances gemcitabine anti-cancer activity through inhibition of phosphorylation of akt/mtor. Apoptosis 2012, 17, 1095–1103. [Google Scholar]

	



Loganathan, S.; Kandala, P.K.; Gupta, P.; Srivastava, S.K. Inhibition of egfr-akt axis results in the suppression of ovarian tumors in vitro and in preclinical mouse model. PLoS One 2012, 7, e43577. [Google Scholar]

	



Prossnitz, E.R.; Barton, M. The g-protein-coupled estrogen receptor gper in health and disease. Nat. Rev. Endocrinol 2011, 7, 715–726. [Google Scholar]

	



Smith, H.O.; Leslie, K.K.; Singh, M.; Qualls, C.R.; Revankar, C.M.; Joste, N.E.; Prossnitz, E.R. Gpr30: A novel indicator of poor survival for endometrial carcinoma. Am. J. Obstet. Gynecol 2007, 196, 386, e1–386.e11.. [Google Scholar]

	



Albanito, L.; Madeo, A.; Lappano, R.; Vivacqua, A.; Rago, V.; Carpino, A.; Oprea, T.I.; Prossnitz, E.R.; Musti, A.M.; Andò, S.; et al. G protein-coupled receptor 30 (gpr30) mediates gene expression changes and growth response to 17β-estradiol and selective gpr30 ligand g-1 in ovarian cancer cells. Cancer Res 2007, 67, 1859–1866. [Google Scholar]

	



He, Y.-Y.; Cai, B.; Yang, Y.-X.; Liu, X.-L.; Wan, X.-P. Estrogenic g protein-coupled receptor 30 signaling is involved in regulation of endometrial carcinoma by promoting proliferation, invasion potential, and interleukin-6 secretion via the mek/erk mitogen-activated protein kinase pathway. Cancer Sci 2009, 100, 1051–1061. [Google Scholar]

	



Pandey, D.P.; Lappano, R.; Albanito, L.; Madeo, A.; Maggiolini, M.; Picard, D. Estrogenic gpr30 signalling induces proliferation and migration of breast cancer cells through ctgf. EMBO J 2009, 28, 523–532. [Google Scholar]

	



Fujiwara, S.; Terai, Y.; Kawaguchi, H.; Takai, M.; Yoo, S.; Tanaka, Y.; Tanaka, T.; Tsunetoh, S.; Sasaki, H.; Kanemura, M.; et al. Gpr30 regulates the egfr-akt cascade and predicts lower survival in patients with ovarian cancer. J. Ovarian Res 2012, 5, 35. [Google Scholar]

	



Smith, H.O.; Arias-Pulido, H.; Kuo, D.Y.; Howard, T.; Qualls, C.R.; Lee, S.-J.; Verschraegen, C.F.; Hathaway, H.J.; Joste, N.E.; Prossnitz, E.R. Gpr30 predicts poor survival for ovarian cancer. Gynecol. Oncol 2009, 114, 465–471. [Google Scholar]

	



Alo, P.L.; Visca, P.; Framarino, M.L.; Botti, C.; Monaco, S.; Sebastiani, V.; Serpieri, D.E.; di Tondo, U. Immunohistochemical study of fatty acid synthase in ovarian neoplasms. Oncol. Rep 2000, 7, 1383–1388. [Google Scholar]

	



Gansler, T.S.; Hardman, W., III; Hunt, D.A.; Schaffel, S.; Hennigar, R.A. Increased expression of fatty acid synthase (oa-519) in ovarian neoplasms predicts shorter survival. Hum. Pathol. 1997, 28, 686–692. [Google Scholar]

	



Tomek, K.; Wagner, R.; Varga, F.; Singer, C.F.; Karlic, H.; Grunt, T.W. Blockade of fatty acid synthase induces ubiquitination and degradation of phosphoinositide-3-kinase signaling proteins in ovarian cancer. Mol. Cancer Res 2011, 9, 1767–1779. [Google Scholar]

	



Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small rnas with antisense complementarity to lin-14. Cell 1993, 75, 843–854. [Google Scholar]

	



Calin, G.A.; Dumitru, C.D.; Shimizu, M.; Bichi, R.; Zupo, S.; Noch, E.; Aldler, H.; Rattan, S.; Keating, M.; Rai, K.; et al. Frequent deletions and down-regulation of micro- rna genes mir15 and mir16 at 13q14 in chronic lymphocytic leukemia. Proc. Natl. Acad. Sci. USA 2002, 99, 15524–15529. [Google Scholar]

	



Zhang, L.; Volinia, S.; Bonome, T.; Calin, G.A.; Greshock, J.; Yang, N.; Liu, C.-G.; Giannakakis, A.; Alexiou, P.; Hasegawa, K.; et al. Genomic and epigenetic alterations deregulate microrna expression in human epithelial ovarian cancer. Proc. Natl. Acad. Sci. USA 2008, 105, 7004–7009. [Google Scholar]

	



Fu, X.; Tian, J.; Zhang, L.; Chen, Y.; Hao, Q. Involvement of microrna-93, a new regulator of pten/akt signaling pathway, in regulation of chemotherapeutic drug cisplatin chemosensitivity in ovarian cancer cells. FEBS Lett 2012, 586, 1279–1286. [Google Scholar]

	



Polytarchou, C.; Iliopoulos, D.; Hatziapostolou, M.; Kottakis, F.; Maroulakou, I.; Struhl, K.; Tsichlis, P.N. Akt2 regulates all akt isoforms and promotes resistance to hypoxia through induction of mir-21 upon oxygen deprivation. Cancer Res 2011, 71, 4720–4731. [Google Scholar]

	



Lou, Y.; Yang, X.; Wang, F.; Cui, Z.; Huang, Y. Microrna-21 promotes the cell proliferation, invasion and migration abilities in ovarian epithelial carcinomas through inhibiting the expression of pten protein. Int. J. Mol. Med 2010, 26, 819–827. [Google Scholar]

	



Wang, Y.-Q.; Guo, R.-D.; Guo, R.-M.; Sheng, W.; Yin, L.-R. Microrna-182 promotes cell growth, invasion and chemoresistance by targeting programmed cell death 4 (pdcd4) in human ovarian carcinomas. J. Cell. Biochem. 2012. [Google Scholar] [CrossRef]

	



Xiang, Y.; Ma, N.; Wang, D.; Zhang, Y.; Zhou, J.; Wu, G.; Zhao, R.; Huang, H.; Wang, X.; Qiao, Y.; et al. Mir-152 and mir-185 co-contribute to ovarian cancer cells cisplatin sensitivity by targeting dnmt1 directly: A novel epigenetic therapy independent of decitabine. Oncogene 2013. [Google Scholar] [CrossRef]

	



Gong, M.; Ma, J.; Li, M.; Zhou, M.; Hock, J.M.; Yu, X. Microrna-204 critically regulates carcinogenesis in malignant peripheral nerve sheath tumors. Neuro-Oncology 2012, 14, 1007–1017. [Google Scholar]

	



Chung, T.K.H.; Lau, T.S.; Cheung, T.H.; Yim, S.F.; Lo, K.W.K.; Siu, N.S.S.; Chan, L.K.Y.; Yu, M.Y.; Kwong, J.; Doran, G.; et al. Dysregulation of microrna-204 mediates migration and invasion of endometrial cancer by regulating foxc1. Int. J. Cancer 2012, 130, 1036–1045. [Google Scholar]

	



Imam, J.S.; Plyler, J.R.; Bansal, H.; Prajapati, S.; Bansal, S.; Rebeles, J.; Chen, H.-I.H.; Chang, Y.-F.; Panneerdoss, S.; Zoghi, B.; et al. Genomic loss of tumor suppressor mirna-204 promotes cancer cell migration and invasion by activating akt/mtor/rac1 signaling and actin reorganization. PLoS One 2012, 7, e52397. [Google Scholar]

	



Bellacosa, A.; de Feo, D.; Godwin, A.K.; Bell, D.W.; Cheng, J.Q.; Altomare, D.A.; Wan, M.; Dubeau, L.; Scambia, G.; Masciullo, V.; et al. Molecular alterations of the akt2 oncogene in ovarian and breast carcinomas. Int. J. Cancer 1995, 64, 280–285. [Google Scholar]

	



Carden, C.P.; Stewart, A.; Thavasu, P.; Kipps, E.; Pope, L.; Crespo, M.; Miranda, S.; Attard, G.; Garrett, M.D.; Clarke, P.A.; et al. The association of pi3 kinase signaling and chemoresistance in advanced ovarian cancer. Mol. Cancer Ther 2012, 11, 1609–1617. [Google Scholar]

	



Shimizu, T.; Tolcher, A.W.; Papadopoulos, K.P.; Beeram, M.; Rasco, D.W.; Smith, L.S.; Gunn, S.; Smetzer, L.; Mays, T.A.; Kaiser, B.; et al. The clinical effect of the dual-targeting strategy involving pi3k/akt/mtor and ras/mek/erk pathways in patients with advanced cancer. Clin. Cancer Res 2012, 18, 2316–2325. [Google Scholar]

	



Carracedo, A.; Pandolfi, P.P. The pten-pi3k pathway: Of feedbacks and cross-talks. Oncogene 2008, 27, 5527–5541. [Google Scholar]

	



Hoeflich, K.P.; O’Brien, C.; Boyd, Z.; Cavet, G.; Guerrero, S.; Jung, K.; Januario, T.; Savage, H.; Punnoose, E.; Truong, T.; et al. In vivo antitumor activity of mek and phosphatidylinositol 3-kinase inhibitors in basal-like breast cancer models. Clin. Cancer Res 2009, 15, 4649–4664. [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  ijms-14-08213


  
    		
      ijms-14-08213
    


  




  





