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	Renal cell carcinoma (RCC) has multiple subtypes and may occur in hereditary and sporadic forms. Sporadic renal cell carcinomas are most commonly clear cell cancers (80%). Metastatic disease is found at presentation in almost 30% of patients with renal cell carcinoma and treatment of RCC metastases is greatly different from the treatment regimens of the primary tumor. Currently, several FDA approved therapies exist for metastatic clear cell RCC (ccRCC) which includes two rapamycin analogs- everolimus and temsirolimus. The mammalian target of rapamycin (mTOR) is a serine/threonine kinase and catalytic subunit of two biochemically distinct complexes called mTORC1 and mTORC2. Recently published TCGA data report aberrations in the PI3K/AKT/mTOR pathway in up to 28% of RCC cases [1]. Whether these aberrations predict for clinical benefit of mTOR-targeted therapy in ccRCC patients is debatable. Prior studies have identified hyperactivating point mutations in mTOR that remain sensitive to rapamycin [2] while other recent studies have identified a somatic mutation in mTOR that is resistant to allosteric mTOR inhibition while remaining sensitive to mTOR kinase inhibitors [3]. Mutations in MTOR are clustered in various regulatory domains in ccRCC. We focused our attention on a prominent cluster of hyperactivating mutations in the FAT (FRAP–ATM–TTRAP) domain of mTOR in ccRCC that led to an increase in both mTORC1 and mTORC2 activities and led to an increased proliferation of cells [4]. Several of the FAT domain mutants demonstrated a decreased binding of the intrinsic inhibitor DEPTOR (DEP domain containing mTOR- interacting protein), while a subset of these mutations showed altered binding of the negative regulator PRAS40 (proline rich AKT substrate 40). We also identified a recurrent mutation in RHEB (Ras homolog enriched in brain) in ccRCC patients that exclusively increased mTORC1 activity. Interestingly, mutations in the FAT domain of MTOR and in RHEB remained sensitive to rapamycin, though several of these mutations demonstrated residual mTOR kinase activity after treatment with rapamycin at clinically relevant doses. Overall, our data suggests that point mutations in the mTOR pathway may lead to downstream mTOR hyperactivation through multiple different mechanisms to confer a proliferative advantage to a tumor cell.

	Given the central role of mTORC1 as a downstream target of PI3K activity, there exists a clear rationale for targeting mTORC1 in cancer and using rapalogs clinically. Unfortunately, the effectiveness of rapamycin as a single agent therapy is fraught with several limitations. mTORC1 promotes IRS-1 degradation [5] implying that the potential therapeutic benefit of inhibiting mTORC1 with rapamycin is opposed by the release of feedback inhibition of PI3K/AKT activation. In addition to inhibition of the feedback loop that restrains PI3K/AKT activation, everolimus treatment in breast cancer patients can increase ERK activation by a mechanism which is largely unknown, thereby adding a new level of complexity to allosteric inhibition of mTORC1 by rapalogs [5]. In an attempt to target the mTOR pathway more effectively, novel ATP competitive inhibitors that act at its catalytically active site are being developed. Active-site inhibitors have indeed proved more effective inhibitors of cell proliferation than rapamycin in a variety of tumor subtypes in vitro as they have a distinct advantage in that they inhibit 4E-BP1 phosphorylation at rapamycin resistant sites and also block AKT phosphorylation at Ser473 [6]. Significant homology in the kinase domains of PI3K and mTOR has made possible the development of dual active-site inhibitors. While these agents can circumvent the activation of PI3K/AKT feedback loops activated by rapalogs, dual PI3K/mTOR inhibitors could lead to activation of alternative compensatory pathways. The elucidation of the feedback loops that regulate the outputs of signaling networks is an area of fundamental importance for the rationale design of effective anticancer drugs that can be used in conjunction with PI3K/AKT/mTOR inhibitors.

	While most of mTOR targeted therapies including everolimus and temsirolimus target mTORC1, mTORC2 is emerging as a pivotal player in many cancers. Defining mTORC2’s role in the cellular milieu has been more challenging compared to mTORC1 because of its insensitivity to acute rapamycin treatment. As mTORC2 is a key regulator of cell proliferation and metabolic reprogramming of tumor cells [7], there is an increasing need to design therapeutic agents that specifically target mTORC2. Our in vitro data suggests that these hyperactivating mutations confer relative resistance to rapalog therapy

	and these findings may have dosing implications for patients with ccRCC. These findings may be highly relevant from a clinical point of view, as MTOR mutations could serve as biomarker predicting tumor responses to mTOR allosteric inhibitors and explain acquired resistance to this class of drugs in humans.
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	Abstract

	The phosphatase and tensin homolog gene PTEN is one of the most frequently mutated tumor suppressor genes in human cancer. Loss of PTEN function occurs in a variety of human cancers via its mutation, deletion, transcriptional silencing, or protein instability. PTEN deficiency in cancer has been associated with advanced disease, chemotherapy resistance, and poor survival. Impaired PTEN function, which antagonizes phosphoinositide 3-kinase (PI3K) signaling, causes the accumulation of phosphatidylinositol (3,4,5)-triphosphate and thereby the suppression of downstream components of the PI3K pathway, including the protein kinase B and mammalian target of rapamycin kinases. In addition to having lipid phosphorylation activity, PTEN has critical roles in the regulation of genomic instability, DNA repair, stem cell self-renewal, cellular senescence, and cell migration. Although PTEN deficiency in solid tumors has been studied extensively, rare studies have investigated PTEN alteration in lymphoid malignancies. However, genomic or epigenomic aberrations of PTEN and dysregulated signaling are likely critical in lymphoma pathogenesis and progression. This review provides updated summary on the role of PTEN deficiency in human cancers, specifically in lymphoid malignancies; the molecular mechanisms of PTEN regulation; and the distinct functions of nuclear PTEN. Therapeutic strategies for rescuing PTEN deficiency in human cancers are proposed.

	Introduction

	The phosphatase and tensin homolog gene, PTEN, is one of the most commonly mutated tumor suppressors in human malignancies [1–5], and complete loss of PTEN protein expression is significantly associated with advanced cancer and poor outcome [6, 7]. The importance of PTEN as a tumor suppressor is further supported by the fact that germline mutations of PTEN commonly occur in a group of autosomal dominant syndromes, including Cowden Syndrome, which are characterized by developmental disorders, neurological deficits, and an increased lifetime risk of cancer and are collectively referred to as PTEN hamartoma tumor syndromes (PHTS) [8, 9].

	Biochemically, PTEN is a phosphatase that de-phosphorylates phosphatidylinositol (3,4,5)-tri-phosphate (PIP3), the lipid product of class I phosphoinositide 3-kinase (PI3K) [10]. To date, PTEN is the only lipid phosphatase known to counteract the PI3K pathway. Unsurprisingly, loss of PTEN has a substantial impact on multiple aspects of cancer development. Strikingly, PTEN has distinct growth-regulatory roles depending on whether it is in the cytoplasm or nucleus. In the cytoplasm, PTEN has intrinsic lipid phosphatase activity that negatively regulates the cytoplasmic PI3K/AKT pathway, whereas in the nucleus, PTEN has AKT-independent growth activities. The continued elucidation of the roles of nuclear PTEN will help uncover the various functions of this essential tumor suppressor gene.

	In this review, we describe the molecular basis of PTEN loss, discuss the regulation of PTEN expression in lymphoid malignancies, and summarize potential therapeutic targets in PTEN-deficient cancers.

	STRUCTURE AND FUNCTION OF PTEN

	PTEN structure

	PTEN is a tumor suppressor gene located on chromosome 10q23.31 that encodes for a 403-amino acid protein that has both lipid and protein phosphatase activities. PTEN gene and protein structures are shown in Figure 1. The PTEN protein contains a sequence motif that is highly conserved in members of the protein tyrosine phosphatase family. Structurally, the PTEN protein is composed of two major functional domains (a phosphatase domain and a C2 domain) and three structural regions (a short N-terminal phosphatidyl-inositol [4,5]-bisphosphate [PIP2]-binding domain, a C-terminal tail containing proline-glutamic acid-serine-threonine sequences, and a PDZ-interaction motif) [11]. The PIP2-binding site and adjacent cytoplasmic localization signal are located at the protein's N-terminal [12, 13].
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	Figure 1. PTEN gene and protein structures. The PTEN protein is composed of 403 amino acids and contains an N-terminal PIP2-binding domain (PBD), a phosphatase domain, a C2 domain, a C-terminal tail containing proline–glutamic acid–serine–threonine sequences, and a PDZ interacting motif at the end. *Mutations on the phosphatase domain that disrupt PTEN's phosphatase activity include the C124S mutation, which abrogates both the lipid and protein phosphatase activity of PTEN, and the G129E mutation, which abrogates only the lipid phosphatase activity of PTEN. The C-terminal tail residues phosphorylated by glycogen synthase kinase 3β (GSK3β) and casein kinase 2 (CK2) are shown. Mutations of S380, T382, and T383 (referred to as the STT) can destabilize PTEN and increase its phosphatase activity. The PIP2-binding site and adjacent cytoplasmic localization signal are located at the N-terminal. The N-terminal poly-basic region appears to selectively interact with PIP2 and contribute to the nuclear accumulation of PTEN. Ubiquitination of PTEN has also been found on K13 and K289.

	The PI3K/PTEN/AKT/mTOR pathway

	PTEN's tumor-suppressing function largely relies on the protein's phosphatase activity and subsequent antagonism of the PI3K/AKT/mammalian target of rapamycin (mTOR) pathway. Following PTEN loss, excessive PIP3 at the plasma membrane recruits and activates a subset of pleckstrin homology domain–containing proteins to the cell membrane. These proteins include phosphoinositide-dependent kinase-1 and AKT family members [14, 15]. AKT activation also leads to the activation of the mTOR kinase complex 1 through the inhibition of the phosphorylation of tuberous sclerosis complex tumor suppressors and consequent activation of the small GTPase rat sarcoma (RAS) homologue enriched in brain. The active mTOR complex 1 phosphorylates the p70 ribosomal protein S6 kinase (S6K) and inhibits 4E-binding protein 1 to activate protein translation [16]. Accordingly, the PTEN/PI3K/AKT/mTOR pathway is emerging as a vital target for anti-cancer agents, especially in tumors with mTOR pathway activation.

	AKT-independent roles of PTEN

	Although AKT pathway activation can explain many of the phenotypes associated with PTEN inactivation, PTEN gene targeting and genetic activation of AKT do not have completely overlapping biological consequences. Using transcriptional profiling, Vivanco et al. identified a new PTEN-regulated pathway, the Jun-N-terminal kinase (JNK) pathway, which was constitutively activated upon PTEN knockdown [17]. In the study, PTEN null cells had higher JNK activity than PTEN positive cells did, and genetic analysis indicated that JNK functioned parallel to and independently of AKT. Thus, the blockade of PI3K signaling may shift the survival signal to the AKT-independent PTEN-regulated pathway, implicated JNK and AKT as complementary signals in PIP3-driven tumorigenesis and suggest that JNK may be a therapeutic target in PTEN null tumors.

	In addition to its lipid phosphatase function, PTEN also has lipid phosphatase–independent roles. PTEN has been shown to inhibit cell migration through its C2 domain, independent of PTEN's lipid phosphatase activity [18]. In breast cancer, PTEN deficiency has been shown to activate, in a manner dependent on its protein phosphatase activity, the SRC proto-oncogene, non-receptor tyrosine kinase (SRC), thereby conferring resistance to human epidermal growth factor receptor 2 inhibition [19]. Furthermore, PTEN has been shown to directly bind to tumor protein 53 (p53), regulate its stability, and increase its transcription, thereby increasing P53 protein levels [20].

	PTEN REGULATION

	Genetic alteration of PTEN

	PTEN loss of function occurs in a wide spectrum of human cancers through various genetic alterations that include point mutations (missense and nonsense mutations), large chromosomal deletions (homozygous/heterozygous deletions, frameshift deletions, in-frame deletions, and truncations), and epigenetic mechanisms (e.g., hypermethylation of the PTEN promoter region) [21]. Somatic mutations are the main drivers of PTEN inactivation in human cancers, and have been reviewed extensively [22].

	PTEN's tumor suppressor function is usually abrogated following mutations in its phosphatase domain, which is encoded by exon 5 [23] (Figure 1). These mutations typically include a C124S mutation that abrogates both lipid and protein phosphatase activity and a G129E mutation that abrogates lipid phosphatase but not protein phosphatase activity [24]. Although the N-terminal phosphatase domain is principally responsible for PTEN's physiological activity, approximately 40% of tumorigenic PTEN mutations occur in the C-terminal C2 domain (corresponding to exons 6, 7, and 8) and in the tail sequence (corresponding to exon 9), which encode for tyrosine kinase phosphorylation sites. This suggests that the C-terminal sequence is critical for maintaining PTEN function and protein stability [21, 23, 25, 26]. However, many tumor-derived PTEN mutants retain partial or complete catalytic function, suggesting that alterative mechanisms can lead to PTEN inactivation.

	Transcriptional regulation

	In addition to gene mutations, complete or partial loss of PTEN protein expression may impact PTEN's tumor suppression ability. The regulation of PTEN's functions and signaling pathway is shown in Figure 2. Positive regulators of PTEN gene expression include early growth response protein 1, peroxisome proliferator-activated receptor γ (PPARγ) and P53, which have been shown to directly bind to the PTEN promoter region [27–29]. Early growth response protein 1, which regulates PTEN expression during the initial steps of apoptosis, has been shown to directly upregulate the expression of PTEN in non–small cell lung cancer. PPARγ is a ligand-activated transcription factor with anti-inflammatory and anti-tumor effects. The activation of its selective ligand, rosiglitazone, leads to the binding of PPARγ at two PTEN promoter sites, PPAR response element 1 and PPAR response element 2, thus upregulating PTEN and inhibiting PI3K activity. Negative regulators of PTEN gene expression include mitogen-activated protein kinase kinase-4, transforming growth factor beta (TGF-β), nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-κB), IGF-1, the transcriptional cofactor c-Jun proto-oncogene, and the B-cell-specific Moloney murine leukemia virus insertion site 1 (BMI1) proto-oncogene, which have been shown to suppress PTEN expression in several cancer models [30–32]. Research found that IGF-1 could affect cell proliferation and invasion by suppressing PTEN's phosphorylation. In pancreatic cancers, TGF-β significantly suppresses PTEN protein levels concomitant with the activation of AKT through transcriptional reduction of PTEN mRNA–induced growth promotion. c-Jun negatively regulates the expression of PTEN by binding to the activator protein 1 site of the PTEN promoter, resulting in the concomitant activation of the AKT pathway. PTEN transcription is also directly repressed by the leukemia-associated factor ecotropic virus integration site 1 protein in the hematopoietic system [33].
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	Figure 2. Mechanisms of PTEN regulation. PTEN is regulated at different levels. (A) PTEN mRNA transcription is activated by early growth response protein 1, P53, MYC, PPARγ, C-repeat binding factor 1, and others, and inhibited by NF-κB, proto-oncogene c-Jun, TGF-β, and BMI-1. (B) PTEN mRNA is also post-transcriptionally regulated by PTEN-targeting miRNAs, including miR-21, miR-17-92, and others. (C) Active site phosphorylation, ubiquitination, oxidation, acetylation, and protein-protein interactions can also regulate PTEN activity. The phosphorylation leads to a “closed” state of PTEN and maintains PTEN stability. Dephosphorylation of the C-terminal tail opens the PTEN phosphatase domain, thereby activating PTEN.

	Intriguingly, recent studies reported a complex crosstalk between PTEN and other pathways. For example, RAS has been found to mediate the suppression of PTEN through a TGF-β dependent mechanism in pancreatic cancer [34], and the mitogen-associated protein kinase/extracellular signal-related kinase pathway has been found to suppress PTEN transcription through c-Jun [35]. Finally, the stress kinase pathways including mitogen-activated protein kinase kinase kinase 4 and JNK promote resistance to apoptosis by suppressing PTEN transcription via direct binding of NF-κB to the PTEN promoter [36]. These findings suggest that the pathways that are negatively regulated by PTEN can in turn regulate PTEN transcription, indicating a potential feedback loop. Studies have also shown that CpG islands hypermethylated in the PTEN promoter lead to the silencing of PTEN transcription in human cancer [37].

	Translational and post-translational regulation

	MicroRNAs (miRNAs) are a class of endogenous, 20- to 25-nucleotide single-stranded non-coding RNAs that repress mRNA translation by base-pairing with target mRNAs [38]. Various miRNAs are known to impact PTEN expression in both normal and pathological conditions. In multiple human cancers, PTEN expressions are downregulated by miRNAs, which are shown in Table 1.

	Table 1. MiRNAs which downregulate PTEN expression in human cancers

	
		
				miRNA

				Locus

				Expression status

				Tumor type

				Reference

		

		
				MiR-21

				17q23.1

				Upregulated

				Colorectal, bladder, and hepatocellular cancer

				[112–114]

		

		
				MiR-19a

				13q31.3

				Upregulated

				Lymphoma and CLL

				[87, 115]

		

		
				MiR-19b

				Xq26.2

				Upregulated

				Lymphoma

				[87]

		

		
				MiR-22

				17p13.3

				Upregulated

				Prostate cancer and CLL

				[116, 117]

		

		
				MiR-32

				9q31.3

				Upregulated

				Hepatocellular carcinoma

				[118]

		

		
				MiR-93

				7q22.1

				Upregulated

				Hepatocellular carcinoma

				[119]

		

		
				MiR-494

				14q32.31

				Upregulated

				Cervical cancer

				[120]

		

		
				MiR-130b

				22q11.21

				Upregulated

				Esophageal carcinoma

				[121]

		

		
				MiR-135b

				1q32.1

				Upregulated

				Colorectal cancer

				[122]

		

		
				MiR-214

				1q24.3

				Upregulated

				Ovarian cancer

				[123]

		

		
				MiR-26a

				3p22.2 (MIR26A1)
12q14.1(MIR26A2)

				Upregulated

				Prostate cancer

				[113]

		

		
				MiR-23b

				9q22.32

				Upregulated

				Prostate cancer

				[114]

		

		
				Abbreviations: CLL, chronic lymphocytic leukemia.

		

	

	Post-translational modifications, such as active site phosphorylation, ubiquitination, oxidation, and acetylation, can also regulate PTEN activity [39]. In its inactivated state, PTEN is phosphorylated on a cluster of serine and threonine residues located on its C-terminal tail, leading to a “closed” PTEN state in which PTEN protein stability is maintained. As PTEN is being activated, dephosphorylation of its C-terminal tail opens its phosphatase domain, thereby increasing PTEN activity (Figure 2). The phosphorylation of PTEN at specific residues of the C-terminal tail (Thr366, Ser370, Ser380, Thr382, Thr383, and Ser385) is associated with increased protein stability, whereas phosphorylation at other sites may decrease protein stability. Although S370 and S385 have been identified as the major sites for PTEN phosphorylation, mutations of these residues have minimal effects on PTEN function, whereas mutations of S380, T382, and T383 can destabilize PTEN and increase its phosphatase activity, thereby enhancing PTEN's interaction with binding partners [40]. The “open” state of PTEN is more susceptible to ubiquitin-mediated proteasome degradation [13]. One recently identified E3 ligase of PTEN is neural precursor cell-expressed, developmentally down-regulated 4, E3 ubiquitin protein ligase 1 (NEDD4-1), which mediates PTEN mono- and poly-ubiquitination [41] (Figure 3). In cancer, the inhibition of NEDD4-1, whose expression has been found to be inversely correlated with PTEN levels in bladder cancer, may upregulate PTEN levels [42]. Two major conserved sites for PTEN are K13 and K289, and ubiquitination of these sites is indispensable for the nuclear-cytoplasmic shuttling of PTEN (Figure 1).
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	Figure 3. PTEN's cytoplasmic and nuclear functions. In the cytoplasm, PI3K is activated downstream of receptors that include receptor tyrosine kinases, G protein–coupled receptors, cytokine receptors, and integrins. PI3K activation converts PIP2 to PIP3, thereby leading to AKT activation, which enhances cell growth, proliferation, and survival. PTEN dephosphorylates PIP3 and consequently suppresses the PI3K pathway. NEDD4-1 is an E3 ligase of PTEN that mediates PTEN ubiquitination. Polyubiquitination of PTEN leads to its degradation in the plasma, whereas monoubiquitination of PTEN increases its nuclear localization. PTEN can translocate into the nucleus through various mechanisms, including passive diffusion, Ran- or major vault protein–mediated import, and a monoubiquitination-driven mechanism. In the nucleus, PTEN promotes p300-mediated P53 acetylation in response to DNA damage to control cellular proliferation. Nuclear PTEN is also involved in maintaining genomic integrity by binding to centromere protein C (CENPC) and in DNA repair by upregulating RAD51 recombinase (RAD51).

	Protein-protein interactions

	PTEN contains a 3–amino acid C-terminal region that is able to bind to PDZ domain–containing proteins [43, 44]. PDZ domains are involved in the assembly of multi-protein complexes that may control the localization of PTEN and its interaction with other proteins. A number of PTEN-interacting proteins have been shown to regulate PTEN protein levels and activities. These interactions, which help recruit PTEN to the membrane, can be negatively modulated by the phosphorylation of PTEN on its C terminus [40, 45]. The phosphorylation of the C terminal end of PTEN has been attributed to the activities of casein kinase 2 and glycogen synthase kinase 3β [46, 47]. In addition, evidence suggests that the C2 domain of PTEN can be phosphorylated by RhoA-associated kinase, which may have important roles in the regulation of chemoattractant-induced PTEN localization [48] (Figure 2).

	Acetylation and oxidation also contribute to PTEN activity regulation. PTEN's interaction with nuclear histone acetyltransferase–associated p300/cAMP response element-binding protein (CREB)-binding protein (CBP)–associated factor can promote PTEN acetylation, and this acetylation negatively regulates the catalytic activity of PTEN [49]. Studies have shown that the PTEN protein becomes oxidized in response to the endogenous generation of the reactive oxygen species (ROS) stimulated by growth factors and insulin, and this oxidation correlates with a ROS-dependent activation of downstream AKT phosphorylation [50, 51]. Other studies have shown that the PIP3-dependent Rac exchange factor 2 and SHANK-associated RH domain interactor proteins bind directly to PTEN to inhibit its lipid phosphatase activity [52, 53]. High P53 expression triggers proteasome degradation of the PTEN protein [54]. In addition to antagonizing the AKT–mouse double minute 2 homolog pathway in a phosphatase-dependent manner, PTEN also can interact with P53 directly in a phosphatase-independent manner, thereby stabilizing P53 [55, 56].

	PTEN IN THE NUCLEUS

	Growing evidence suggests that the translocation of PTEN from the nucleus to the cytoplasm leads to malignancy. In the nucleus, PTEN has important tumor-suppressive functions, and the absence of nuclear PTEN is associated with aggressive disease in multiple cancers [57–59], implying that nuclear PTEN is a useful prognostic indicator. PTEN is predominantly localized to the nucleus in primary, differentiated, and resting cells, and nuclear PTEN is markedly reduced in rapidly cycling cancer cells [60, 61], which suggests that PTEN localization is related to cell differentiation status and cell cycle stage. High expression levels of nuclear PTEN have been associated with cell-cycle arrest at the G0/G1 phase, indicating a role of nuclear PTEN in cell growth inhibition [62]. PTEN's cytoplasmic and nuclear functions are shown in Figure 3.

	PTEN enters the nucleus via its calcium-dependent interaction with the major vault protein [63], through passive diffusion [64], and by a Ran-GTPase–dependent pathway [65]. Moreover, monoubiquitination mediates PTEN's nuclear import, whereas polyubiquitination leads to PTEN's degradation in the cytoplasm [66] (Figure 3). The nuclear exportation of PTEN via a chromosome region maintenance 1–dependent mechanism during the G1-S phase transition is directly regulated by S6K, a downstream effector of the PI3K signaling pathway [67] (Figure 3). Thus, PTEN is preferentially expressed in the cytoplasm of tumor cells in which PI3K signaling is frequently activated. Nuclear PTEN has an essential role in the maintenance of chromosomal stability. First, PTEN directly interacts with centromere protein C in a phosphatase-independent manner. Second, PTEN transcriptionally regulates DNA repair by upregulating RAD51 recombinase in a phosphatase-dependent manner [68] (Figure 3). The disruption of nuclear PTEN results in centromere breakage and massive chromosomal aberrations. Nuclear PTEN may also play an important part in transcription regulation by negatively modulating the transcriptional activity of the androgen receptor, hepatocyte growth factor receptor, NF-κB, CREB, and activator protein 1. Moreover, nuclear PTEN has been shown to promote p300/CREB-binding protein–mediated p53 acetylation in the response to DNA damage [69, 70].

	Most of the functions of nuclear PTEN are independent of its phosphatase activity and do not involve the PI3K/AKT pathway. Not only PTEN but also activated PI3K and functional PIP3 have been detected in the nucleus [71], indicating that nuclear PI3K signaling mediates PTEN's antiapoptotic effect through nuclear PIP3 and nuclear AKT. Nevertheless, only limited evidence suggests that nuclear PTEN has lipid phosphatase functions, as the nuclear pool of PIP3 is insensitive to PTEN [72].

	PTEN DEFICIENCY IN LYMPHOMA

	PTEN deficiency in T-cell acute lymphoblastic leukemia

	PI3K signaling are frequently activated in T-cell acute lymphoblastic leukemia (T-ALL), which mainly due to the absent of PTEN function. Studies have shown that PTEN inactivation plays a prominent role in human T-ALL cell lines and primary patients [73–76]. Moreover, PTEN mutations have been shown induced resistance to γ-secretase inhibitors, which derepress the constitutively activated NOTCH1 signaling in T-ALL [77]. However, the PTEN mutations detected in these studies vary widely. Gutierrez et al. reported that T-ALL patients had a PTEN mutation rate of 27% and a PTEN deletion rate of 9%, whereas Gedman et al. reported that 27 of 43 (63%) pediatric T-ALL specimens had PTEN mutations. In the latter study, the high frequency of PTEN mutations may have been due to the fact that approximately 50% of the specimens were patients with relapsed disease. Interestingly, all mutations were identified in the C2 domain of PTEN [75, 76], not in the phosphatase domain as has been reported for other solid tumors [78].

	PTEN deficiency in diffuse large B-cell lymphoma

	Published reports of PTEN gene alterations in lymphoid malignancies are summarized in Table 2. Studies have reported unexpectedly low frequencies of PTEN mutations in DLBCL patients, ranging from 3% to 22% [79–83]. Lenz et al. performed gene expression profiling in primary DLBCL and found that a recurrently altered minimal common region containing PTEN was lost in 11% GCB-DLBCL but not in other subtypes, suggesting that the alteration is exclusive to GCB-DLBCL [84]. More recently, Pfeifer and Lenz found that mutations involving both the phosphatase domain and C2 domain of PTEN were prominent in GCB-DLBCL cell lines. Interestingly, 7 of the 11 GCB-DLBCL cell lines had complete loss of PTEN function, whereas all ABC-DLBCL cell lines expressed PTEN, suggesting that PTEN mutation may be related to PTEN loss in GCB-DLBCL [85] (Table 2). In the GCB-DLBCL cell lines, PTEN loss was inversely correlated with the constitutive activation of the PI3K/AKT signaling pathway, whereas GCB-DLBCL cell lines with PTEN expression rarely had PI3K/AKT activation. In contrast, all ABC-DLBCL cell lines had PI3K/AKT activation regardless of PTEN status, which suggests that the activation of PI3K/AKT in GCB-DLBCL results from PTEN deficiency. Further, gene set enrichment analysis revealed that the MYC target gene set was significantly downregulated after PTEN induction. Also, inhibition of PI3K/AKT with either PTEN re-expression or PI3K inhibition significantly downregulated MYC expression, suggesting that PTEN loss leads to the upregulation of MYC through the constitutive activation of PI3K/AKT in DLBCL [85].

	Table 2. Reported PTEN gene alterations in lymphoid malignancies

	
		
				Alteration type

				Exon

				Domain

				Disease

				Frequency, %

				Notes

				Ref

		

		
				Cell lines

		

		
				 Del

				3-9

				PHOS, C2

				DLBCL

				28.6 (4/14)

				Del in 4 of 11 GCB-DLBCL

				[85]

		

		
				 Mut

				2-5

				PHOS, C2

				DLBCL

				35.7 (5/14)

				Mut in 4 of 11 GCB- and 1 of 3 ABC-DLBCL

				 

		

		
				 Del and Mut

				2-7

				PHOS, C2

				 

				22.2 (6/27)

				 

				[82]

		

		
				Biopsy tissue

		

		
				 Del

				 

				 

				DLBCL

				15.3 (4/26)

				Heterozygous Del in 3 of 18 GCB- and 1 of 8 ABC-DLBCL

				[85]

		

		
				 Del

				1

				PB

				NHL

				3.4 (1/29)

				 

				[81]

		

		
				 Mut

				5, 6

				PHOS, C2

				 

				6.9 (2/29)

				 

				 

		

		
				 Del and Mut

				1, 8

				PHOS, C2

				NHL

				4.6 (3/65)

				 

				[82]

		

		
				 Mut

				8

				C2

				DLBCL

				5 (2/39)

				 

				[79]

		

		
				 Del

				 

				 

				GCB-DLBCL

				13.9 (10/72)

				Homozygous Del in 2, heterozygous Del in 8

				[84]

		

		
				 Mut

				1, 2, 7

				PB, PHOS, C2

				NHL

				10 (4/40)

				 

				[109]

		

		
				 Mut

				7

				C2

				T-ALL

				8 (9/111)

				 

				[74]

		

		
				 Del

				NA

				 

				T-ALL

				8.7 (4/46)

				Homozygous Del in 2, heterozygous Del in 2

				[76]

		

		
				 Mut

				7

				C2

				 

				27.3 (12/44)

				 

				 

		

		
				 Del and Mut

				 

				 

				T-ALL

				62.7 (27/43)

				Homozygous Del in 8

				[75]

		

		
				Abbreviations: Del, deletion; PHOS, phosphatase; DLBCL, diffuse large B-cell lymphoma; GCB, germinal B-cell–like; Mut, mutation; ABC, activated B-cell–like; NHL, non-Hodgkin lymphoma; T-ALL, T-cell acute lymphoblastic leukemia; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; PB, phosphatidylinositol (4,5)-bisphosphate–binding; NA, not applicable.

		

	

	Although several studies have identified discrepancies in PTEN deficiency between DLBCL subtypes, few studies have investigated PTEN localization in different subcellular compartments, not to mention the prognostic value such information would have in de novo cases. Fridberg et al. found a trend towards a stronger staining intensity of cytoplasmic and nuclear PTEN in 28 non–GCB-DLBCL patients [59], most importantly, they found that the absence of nuclear PTEN expression was correlated with worse survival. This interesting evidence should be corroborated in a larger number of primary samples in further studies.

	PTEN deficiency in other lymphomas

	Previous studies of mantle cell lymphoma (MCL) showed that although the disease had no detectable genetic alterations of PTEN, it did have extremely low protein expression of PTEN. To determine whether the PI3K/AKT signaling pathway is involved in the pathogenesis of MCL, Rudelius et al. investigated pAKT and PTEN expression in primary MCL specimens and cell lines. Of the 31 MCL specimens, 6 had markedly decreased PTEN expression; of the 4 MCL cell lines, 3 had complete loss of PTEN expression [86]. The authors found no phosphatidyl inositol 3-kinase catalytic subunit (PIK3CA) mutations in the primary specimens or cell lines, suggesting that loss of PTEN activates the PI3K/AKT pathway in MCL.

	Loss of PTEN protein expression has also been reported in 32% of patients with primary cutaneous DLBCL–leg type and 27% of patients with primary cutaneous follicle center lymphomas. Remarkably, both the expression of miR-106a and that of miR-20a were significantly related to PTEN protein loss (P<0.01). Moreover, low PTEN mRNA levels were significantly associated with shorter disease-free survival [87].

	PTEN AND SPECIFIC PI3K ISOFORMS

	PI3K comprises a regulatory p85 subunit and a catalytic p110 subunit. Of particular interest, Class IA PI3Ks include three p110 isoforms (p110α, p110β, and p110δ), are primarily responsible for phosphorylating PIP2. PIK3CA, the gene encoding the p110α isoform is frequently mutated in various human cancers [88]. In one study, 59% of cases with mutant PIK3CA had increased p-AKT levels. Therefore, the constitutive activation of PI3K is another way by which the PTEN pathway can be disturbed in cancer. In their study of 215 DLBCL patients, Abubaker et al. reported that 8% had PIK3CA mutations and 37% had loss of PTEN. Both PIK3CA mutation and loss of PTEN were correlated with poor survival. However, correlation analysis revealed that most of the PIK3CA mutations occurred in cases with PTEN expression (P=0.0146). Accordingly, 17 cases with PIK3CA mutations were screened for PTEN mutations, and none harbored both PIK3CA and PTEN mutations [89]. This suggests that PIK3CA mutation likely functions as an oncogene in DLBCL by contributing to PI3K pathway activation independently of PTEN deficiency.

	Both p110α and p110β may generate distinct pools of PIP3. In response to stimuli, p110α produces an acute flux of PIP3, which is efficiently coupled to AKT phosphorylation. In contrast, p110β has been proposed to generate a basal level of PIP3 with little effect on AKT phosphorylation [90]. Moreover, cells with AKT phosphorylation induced by PTEN loss were sensitive to a p110β-specific inhibitor but not a p110α inhibitor both in vitro and in vivo [91, 92], which suggests that the enhancement of basal PIP3 drive oncogenesis in the absence of PTEN. Another study indicated that PTEN-mutant endometrioid endometrial carcinoma cells may not be sufficiently sensitive to the inhibition of p110β alone and that combined targeted agents may be required for effective treatment [93]. This finding may have been due to the fact that mutations of PTEN and PIK3CA frequently coexist in endometrioid endometrial carcinoma. In contrast, cells with wild-type PTEN seem to engage the p110α or p110δ isoforms. Accordingly, clinical trials of isoform-specific inhibitors are warranted.

	ENGAGEMENT OF THE PI3K PATHWAY IN B-CELL RECEPTOR SIGNALING

	The survival of the majority of B-cell malignancies depends on functional B-cell receptor (BCR) signaling. The successful use of a Bruton tyrosine kinase (BTK) inhibitor to target the BCR pathway in DLBCL has yielded profound discoveries regarding the genetic and biochemical basis of BCR signaling. During BCR signaling, the SRC family kinase LYN phosphorylates the transmembrane protein cluster of differentiation 19, which recruits PI3K to the BCR. The transduction of BCR signaling finally results in the activation of the NF-κB, PI3K, mitogen-associated protein kinase, and nuclear factor of activated T cells pathways, which promote the proliferation and survival of normal and malignant B cells.

	BCR signaling is directly affected by frequent mutations in CD79A (immunoglobulin α) and CD79B (immunoglobulin β)-mainly CD79B-which occur in approximately 20% of patients with ABC-DLBCL [94]. Tumor cells harboring CD79B mutations have longer and stronger activation of AKT signaling. Moreover, ABC-DLBCL cell lines with mutated CD79B are more sensitive to PI3K inhibition than those with wild-type CD79B are. Thus, CD79B mutations might be responsible for preventing the negative regulation that interferes with PI3K-dependent pro-survival BCR signaling [95].

	Previous studies have demonstrated that the transgenic expression of the constitutively active form of the PI3K catalytic subunit or PTEN knockout can rescue mature B cells from conditional BCR ablation. Moreover, BCR signaling is required for PI3K pathway engagement in both GCB-DLBCL and ABC-DLBCL. Specifically, PI3K engages BCR signaling by indirectly contributing to NF-κB activity in ABC-DLBCL, whereas in GCB-DLBCL, PI3K pathway activation but not NF-κB activity is required for survival. Briefly, the “chronic” BCR signaling in ABC-DLBCL is characterized by the many pathways involved with the CARD11-mediated activation of NF-κB signaling, whereas the “tonic” BCR signaling in GCB-DLBCL is characterized by the constitutive activation of PI3K in promoting survival [96, 97].

	Given these findings, the combination of PI3K pathway inhibitors with BCR pathway inhibitors may enhance the treatment response of PTEN-deficient tumors.

	THERAPIES TARGETING FUNCTIONAL LOSS OF PTEN IN LYMPHOMA

	PI3K/AKT/mTOR pathway inhibitors

	Owing to PI3K's critical roles in human cancers, PI3K targeting is one of the most promising areas of anticancer therapy development. Since the absent of PTEN is concomitant with PI3K signaling activation, inhibitors that targeting this pathway might play a significant role in the treatment of PTEN-deficient tumors. Growing evidence indicates that multiple solid tumor cell lines and several lymphoid malignancy cell lines with PTEN-deficient are hypersensitive to PI3K inhibitors, which are summarized in Tables 3 and Figure 4.

	Table 3. Preclinical studies of targeted therapeutics in PTEN-deficient tumors

	
		
				Inhibitor type

				Drug

				Study notes

				Ref

		

		
				Class I-PI3K

		

		
				 Pan

				Buparlisib
(BKM120)

				The drug elicited response in some PTEN-deficient tumors and induced cell death in DLBCL cell lines.

				[124]

		

		
				 Pan

				SAR245408
(XL147)

				The drug significantly inhibited tumor growth in a PTEN-deficient prostate cancer model.

				[109]

		

		
				 p110α

				BYL719

				The drug had antitumor activity in cell lines harboring PIK3CA mutations but not in PTEN-deficient solid tumors

				[110]

		

		
				 p110β

				AZD6482
(KIN-193)

				The drug substantially inhibited tumor growth in PTEN-deficient cancer models.

				[98]

		

		
				 p110β

				GSK2636771

				PTEN-mutant EEC cell lines were resistant to the drug; the drug decreased cell viability only when combined with a p110α selective inhibitor.

				[93]

		

		
				 p110β/δ

				AZD8186

				The drug inhibited the growth of PTEN-deficient prostate tumors.

				[102]

		

		
				 p110α/β

				CH5132799

				The drug inhibited the growth of some PTEN-deficient tumors in vitro.

				[103]

		

		
				 p110γ/δ

				IPI-145

				The drug significantly inhibited the Loucy cell lines in T-ALL.

				[100]

		

		
				PI3K/mTOR

				SF1126

				The drug significantly reduced the viability of PTEN-deficient but not PTEN-positive GCB-DLBCL cells.

				[104]

		

		
				PI3K/HDAC

				CUDC-907

				The drug inhibited growth in multiple cell lines; cell lines with PIK3CA or PTEN-mutation induced loss of PTEN were markedly sensitive to the drug.

				[105]

		

		
				AKT

				MK-2206

				The drug had antitumor activity in breast cancer cell lines with PTEN or PIK3CA mutations.

				[106]

		

		
				mTORC1

				Everolimus
(RAD001)

				PTEN-deficient prostate cancer had greater sensitivity to the drug;
glioblastoma cell lines were resistant to the drug.

				[107]

		

		
				 

				Temsirolimus
(CCI-779)

				Multiple PTEN-deficient cell lines were remarkably sensitive to the drug.

				[108]

		

		
				Abbreviations: DLBCL, diffuse large B-cell lymphoma; EEC, endometrioid endometrial carcinoma; MCL, mantle cell lymphoma; GCB, germinal B-cell–like.
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	Figure 4. Actions of therapeutics targeting PTEN deficiency in lymphoid malignancies. PTEN deficiency is associated with increased sensitivity to PI3K, AKT, and mTOR inhibitors. In addition, because PI3K is involved in BCR signaling activation, BCR pathway inhibitors may also be effective in PTEN-deficient lymphoid malignancies. SRC family kinase inhibitors include dasatinib (which can also inhibit BTK), saracatinib, bosutinib, SU6656, CGP76030, and KX-01. BTK inhibitors include ibrutinib and AVL-292. Sotrastaurin is a PKCβ inhibitor; A20, a MALT1 paracaspase inhibitor; and MLN120B, an IKKβ inhibitor. SYK inhibitors include fostamatinib and PRT062607. Idelalisib is a PI3Kδ-specific inhibitor. MK-2206 is an AKT inhibitor. mTOR inhibitors include everolimus and temsirolimus.

	In addition to PI3K pan-inhibition, several isoform-selective PI3K inhibitors have been shown to repress the viability of PTEN-deficient tumors. Notably, the p110β-specific PI3K inhibitor AZD6482 (KIN-193) displayed remarkable antitumor activity in PTEN-null tumors but failed to block the growth of PTEN–wild-type tumors in mouse models [98]. However, another separate study showed that endometrioid endometrial cancer with PTEN mutation were resistant to p110β-selective inhibition, cell lines' viability was decreased only when p110β-selective inhibition was combined with p110α-selective inhibition. Recent findings have highlighted that there is a complex interplay between the Class I PI3K isoforms, inhibition of either α or β single isoform might be compensated by reactivation of another isoform at last [99]. Furthermore, it has been proposed that the dual γ/δ inhibitor CAL-130, specifically targeting p110γ and p110δ isoforms in PTEN deleted T-ALL cell lines [100]. By contrast, Lonetti et al. recently indicated that PI3K pan-inhibition developed the highest cytotoxic effects when compared with both selective isoform inhibition and dual p110γ/δ inhibition, in T-ALL cell lines with or without PTEN deletion [101]. Nevertheless, which class of agents among isoform-specific or pan-inhibitors can achieve better efficacy is still controversial. Other target treatments including AKT, mTOR, dual PI3K/AKT and dual PI3K/mTOR inhibitors also show promising antitumor activity in cell line studies, and some of them have been testing under clinical trials [102–111] (Table 3, 4).

	Table 4. Preclinical studies of targeted therapeutics in PTEN-deficient tumors

	
		
				Inhibitor type

				Drug

				Patient population

				Phase

				Identifier

		

		
				PI3K

				GSK2636771

				Patients with advanced solid tumors with PTEN deficiency

				1/2a

				NCT01458067

		

		
				 

				BKM120

				Patients with recurrent glioblastoma with PTEN mutations or homozygous deletion of PTEN or with PTEN-negative disease

				1b/2

				NCT01870726

		

		
				 

				BKM120

				Patients with advanced, metastatic, or recurrent endometrial cancers with PIK3CA gene mutation, PTEN gene mutation, or null/low PTEN protein expression

				2

				NCT01550380

		

		
				 

				AZD8186

				Patients with advanced CRPC, sqNSCLC, TNBC, or known PTEN-deficient advanced solid malignancies

				1

				NCT01884285

		

		
				PI3K/mTOR

				BEZ235

				Patients with advanced TCC; group 1 includes patients with no PI3K pathway activation, no loss of PTEN, and no activating PIK3CA mutation; group 2 includes patients with PI3K pathway activation as defined by PIK3CA mutation and/or PTEN loss

				2

				NCT01856101

		

		
				 

				BEZ235

				Patients with relapsed lymphoma or multiple myeloma

				1

				NCT01742988

		

		
				AKT

				MK-2206

				Patients with previously treated metastatic colorectal cancer enriched for PTEN loss and PIK3CA mutation

				2

				NCT01802320

		

		
				 

				MK-2206

				Patients with advanced breast cancer with a PIK3CA mutation, AKT mutation, and/or PTEN loss or mutation

				2

				NCT01277757

		

		
				 

				Pazopanib + everolimus

				Patients with PI3KCA mutations or PTEN loss and advanced solid tumors refractory to standard therapy

				1

				NCT01430572

		

		
				 

				Trastuzumab +RAD001

				Patients with HER-2–overexpressing, PTEN-deficient metastatic breast cancer progressing on trastuzumab-based therapy

				1/2

				NCT00317720

		

		
				 

				GDC-0068/ GDC-0980 +abiraterone

				Patients previously treated prostate cancer with PTEN loss (currently in phase II)

				1b/2

				NCT01485861

		

		
				 

				Rapamycin (Temsirolimus)

				Patients with advanced cancer and PI3K mutation and/or PTEN loss

				1/2

				NCT00877773

		

		
				 

				Ipatasertib (GDC-0068) + paclitaxel

				Patients with PTEN-low metastatic TNBC

				2

				NCT02162719

		

		
				Abbreviations: CRPC, castrate-resistant prostate cancer; sqNSCLC, squamous non-small cell lung cancer; TNBC, triplenegative breast cancer; TCC, transitional cell carcinoma; HER-2, human epidermal growth factor receptor 2.

		

	

	Conclusion

	In summary, recent studies have identified PTEN as a tumor suppressor gene in various human cancers. It is clear that PTEN is far more than a cytosolic protein that acts as a lipid phosphatase to maintain PIP3 levels. Therefore, we must reconsider the distinct roles PTEN have in specific subcellular compartments, identify the mechanisms underlying PTEN's shuttling between different compartments, and investigate the significance of these mechanisms in predicting disease outcome. Future studies will further elucidate the mechanistic basis of PTEN deficiency in lymphoid malignancies, thereby aiding in the clinical management of lymphoid malignancies with PTEN loss or alteration.
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	Key points:

	PTEN deficiency is related to poor clinical outcomes in patients with a variety of tumors Nuclear and cytoplasmic PTEN has distinct functions in tumor suppression
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	In the recent paper of Popovich et al. published in Cancer Biology and Therapy [1], positive effects of low doses of rapamycin on survival of caner-prone HER- 2/neu mice have been reported. Inhibitors of the mTOR signaling pathway are already widely employed for anticancer therapy in humans. At the same time, over several last years a substantial body of evidence suggesting an anti-aging effect of at least one mTOR inhibitor, rapamycin, was accumulated. For example, rapamycin delayed death without changing the distribution of presumptive causes of death in genetically heterogeneous mice [2] and extended lifespan of cancer-prone mice, such as transgenic HER- 2/neu mice [3]. Thus, a question was raised whether lifespan extension by rapamycin is a consequence of the anti-cancer effect of rapamycin (such as suppression of tumor initiation or slowing down tumor progression) or a direct result of its anti-aging properties (or both). Several studies supported effectiveness of rapamycin in delaying of aging independently from its anti-cancer activities. For example, Wilkinson et al. [4] demonstrated that rapamycin treatment significantly decreased numerous manifestations of aging and alleviated age-dependent decline in spontaneous activity in 20-22 month genetically heterogeneous mice (the age when the majority of mice survived). In the study of Anisimov et. al. [5] conducted with inbred female mice, rapamycin treatment extended lifespan, inhibited age- related weight gain, and increased the percentage of mice having regular estrous cycle at 18 months. However, the question whether lifespan extension was in part a result of suppression of cancer was not answered in these studies. A recent work from our laboratory, conducted on Bmal1-/- mice suffering from premature aging, provides an example of lifespan extension induced by rapamycin which is not due to inhibition of neoplastic diseases [6]. Strikingly, these mice, in spite of having many prominent aging phenotypes, virtually never develop cancer, and die from systemic failure due to progressive degeneration of nervous and cardiovascular and muscle systems. We found that rapamycin treatment extended lifespan of Bmal1-/- mice from 8 to 12 months. Activity of mTORC1 in tissues of Bmal1-/- was highly elevated, thus, treatment with rapamycin extended their lifespan mostly likely through suppression of mTOR signaling.

	Therefore, this study helps to further separate the life- extending effect of rapamycin from its cancer- preventing properties. Taken together, these findings indicate that rapamycin can be considered as a good candidate for a preventive anti-aging medicine.

	Using a substance as a preventive medicine immediately raises questions about its overall safety and potential side effects; these questions are even more principle here compared with the situation of disease treatment. For example, in cancer treatment the drugs are used under conditions when the disease has already been developed and is deadly dangerous. Therefore, administration of high doses of drugs (even in spite of particular side effects) is justified; additionally, drugs are often administered during relatively short periods of time. On the contrary, prevention suggests chronic exposure to a medicine before the actual disease is developed, which may not happen whatsoever even without taking the preventive medication (considered as a disease, aging is an apparent exception). Thus, an ideal chemopreventive medicine should not have any side effects. Rapamycin, like any other existing medicine, does have side effects. In addition to well- known side effects of high doses of rapamycin in humans [7], life-long chronic exposure to rapamycin, while preventing most age-related diseases and extending healthspan, was shown to increase incidence of cataracts and some other alterations in mice [4]. This type of known and potential side effects makes consideration of rapamycin as a chemopreventor much less attractive for a healthy individual. Several groups noticed another side effect, a general decrease in animal robustness, when treatment with rapamycin was started in very young mice [1, 8]; this underscores the importance of mTOR pathway activity during development and points out to the significance of another variable, the onset of treatment, in diminishing of side effects. Therefore, the question about safe dosage, timing and mechanisms of delivery of rapamycin is extremely important.

	Popovich and colleagues reported the lifespan extension activity of low doses of rapamycin administered in the intermittent manner (with two-week breaks between two-week-long bi-daily treatments) in a mouse model of breast cancer. In this model, mammary carcinoma develops in female mice overexpressing oncogene

	HER2; cancer advances very fast with average lifespan of about 9 months. Different regimes of treatment with low doses of rapamycin allowed increasing lifespan with or without significant cancer prevention (correlating with the age the treatment started). The present study is an extension of the previous work by this team of collaborators on anticancer/longevity effects of rapamycin given in doses corresponding to the therapeutic oral dose in humans in the same mouse model [3]. There, rapamycin reduced cancer incidents, suppressed development of tumors, and extended lifespan by almost two fold. The positive effect of low doses of rapamycin on longevity in the follow-up study supports previous observations. The most important advantage of the new study derives from the significant reduction of the dose used. The above-discussed side effects are generally a matter of dose: indeed, at particular doses any substance, even water, turns out to be toxic; thus, the ability of rapamycin to work at low doses makes it substantially more attractive as a candidate for a preventive medicine.

	In conclusion, we would like to accentuate that indeed anti-cancer and anti-aging activities of rapamycin can be separated. In the case of HER2-overexpressing mice, whether rapamycin works through the delay of aging or other mechanisms are involved still has to be found. At the same time, it also supports the strategy to use rapamycin in combination with other anticancer drugs. Indeed, even if rapamycin on its own would not affect tumor, it still might improve survival and therapeutic outcome. It is worth testing at least in other animal models.
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	During the last decade it was established that conservative growth hormone/ insulin-like growth factor-1 (IGF-1) and target of rapamycin (TOR) signaling pathways plays a key role in the control of aging and age-associated pathology in yeast, worms, insects and mammals [1-3]. mTORC1 (mammalian target of rapamycin complex 1) is activated by insulin and related growth factors through phosphatidylinositol- 3-OH kinase and AKT kinase signaling and repressed by AMP-activated protein kinase, a key sensor of cellular energy status [1]. mTORC1 involved into promotion messenger RNA translation and protein synthesis through ribosomal protein S6 kinases (S6Ks) and 4E-BP protein. mTORC1 also stimulates lipid biosynthesis, inhibits autophagy, and through hypoxic response transcription factor HIF-1α regulates mitochondrial function and glucose metabolism. The lifespan of S6K1 deficient female mice increased by 19% without effect on tumor development [see 1]. These data suggest that S6K1 plays a relevant role in lifespan regulation downstream of TORC1. Lamming et al. [4] have shown that decreased mTORC1 signaling is sufficient for lifespan prolongation independently from changes in glucose homeostasis. Rapamycin suppresses mTORC1 and indirectly mTORC2 that leads to metabolic lesions like glucose intolerance and abnormal lipid profile [1]. Treatment with rapamycin or its more soluble form rapatar increased the mean lifespan in various strain of mice [1-3,5-7]. It is worthy to note that the regulation of growth hormone and IGF-1, oxidative stress, DNA damage, and metabolic pathways by calorie

	restriction could simultaneously leads to its anti- aging and anti-tumor activities as well as to reduction of the number of senescent cells in some tissues [1,3].

	It was shown that the treated with antidiabetic biguanide metformin diabetes type 2 patients have from 25% to 40% less cancer than those who receive insulin as therapy or treated with sulfonylurea drugs that increase insulin secretion from the pancreas [1-3]. It was shown that biguanides like inhibitor of mTOR rapamycin prolong the lifespan of animals from yeast to mammals [2,3]. It means that the targets as well as signaling pathways and regulatory signals are also similar. Moreover, there is also the sufficient similarity in patterns of changes observed during normal aging and

	the process of carcinonogenesis. There is a mounting

	evidence for the similarity between the aging and

	carcinogenesis in response patterns of these two

	signaling pathways to pharmacological intervention.
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	Figure 1. Relationship between aging and carcino‐ genesis: the key role of insulin/IGF‐1‐like signaling (IIS) and mTOR signaling. DNA damage induced by environmental and endogenous factors (ROS, chemicals, ionizing radiation, ultra‐violet, constant illumination, oncogenes, some diets, etc.) may leads to cellular senescence or cellular lesions which could be deleted by apoptosis or autophagy. The same agents can induce damages which followed by neoplastic transformation thus leading to cancer. Metformin, rapamycin, and some other compounds with mTOR‐ and IIS‐inhibitory potential (resveratrol, melatonin) are able to modify both the aging and carcinogenesis. DNA damage response signaling seems to be the key mechanism of establishment and maintenance of the senescence programme as well as of the carcinogenesis [1-3]. The available data on cellular senescence in vitro and on accumulation in cells in vivo of various premalignant lesions provide evidence suggesting that senescence is effective natural cancer-suppressing mechanism [1,2]. At the same time, adequate clinical application of therapy-induced ‘accelerated senescence’ for prevention or recurrence of human cancers is still not enough understood. The mechanisms underlying the bypass of senescence response in the progression of tumors should to be discovered. Recent studies reveal a negative side of cellular senescence, which is associated with the secreted inflammatory factors, and may alter the microenvironment in the favor of cancer progression designated as syndrome of cancerophilia or senescence- associated secretory phenotype (SASP) [1-3]. Thus, cellular senescence suppresses the initiation stage of carcinogenesis but is the promoter for intitated cells. We believe that the similarity of two fundamental processes – aging and carcinogenesis, – is a basis for understanding the two-side effects of biguanides and rapamycin on its (Figure 1). Recent finding provide the evidence of inhibitory effect of metformin and rapamycin on the SASP interfering with IKK-β/NF-κB [1] – an important step in hypothalamic programming of systemic aging [8]. It is remains to be shown whether antidiabetic biguanides and rapamycin can extend lifespan in humans.
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	Abstract

	FBXW7 acts as a tumor suppressor in numerous types of human cancers through ubiquitination of different oncoproteins including mTOR. However, how the mutation/loss of Fbxw7 results in tumor development remains largely unknown. Here we report that downregulation of mTOR by radiation is Fbxw7-dependent, and short-term mTOR inhibition by rapamycin after exposure to radiation significantly postpones tumor development in Fbxw7/p53 double heterozygous (Fbxw7+/−p53+/−) mice but not in p53 single heterozygous (p53+/−) mice. Tumor latency of rapamycin treated Fbxw7+/−p53+/− mice is remarkably similar to those of p53+/− mice while placebo treated Fbxw7+/−p53+/− mice develop tumor significantly earlier than placebo treated p53+/− mice. Furthermore, we surprisingly find that, although temporal treatment of rapamycin is given at a young age, the inhibition of mTOR activity sustainably remains in tumors. These results indicate that inhibition of mTOR signaling pathway suppresses the contribution of Fbxw7 loss toward tumor development.

	Introduction

	FBXW7 is one of the most important human tumor suppressor genes, which undergoes deletion and/or mutation in cancers from a wide spectrum of human tissues, such as breast, colon, endometrium, stomach, lung, ovary, pancreas, and prostate [1, 2]. The overall frequency of point mutation of FBXW7 in human cancers is about 6% [3]. The FBXW7 gene is essential for the ubiquitination of different oncoproteins, including c-Myc [4, 5], c-Jun [6], cyclin E [7, 8], Notch [9, 10], Klf5 [11, 12], Mcl-1 [13, 14], and Aurora-A [15, 16]. Haploinsufficient loss of Fbxw7 is observed in most lymphomas in the mouse model, even those arising from Fbxw7/p53 double heterozygous mice [17]. Similar observations of heterozygous mutations were subsequently made in human tumors [18]. These findings suggest that loss of only one copy of the gene can generate a substantial biological impact.

	The mammalian target of rapamycin, mTOR, is a central component of several complex signaling networks that regulate cell growth, metabolism and proliferation. mTOR signaling is frequently dysregulated in a number of human diseases including cancer, cardiovascular disease and ageing, and thus has become an attractive target for therapeutic intervention. We and others have recently shown that mTOR is a target of FBXW7 [19-21]. In this study, we investigated whether inhibition of mTOR signaling pathway by rapamycin was able to prevent the tumor development resulted from loss of Fbxw7 in mice.

	Results

	Fbxw7-dependent inhibition of mTOR by radiation

	Our previous study has shown that Fbxw7 can be transcriptionally activated by p53 upon DNA damage [17]. Thus we first sought to investigate the changes in mTOR signaling pathway after exposure to radiation. Western blot analysis showed that, at different time points post radiation, there is a decrease in the phosphorylation levels of mTOR (p-mTOR) in HCT116 FBXW7+/+ cells while there is no change in HCT116 FBXW7−/− cells, which is confirmed by downstream the phosphorylation levels of s6 Ribosomal Protein (p-s6rp) (Fig. 1A). We also observed a significant increase in mTOR and p-mTOR level in HCT116 FBXW7−/− cells compared to HCT116 FBXW7+/+ cells, consistent with our previous report [19]. These observations were further examined using Fbxw7 wild-type (Fbxw7+/+) and heterozygous (Fbxw7+/−) mice (Fig. 1B). Loss of one copy of Fbxw7 sufficiently blocked the radiation-induced decrease in level of total mTOR and p-mTOR (Fig. 1B). All these results clearly indicate that inhibition of mTOR and its signaling by radiation is FBXW7-dependent.

	[image: Radiation inhibits mTOR and its signaling in a FBXW7-depentend manner. mTOR and its signaling was assessed by Western blot assays with antibodies to p-mTOR (Ser2448), mTOR, p-S6rp (Ser240 and Ser244), S6rp, and β-Actin. (A) Detection of mTOR and its downstream signaling in HCT116 wild type and FBXW7−/− cells at different time points after single dose of 4Gy X-ray radiation. (B) Detection of mTOR and its downstream signaling in thymuses from wild type and FBXW7+/− mice that were collected at different time points after single dose of 4Gy X-ray radiation.]

	Figure 1. Radiation inhibits mTOR and its signaling in a FBXW7-depentend manner. mTOR and its signaling was assessed by Western blot assays with antibodies to p-mTOR (Ser2448), mTOR, p-S6rp (Ser240 and Ser244), S6rp, and β-Actin. (A) Detection of mTOR and its downstream signaling in HCT116 wild type and FBXW7−/− cells at different time points after single dose of 4Gy X-ray radiation. (B) Detection of mTOR and its downstream signaling in thymuses from wild type and FBXW7+/− mice that were collected at different time points after single dose of 4Gy X-ray radiation.

	Temporal rapamycin treatment delays tumorigenesis in Fbxw7/p53 double heterozygous (Fbxw7+/−p53+/−) mice, not in p53 single heterozygous (p53+/−) mice

	Next, we investigated whether temporal mTOR inhibition by rapamycin can prevent mice from Fbxw7 loss-induced tumor development. We decided upon administration using 10-week continuous release pellets embedded with rapamycin (at dose of 4mg/kg body weight/day) to standardize rapamycin treatment. First we examined blood levels of rapamycin in the treated mice with this pellet at different time points using liquid chromatography-tandem mass spectrometry (details see Materials and Methods). We observed that in rapamycin-treated mice the average rapamycin level was about 20ng/ml and could not be detected at 15 weeks after pellet implantation, whereas in placebo-treated mice rapamycin concentration was always below the detection level (Supplementary Fig. S1). Next we assessed the biochemical effects of rapamycin by measuring the levels of p-s6rp in spleen. Western blotting analysis showed that the levels of total s6rp were similar between placebo and rapamycin treated groups (Fig. 2A). In contrast, we found that rapamycin reduced the levels of p-s6rp (Fig. 2A), suggesting that the kinase activity of mTOR was inhibited in the rapamycin-treated mice in comparison to the placebo-treated mice.

	[image: Effect of rapamycin on mTOR signaling and radiation-induced tumor development. (A) Western blotting and quantitative analysis of the blots shows decreased p-s6rp (Ser240 and Ser244) level in spleen when mice treated with rapamycin. No change was found in total s6rp. Mean values (± standard deviation) were presented. The p-values were obtained by t-test. (B) Radiation-induced tumorigenesis in Fbxw7+/−p53+/− or p53+/− mice with 10-week treatment of rapamycin or placebo that was given at 1 week post a single dose of 4Gy X-ray radiation. Top panel: Kaplan-Meier curves of tumor latency. Bottom panel: The p-values were obtained from long rank test by Kaplan-Meier analysis.]

	Figure 2. Effect of rapamycin on mTOR signaling and radiation-induced tumor development. (A) Western blotting and quantitative analysis of the blots shows decreased p-s6rp (Ser240 and Ser244) level in spleen when mice treated with rapamycin. No change was found in total s6rp. Mean values (± standard deviation) were presented. The p-values were obtained by t-test. (B) Radiation-induced tumorigenesis in Fbxw7+/−p53+/− or p53+/− mice with 10-week treatment of rapamycin or placebo that was given at 1 week post a single dose of 4Gy X-ray radiation. Top panel: Kaplan-Meier curves of tumor latency. Bottom panel: The p-values were obtained from long rank test by Kaplan-Meier analysis.

	In order to investigate whether rapamycin can prevent mice from Fbxw7 loss-induced tumor development, 60 Fbxw7+/−p53+/− mice were treated with a single dose of 4Gy whole body X-Ray irradiation at about 5-week old and were randomly divided into two groups (Supplementary Table S1). One week after irradiation, one group was treated with the 10-week continuous release rapamycin pellets and the other group was treated with placebo pellets (details see Materials and Methods). As a control, 57 p53+/− mice were treated using the same protocol (Supplementary Table S1). We found that, in Fbxw7+/−p53+/− mice, temporal rapamycin treatment significantly delayed the tumor development (p=0.03) (Fig. 2B). In contrast, such temporal rapamycin treatment is ineffective in p53+/− mice (p=0.43), although showing a trend toward delay in tumor development in late life (Fig. 2B). Consistent with our previous finding [17], placebo-treated Fbxw7+/−p53+/− mice developed tumors much earlier than p53+/− mice (p=0.014) (Figure 2b). Strikingly, rapamycin-treated Fbxw7+/−p53+/− mice were equivalent to p53+/− mice in radiation sensitivity (Fig. 2B). Furthermore, the tumor spectra between placebo- and rapamycin-treated mice are similar (Supplementary Fig. S2). These results suggested that temporal rapamycin treatment fully blocked the contribution of Fbxw7 loss to radiation-induced tumor development.

	Sustained inactivation of mTOR signaling pathway in tumors from mice with temporal rapamycin treatment

	Next we investigated the effects of temporal rapamycin treatment on mTOR signaling in the tumor tissues by Western blotting. Although there was no difference in the levels of total s6rp among different genotype and treatment groups (p=0.13) (Fig. 3), one consistent observation was that tumors from rapamycin treated Fbxw7+/−p53+/− mice retained the significantly lower average levels of p-s6rp in comparison to those from placebo treated Fbxw7+/−p53+/− mice (p<0.001) (Fig. 3A and B). There are slightly lower average levels of p-s6rp in tumors from rapamycin treated p53+/− mice than in those from placebo treated p53+/− mice, but not significant difference (p=0.12) (Fig. 3B). Interestingly, tumors from rapamycin treated Fbxw7+/−p53+/− mice showed a similar range of p-s6rp levels as those from rapamycin treated p53+/− mice while tumors from placebo treated Fbxw7+/−p53+/− mice showed significantly higher p-s6rp levels than these from placebo treated p53+/− mice (p<0.001) (Fig. 3B), suggesting mTOR activity is elevated when loss of one copy of Fbxw7, and this elevation is inhibited by mTOR inhibitor, rapamycin. Presumably such inhibition by rapamycin subsequently suppresses the contribution of Fbxw7 loss to tumor development.

	[image: Inhibition of mTOR signaling sustains in tumors from rapamycin treated mice. (A) Detection of mTOR upstream and downstream signaling in the tumors from Fbxw7+/−p53+/− and p53+/− mice treated with rapamycin or placebo by Western blot assays with antibodies to p-AKT (Ser473), AKT, p-S6rp (Ser240 and Ser244), S6rp, Pten, and β-Actin. (B) Quantitative analysis of the total s6rp and p-s6rp levels in the blots showed in (A). Mean values (± standard deviation) were presented. **indicates pC) Quantitative analysis of the Pten levels in the blots showed in (A). Mean values (± standard deviation) were presented.]

	Figure 3. Inhibition of mTOR signaling sustains in tumors from rapamycin treated mice. (A) Detection of mTOR upstream and downstream signaling in the tumors from Fbxw7+/−p53+/− and p53+/− mice treated with rapamycin or placebo by Western blot assays with antibodies to p-AKT (Ser473), AKT, p-S6rp (Ser240 and Ser244), S6rp, Pten, and β-Actin. (B) Quantitative analysis of the total s6rp and p-s6rp levels in the blots showed in (A). Mean values (± standard deviation) were presented. **indicates p<0.001. (C) Quantitative analysis of the Pten levels in the blots showed in (A). Mean values (± standard deviation) were presented.

	Another interesting finding was that the protein level of Pten had a significant increase in tumors from rapamycin treated p53+/− and p53+/−Fbxw7+/− mice (Fig. 3C). Especially in those placebo treated p53+/−Fbxw7+/− mice, Pten level was only detected in one of eight tumors. This observation was confirmed by immunochemical staining in tumors (Supplementary Fig. S3). The possible explanation for this is due to the complex feedback loops in mTOR pathway that has been reported [22].

	Discussion

	Our results demonstrate that mTOR signaling pathway is inhibited following radiation exposure, which can be explained by that radiation activates p53, in turn p53 transcriptionally upregulates Fbxw7, subsequently Fbxw7 downregulates mTOR through ubiquitination. p53 inhibits mTOR through Fbxw7 and subsequently prevents cellular senescence [23-25]. This explanation is supported by that depletion of Fbxw7 blocks radiation-induced mTOR inhibition. Interestingly, a recent study shows that PI3K-AKT-mTOR signaling pathway is activated in mouse mammary gland at 2 and 12 months post radiation exposure [26], suggesting that (a) mTOR signaling in different tissues possibly responses to radiation differently since we examined mTOR signaling in thymuses; and (b) long-term effect of radiation on mTOR signaling is possibly different from short-term one. Additional experiments are required to clarify this difference by systematic assessment of mTOR signaling in different tissues and at different time points and to examine the mechanisms underlying these different responses. It is possible that radiation modulates mTOR signaling via p53-Fbxw7 pathway at earlier time point whereas via different pathway(s) at long-term post exposure.

	Fbxw7 regulates mTOR via its ubiquitination function [19-21]. Depletion of Fbxw7 leads to elevation of mTOR signaling, which drives many cell growth outputs. Thus we assume that inhibition of mTOR activity by rapamycin may act a major brake on tumor development in Fbxw7 deficient mice. Indeed, Fbxw7+/−p53+/− mice with temporal rapamycin treatment after radiation develop tumor same as p53+/− mice, while Fbxw7+/−p53+/− mice with temporal placebo treatment develop tumor significantly faster than p53+/− mice. Even more, tumors from rapamycin treated Fbxw7+/−p53+/− mice showed similar mTOR signaling as those from rapamycin treated p53+/− mice while tumors from placebo treated Fbxw7+/−p53+/− mice showed significantly higher mTOR signaling than these from placebo treated p53+/− mice. These results indicate that rapamycin inhibits mTOR signaling pathway and in turn, such inhibition fully suppresses the contribution of Fbxw7 loss toward tumor development.

	We observed that the same temporal inhibition of mTOR pathway could not sufficiently prevent p53+/− mice from radiation-induced tumor development. This observation is different from the recent report about anti-cancer effect of rapamycin in p53+/− mice [27] and that cellular senescence of normal cells predispose to cancer [28, 29]. This is difference is possibly due to rapamycin treatment regimen. In their study, p53+/− mice were continuously treated with rapamycin beginning at a young age (<5 months) whereas we temporally treated p53+/− mice with rapamycin at age about 1.5 through 4 months. Other possible reason is that they did not use radiation, tumor were spontaneous. In our study, mice were irradiated at 5 weeks old, and rapamycin treatment was given at 1 week after radiation. It is possible that we missed the window of prevention since it has been reported that rapamycin is better for prevention than treatment [29].

	In conclusion, FBXW7 has emerged as a major human tumor suppressor gene that lies at the nexus of several pathways which control cell growth, cell differentiation, and tumorigenesis, including those mediated by Ras, Myc, Jun, p53, Notch and mTor. How the decrease in Fbxw7 function results in tumor development remains largely unknown. Mutation/loss of the Fbxw7 gene may cause impaired degradation of multiple targets, and as a result constitutive accumulation of these targets may cooperatively contribute to tumor development. Our results in this study showed that temporal pharmacological inhibition of mTOR pathway after radiation was sufficient to suppress the tumor development contributed by Fbxw7 loss, suggesting that Fbxw7-mTOR pathway plays a major role in this radiation-induced carcinogenesis mouse model.

	Materials and Methods

	Mice, tumor induction, and rapamycin treatment

	Fbxw7+/− mice was crossed with p53−/− mice to generate p53+/− and p53+/−Fbxw7+/− mice. The 5-week old p53+/− and p53+/−Fbxw7+/− mice were exposed to a single dose of 4Gy whole body X-ray irradiation. One week after radiation treatment, mice were randomly divided into two groups. One group of mice was treated with rapamycin, the other with placebo. The treatment was administrated by subcutaneously implanting the 10-week continuous release pellets embedded with rapamycin or placebo. The rapamycin and placebo pellet were purchased from Innovative Research of America (Sarasota, Florida USA. Website: http://www.innovrsrch.com). The rapamycin pellet released at a dose of 4mg/kg/day based upon the average mouse weight of 20g. Mice were observed daily until moribund, then euthanized and autopsied. Mice were bred and treated under the protocol approved by Animal Welfare and Research Committee at Lawrence Berkeley National Laboratory.

	Measurement of Rapamycin concentration in blood

	Whole blood was collected from rapamycin or Placebo treated mice by retro-orbital or tail vein bleeding into EDTA tubes and stored at −70°C until analysis. Rapamycin was measured by liquid chromatography-tandem mass spectrometry (LC/MS/MS). The standard curve range for rapamycin was 1ng/ml to 400ng/ml. The standard curve samples were made by spiking blank blood with different amounts of rapamycin and processed along with the study samples. The blood sample (20μl) was diluted with 20μl of water and then 40μl of 70% acetonitrile was added. 20μl of internal standard, rapamycin-d3 (10ng/ml), was added to each sample. 100μl of methanol: 0.3M zinc sulfate (70:30) (v/v) was added and vortexed for 1min. The mixture was centrifuged at 3000 rpm for 10 min. Then the supernatant was transferred to an autosampler vial and 5μl was injected to the following LC/MS/MS system. The mass detector was an API 5000 triple quadrapole (Applied Biosystems, Foster City, CA), equipped with a Turbo Ion Spray source. The system was set in positive ionization mode. The ion spray voltage was 5500V and the source temperature was 400°C. The values for CAD, CUR, GS1, and GS2 were 8, 20, 75, and 75 respectively. The multiple reaction monitor was set at 931.8 − 864.7 m/z for rapamycin and 934.8 − 864.7 m/z for Sirolimus-d3. The values for DP, EP, CE, CXP were 80, 10, 22, and 45 respectively for rapamycin and Sirolimus-d3. A Shimadzu system was used for the HPLC, consisting of a pump, solvent degasser, autosampler and column oven. The column oven was set to 50°C and the autosampler was set to 4°C. The mobile phase, consisting of 65 % acetonitrile, 0.05 % formic acid containing 1mM ammonium acetate, was pumped through a Hypersil BDS C8 (3 × 50 mm, 5 μm particle size) column with a flow rate of 0.40 ml/min. Data was acquired and processed by Analyst 1.5.1 software.

	Antibody and Immunoblotting

	Western blot assays were performed with antibodies to phospho-mTOR (Ser2448), mTOR, phospho-S6 ribosomal protein at Ser240 and S244 (p-s6rp), s6 ribosomal protein (s6rp), phospho-AKT (S473), AKT, Pten, and beta-Actin. All antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA).

	Spleen tissue was dissected from mice that had been implanted a rapamycin pellet for 5 weeks. Thymic lymphomas were collected and stored at −80°c. Tissues were minced by blue pestle using M-PER lysis buffer (Pierce) supplemented with protease inhibitor cocktail (Roche), 10μM phenylmethylsulfonyl fluoride,and 1 mM sodium orthovanadate. Protein extract was separated on 10% SDS-PAGE electrophoresis gels. Proteins were transferred to Hybond P membranes (Amersham, Piscataway, NJ). Nonspecific bands were blocked in 5% non-fat milk for 1 hour at room temperature and then in appropriate primary antibody overnight at 4°C. After incubating with a horseradish peroxidase-linked secondary antibody, proteins were visualized by enhanced chemiluminescence (Amersham). Images were digitally acquired using an HP ScanJet 5200C Scanner and quantified using AlphaEaseFC image analysis software.

	Statistical Analysis

	Comparison of Pten level, total s6rp and p-s6rp levels in either normal tissues or thymic lymphomas between treatment and genotype groups was carried out by the two-tailed Student's t test or ANOVA. The Kaplan–Meier method was used to compare the tumor development after irradiation of mice between different treatments and genotypes. Statistical analysis was performed using SPSS version 12.0 (SPSS, Chicago, IL).
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	Abstract

	Chronic treatment of mice with an enterically released formulation of rapamycin (eRapa) extends median and maximum life span, partly by attenuating cancer. The mechanistic basis of this response is not known. To gain a better understanding of these in vivo effects, we used a defined preclinical model of neuroendocrine cancer, Rb1+/−mice. Previous results showed that diet restriction (DR) had minimal or no effect on the lifespan of Rb1+/− mice, suggesting that the beneficial response to DR is dependent on pRb1. Since long-term eRapa treatment may at least partially mimic chronic DR in lifespan extension, we predicted that it would have a minimal effect in Rb1+/−mice. Beginning at 9 weeks of age until death, we fed Rb1+/− mice a diet without or with eRapa at 14 mg/kg food, which results in an approximate dose of 2.24 mg/kg body weight per day, and yielded rapamycin blood levels of about 4 ng/ml. Surprisingly, we found that eRapa dramatically extended life span of both female and male Rb1+/− mice, and slowed the appearance and growth of pituitary and decreased the incidence of thyroid tumors commonly observed in these mice. In this model, eRapa appears to act differently than DR, suggesting diverse mechanisms of action on survival and anti-tumor effects. In particular the beneficial effects of rapamycin did not depend on the dose of Rb1.

	Introduction

	Age is by far the biggest independent risk factor for a wide range of intrinsic diseases [1], including most types of cancer [2]. The age-adjusted cancer mortality rate for persons over 65 years of age is 15-times greater than for younger individuals [3]. Numerous studies demonstrate that age retarding interventions reduce cancer by decreasing incidence and/or severity (Reviewed in [4]). Diet restriction (DR) has a long history of retarding cancer [5] and most of the other age-associated diseases [6], consistent with life span extension in a wide range of organisms [7]. Genetic interventions resulting in pituitary dwarfism in mice, which causes growth factor reduction (GFR) and a reduction in associated signaling, also result in maximum lifespan extension [8], with a concomitant reduction in cancer severity [9, 10]. Thus, factors that inhibit growth appear to extend life span and reduce cancer.

	mTORC1 (mechanistic Target of Rapamycin Complex 1) is central to cell growth by integrating upstream signals that include nutrients, growth factors and energy levels with stress responses for regulated cell growth. Thus, chronic mTORC1 inhibition could act similarly to DR and GFR. Supporting this possibility, the mTOR inhibitor rapamycin, increases life span in a variety of organisms including yeast [11], nematodes [12] and flies [13]. Using a chow containing a novel formulation of enterically delivered rapamycin (eRapa [14]), the NIA Intervention Testing Program [15] reported that long-term treatment extends both median and maximum lifespan of genetically heterogeneous mice (UM-HET3), even when started in late adulthood (20 months of age) [16], or at 9 months of age [17]. eRapa is the first drug reported to be capable of extending both median and maximum lifespan.

	One explanation for the lifespan enhancement by eRapa is that chronic mTOR inhibition delays the onset and growth of neoplasms. Indeed, chronic eRapa (2.24 mg/kg/day diet) treatment reduced the incidence of lymphoma and hemangiosarcoma (two major cancers in the genetically heterogeneous mice studied by the ITP), and increased the mean age at death due to liver, lung and mammary tumors [16, 17]. Alternate possibilities are that the immune systems of treated mice better defend against their cancers or that the mice simply tolerate them longer. What is the basis of eRapa's ability to reduce cancer, and how does it compare to DR?

	To gain an understanding of how chronic eRapa treatment compares with DR and affects cancer development, growth and progression, we used a mouse model deficient in the prototypical tumor suppressor, Rb1. Rb1 regulates cell cycle checkpoints for differentiation and in response to stress and is important for genome maintenance [18]. Rb1+/− mice are highly predisposed to cancers of neuroendocrine origin [19] including pituitary (intermediate and anterior lobe), thyroid C-cell (which can metastasize to lung), and adrenal. Tumorigenic cells form after losing the remaining functional copy of the Rb1 tumor suppressor gene. The complete penetrance of tumor formation, growth and progression results in a short lifespan for Rb1+/− mice, which, unlike wild type mice, is minimally affected by diet restriction [20]. If eRapa acts in a similar manner to DR [16], we predicted that chronic eRapa treatment of Rb1+/− mice would also have minimal effects on tumor development, growth, progression and life span. Surprisingly we find that eRapa treatment has a dramatic and positive effect on life span in both sexes of Rb1+/− mice, which is associated with slower tumor development and growth.

	Results

	To address the question of whether eRapa mimics DR in mice deficient for a prototypical tumor suppressor gene function, we initiated chronic treatment by feeding randomly grouped males and females chow that included either eRapa at the concentration previously shown to extend life span (14 mg/kg food), [16, 17] or Eudragit (empty capsule control). Treatment was begun at approximately 9 weeks of age (>80% of animals started between 8-10 weeks (minimum at 7 weeks and maximum at 12 weeks, Table S1). Mice continued on these diets for the remainder of their lives. Based on the average amount of chow consumed per day, this delivers an approximate rapamycin dose of 2.24 mg/kg body weight/day [16]. Blood levels of rapamycin (determined by a mass spectrometry) averaged 3.9 ng/ml for males, 3.8 ng/ml for females for Rb1+/− mice and 3.4 for males and 4.6 ng/ml for females for Rb1+/+ mice (Figure S1). Hematocrits were performed on blood from Rb1+/+ mice between 18 and 24 months of age and readings indicated normal values for mice (between 40 and 49%), indicating that long-term eRapa treatment does not adversely effect red blood cell production (data not included).

	eRapa extended life span of Rb1+/− mice

	Unlike most mouse models of cancer [5], 50% DR had little (if any) effect on the development, growth and progression of neuroendocrine tumors or on life span ofRb1+/− mice [20]. Since rapamycin has been predicted to act in a similar way to DR [16], we investigated if eRapa would also have little effect in this model. In stark contrast to DR, Figure 1A shows that Rb1+/− males and females derive a significant longevity benefit from chronic treatment with eRapa. The Eudragit control-fed mice had a shorter mean life span than the eRapa-fed cohort for both females (377.5 versus 411 days) and males (mean age is 368.8 versus 419.8 days). Sex did not modulate the effect of eRapa on Rb1+/− animals (Table 1).
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	Figure 1. Survival plots for male and female Rb1+/− (A) and Rb1+/+(B) mice, comparing control-fed mice to those fed eRapa in the diet starting at approximately 9 weeks of age (indicated by arrow). Control (black line) and eRapa (red line) survival curves are shown. The horizontal axes represent life span in days and the vertical axes represent survivorship. Rb1+/− mice obtained from the NCI Mouse Repository were bred by the Nathan Shock animal core to obtain the cohorts of male and female mice used in this study. Genotype was confirmed as previously described [20]. eRapa mice were fed microencapsulated rapamycin-containing food (14mg/kg food designed to deliver approximately 2.24mg of rapamycin per kg body weight/day that achieved about 4 ng/ml blood [14]. Diets were prepared by TestDiet, Inc., Richmond, IN using Purina 5LG6 as the base [14]. Control diet was the same but with empty capsules. P values in (B) were calculated by the log-rank test.

	Table 1. eRapa effects on survival of Rb1+/− mice

	
		
				 

				Coefficient

				Hazard Ratio

				SE

				z

				P

		

		
				eRapa

				−1.3177

				0.2678

				0.2400

				−5.4909

				0.00000004

		

		
				Sex

				0.1693

				1.1844

				0.2144

				0.8005

				0.42344718

		

	

	Male and female Rb1+/+ littermates of the Rb1+/− mice were also fed eRapa or control diets to ensure that this particular mutant strain (with a C57BL/6 background) is responsive to rapamycin. Once all Rb1+/− mice had died and the effects of eRapa were evident, the Rb1+/+ littermates were euthanized. At this time, as expected, eRapa improved survival for both male and female Rb1+/+mice as well (Fig. 1B). Similar to the previous results from the Intervention Testing Program eRapa experiments [16, 17], lifespan was extended more in females than in males (Table 2) in wild type (WT) littermates.

	Table 2. eRapa effects on survival of Rb1+/+ mice.

	
		
				 

				Coefficient

				Hazard Ratio

				SE

				z

				P

		

		
				eRapa

				−0.9305

				0.3943

				0.3631

				−2.5625

				0.01039082

		

		
				Sex

				−1.2818

				0.2775

				0.3840

				−3.3382

				0.00084312

		

	

	eRapa effects on tumor incidence at the end of life

	At necropsy, Rb1+/− mice were evaluated for the presence of neuroendocrine tumors and lung metastases. As shown in Table 3, there were no differences in the eRapa and Eudragit control groups in terms of presence of pituitary tumors (although we did observe a delay in their detection and reduction in size by magnetic resonance imaging (MRI), discussed below). We did observe a decreased incidence of thyroid C-cell carcinomas in the eRapa treated group of Rb1+/− mice (p = 0.0112). Except for the modest decrease in thyroid tumors, this tumor spectrum is similar to Rb1 heterozygotes treated with DR compared to those fed ad libitum [20]. Along with the decrease in thyroid C-cell tumors, eRapa also tended to reduce the incidence and severity of C-cell lung metastases (Table 4). Thus mice have a decreased cancer burden and live with tumors longer.

	Table 3. Pathology of Rb1+/− mice at necropsy.

	
		
				 

				Eudragit

				eRapa

		

		
				Tumor Incidence

		

		
				Pituitary

				97.5% (40)

				100%a (39)

		

		
				Thyroid

				90.0% (40)

				66.7%b (39)

		

		
				Thyroid with lung metastases

				37.5% (40)

				28.2%c (39)

		

		
				Thyroid with adrenal metastases

				2.5% (40)

				7.7%d (39)

		

		
				Adrenal

				30.0% (40)

				23.1%e (39)

		

		
				a p = 0.9858,

		

		
				b p = 0.0112;

		

		
				c p = 0.3859;

		

		
				d p = 0.5472,

		

		
				e p = 0.4925

		

		
				Two tailed, unpaired t test, GraphPad Prism.

		

	

	Table 4. Incidence and pathology of Rb1+/− lung metastases

	
		
				 

				Eudragit

				eRapa

		

		
				 

				Males

				Females

				Males

				Females

		

		
				Grade

		

		
				0

				6

				6

				5

				11

		

		
				1

				1

				1

				1

				3

		

		
				2

				3

				7

				1

				2

		

		
				3

				1

				1

				1

				2

		

		
				4

				0

				1

				0

				0

		

		
				Total (Gr 1-4)

				5

				10

				4

				7

		

	

	eRapa delayed tumor development and slowed growth

	Is delayed and/or reduced tumor growth the basis of life span extension by eRapa in this model? To address this question, we took advantage of the synchronous (spatial and temporal) development of tumors in this model Nikitin et al. [19, 21]. Rb1-deficient cells are first identified as atypical proliferates in the intermediate and anterior lobes of the pituitary, thyroid and parathyroid glands and the adrenal medulla at about 12 weeks of postnatal development. Atypical proliferates eventually form gross tumors with varying degrees of malignancy by postnatal day 350. Since we started treatment at around 8 weeks of age, eRapa might have an effect on the initiating events leading to loss of heterozygosity and/or subsequent formation of atypically proliferating cells. Perhaps more likely, eRapa slows growth and development of proliferates to gross tumors, which had probably begun at or around the time treatment was started. To test this latter possibility, we used MRI to follow pituitary and thyroid tumor development and growth in a subset of eRapa-treatedRb1+/− mice (8 mice per treatment group were imaged between 1 and 4 times up to twice a month). MRI is well suited for following head and neck tumors that correspond to the primary tumor types Rb1+/− mice develop. An initial cohort was used to identify the best timeframe for MRI scans. For this, 6 female Rb1+/+ mice (3 per group) and 10 Rb1+/− mice (3 per group in males and 2 per group in females) were imaged in a single session or with 2 serial scans. This study indicated the ideal timeframe to image pituitary tumors was a window between 9 and 12 months of age, which covers the time from initial detection through monitoring tumor growth.

	Age matched Rb1+/− females (3 per group) were scanned using MRI at 9, 11 and 12 months of age (Figure 2A shows sagittal plane sections of the serially acquired MRI images through the pituitary of eRapa and Eudragit treated mice). Calculated volumes based on the MRI image stacks (analyzed blind by a single radiologist, RLH) were plotted versus age at the date of imaging. In concert with extended longevity, the detection of pituitary tumors was delayed with a decrease in their growth in the eRapa-treated mice. Figure 2B shows that eRapa delayed development and/or reduced tumor growth at each time point when mice were imaged. More Rb1+/− mice had detectable tumors identified during two separate MRI imaging sessions from the Eudragit control cohort (4 pituitary and 2 thyroid tumors out of 8 mice in March 2011 scan and 7 pituitary and 4 thyroid tumors out of 8 mice in April 2011 scan) compared to the mice eRapa-fed cohort (1 pituitary and 0 thyroid tumors out of 8 mice in March 2011 scan and 2 pituitary and 3 thyroid tumors out of 8 mice in April 2011 scan). Longitudinal monitoring allowed us to conclude that chronic rapamycin delays both the development of visible tumors and inhibited the growth of tumors once they were present.

	[image: Effects of eRapa on pituitary and thyroid tumor development and growth. To identify effects on tumors, we used MRI as a non-invasive method to longitudinally monitor individual Rb+/− mice. High-resolution images were obtained on a very high field strength Bruker Pharmascan 7.0T animal MRI scanner using a coil to focus on pituitary and thyroid tumors. Images were acquired using a spoiled gradient echo named Fast low angle shot MRI (FLASH) on the scanner. Images were acquired to yield predominantly T1 weighted contrast with TE (echo time) 4.5 msec, TR (repetition time) 450 msec, FA (Flip angle) 40 degrees, FOV (field of view) 20 x 20 mm, in plane spatial resolution 0.078 x 0.078 mm. Tumor volume was determined for each time point. (A) Serially acquired MRI images from eRapa and Eudragit-fed control mice at 9, 11 and 12 months of age. (B) Tumor volumes calculated from MRI image stacks at each time point comparing individual mice at multiple ages. Tumors in two of the Eudragit-fed (control) mice are detected earlier and grow faster than the 3 eRapa-fed mice.]

	Figure 2. Effects of eRapa on pituitary and thyroid tumor development and growth. To identify effects on tumors, we used MRI as a non-invasive method to longitudinally monitor individual Rb+/−mice. High-resolution images were obtained on a very high field strength Bruker Pharmascan 7.0T animal MRI scanner using a coil to focus on pituitary and thyroid tumors. Images were acquired using a spoiled gradient echo named Fast low angle shot MRI (FLASH) on the scanner. Images were acquired to yield predominantly T1 weighted contrast with TE (echo time) 4.5 msec, TR (repetition time) 450 msec, FA (Flip angle) 40 degrees, FOV (field of view) 20 x 20 mm, in plane spatial resolution 0.078 x 0.078 mm. Tumor volume was determined for each time point. (A) Serially acquired MRI images from eRapa and Eudragit-fed control mice at 9, 11 and 12 months of age. (B) Tumor volumes calculated from MRI image stacks at each time point comparing individual mice at multiple ages. Tumors in two of the Eudragit-fed (control) mice are detected earlier and grow faster than the 3 eRapa-fed mice.

	Discussion

	In mice, pRb1 is critical for DR-mediated lifespan extension [20], but not rapamycin-mediated life span extension. It is unclear why this is the case, since both of these interventions chronically inhibit mTORC1 [22]. However, differences in the downstream in vivo effects of DR and rapamycin have been previously reported [22]. As previously described by Harrison et al. [16], a distinguishing feature of eRapa is its ability to extend median and maximum life when the intervention starts at a relatively old age (600 days) in mice. By comparison, DR in most [23] but not all [24] reports shows little if any longevity benefit when started after 550 days of age (equivalent to 60 human years). DR started at 6 weeks of age reduced body growth for Rb1+/− mice but did not affect growth of Rb1−/− tumors [20]. In contrast to DR, chronic eRapa treatment did not affect body weight of Rb1+/− mice (Livi et al., in preparation), but did reduce tumor growth. Previous studies in fruit flies show that rapamycin extends life span through a mechanism that is at least partly independent of TOR [13]. Consistent with those results, we find that eRapa, but not DR, extended life span and reduced the growth of neuroendocrine tumors in the Rb1+/− model. It will be interesting to determine if pRb1 might be at least partially involved in those settings where responses to chronic eRapa and DR diverge.

	Based on the longitudinal imaging data acquired by MRI (Figure 2), eRapa appears to inhibit Rb1−/− pituitary tumor development and growth in Rb1+/− mice (summarized in Figure 3), which is likely a major factor in its ability to extend lifespan in this model. Since we started eRapa at between 2 and 3 months of age, it would be interesting to know if it affects loss of heterozygosity (LOH) (Figure 3) in neuroendocrine tissues. The significant reduction in the incidence of thyroid C-cell carcinoma at necropsy in eRapa treated Rb1+/− mice (Table 3) also likely contributes to extended longevity. We also observed an apparent lessening of severity in lung metastases (Table 4), but this may be due to overall reduction of C-cell carcinomas. Metastasis of these to tumors to the adrenal (Table 3) has, to our knowledge, not been previously reported. A recent report linked an increase in metastasis with RAD001 treatment in a rat model of transplanted neuroendocrine tumors, which the authors attributed to alternations in tissue immune microenvironment [25]. Since RAD001 treatment was started subsequent to tumor implantation, it might be interesting to test this model in a prevention rather than treatment setting.

	[image: Summary of eRapa effects in the Rb1+/− model of neuroendocrine tumorigenesis. Our MRI data are consistent with a delay of tumor development perhaps by inhibition of atypical proliferates and reduction in tumor growth. eRapa may inhibit lung metastasis and slow their growth.]

	Figure 3. Summary of eRapa effects in the Rb1+/− model of neuroendocrine tumorigenesis. Our MRI data are consistent with a delay of tumor development perhaps by inhibition of atypical proliferates and reduction in tumor growth. eRapa may inhibit lung metastasis and slow their growth.

	Two reports have linked pRb1 and mTOR. A genetic study in D. melanogaster established synergy between deletion of mTOR and pRb1 using an in vivo synthetic lethality screen of Rb-negative cells [26]. These authors found that inactivation of gig (fly TSC2) and rbf (fly Rb) is synergistically responsible for oxidative stress leading to lethality. In a separate study, El-Naggar et al., [27] found that loss of the Rb1 family (Rb1, Rbl1 and Rbl2) in primary cells derived from triple-knockout mice led to overexpression of mTOR and constitutive phosphorylation of Ser473 on Akt , which is oncogenic. The inhibition of tumor development and growth in Rb1+/− mice by eRapa is also consistent with a recent report showing that mTOR inhibition partially alleviated tumor development in an RbF/F;K14creER™; p107−/− model of squamous cell carcinoma [28], and with several reports demonstrating the effectiveness of rapamycin in mouse cancer models for tumor reduction and life span extension [29-31]. Potential mechanism may be by way of indirect effects or rapamycin on the tumor microenvironment [32] and/or senescent cells [33].

	The reduction in lung metastases is consistent with ribosome profiling that revealed transcript-specific translational control mediated by oncogenic mTOR signaling, including a distinct set of pro-invasion and metastasis genes [34]. It will be interesting to determine whether chronic eRapa treatment affects these genes in thyroid C-cell neoplasms. We also observed metastasis of thyroid tumors to adrenal glands, albeit at a low frequency but eRapa treatment did not effect.

	Neuroendocrine tumors are unique in their ability to secrete hormones or deleterious bioactive products [35]. It was previously reported that the rapalog Everolimus (RAD-001) in combination with ocreotide lanreotide (compared to placebo) improved the clinical picture of carcinoid patients by reducing circulating chromogranin A and 5-hydroxyindoleacetic acid, two tumor-secreted bioactive products responsible for some of the symptoms [36]. Thus, another potential mechanism for life span extension in Rb1+/− mice by eRapa could be due the prevention of the production and/or secretion of hormones or deleterious bioactive factors.

	Rb1 is known to have an important role in somatic growth regulation, since increased RB1 dose reduced animal size [37]. Determining if there is a link between Rb1 (a negative regulator of growth) and mTORC1 (a positive regulator of growth) in growth of tumors could suggest new therapeutic and prevention targets for drug development. One prediction is that mice over expressing pRb1 will have decreased mTOR activity and be long lived through prevention, delay or a reduction in severity of age-related diseases.

	Here we show that eRapa extends the life span for Rb1+/− mice. We find eRapa-fed mice exhibit a delay in the onset and/or progression of neuroendocrine tumors. These results are in direct contrast with DR. Thus, mTORC1 inhibition and DR likely use different modes for life span extension.

	Methods

	Mice and life span

	Mice (strain B6.129S2(Cg)-Rb1tm1Tyj) for breeding were obtained from the NCI MMHCC Repository. Although they have similar phenotypes, the strain used in the diet restriction study by Sharp et al., [20] was different having been generated by Lee et al [38]. The procedures and experiments involving use of mice were approved by the Institutional Animal Care and Use Committee and are consistent with the NIH Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research and Education, the Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act (National Academy Press, Washington, DC). Genotyping was done as described previously [20]. Cohorts of mice were fed microencapsulated rapamycin-containing food (14 mg/kg food designed to deliver ~2.24 mg of rapamycin per kg body weight/day to achieve about 4 ng/ml of rapamycin per kg body weight/day) prepared by TestDiet, Inc., Richmond, IN using Purina 5LG6 as the base [14]. Control diet was the same but with empty capsules.

	Rapamycin food concentration

	Rapamycin was quantified in food using HPLC with tandem mass spectrometry detection. Briefly, 100 mg of food for spiked calibrators and unknown samples were crushed with a mortar and pestle, then vortexed vigorously with 10 μL of 250 μg/mL ASCO (internal standard) and 4.0 ml of mobile phase A. The samples were then mechanically shaken for 10 min, centrifuged for 10 min, and then centrifuged in microfilterfuge tubes for 1 minute. Ten μL of the final extracts was injected into the LC/MS/MS. The ratio of the peak area of rapamycin to that of the internal standard (response ratio) was compared against a linear regression of calibrator response ratios at rapamycin concentrations of 0, 2, 5, 10, 30, and 60 ng/mg of food to quantify rapamycin. The concentration of rapamycin in food was expressed as ng/mg food (parts per million).

	Rapamycin blood measurements

	Measurement of rapamycin used HPLC-tandem MS. RAPA and Ascomycin (ASCO) were obtained from LC Laboratories (Woburn, MA). HPLC grade methanol and acetonitrile were purchased from Fisher (Fair Lawn, NJ). All other reagents were purchased from Sigma Chemical Company (St. Louis, MO). Milli-Q water was used for preparation of all solutions. RAPA and ASCO super stock solutions were prepared in methanol at a concentration of 1 mg/ml and stored in aliquots at −80°C. A working stock solution prepared each day from the super stock solutions at a concentration of 10 μg/ml was used to spike the calibrators.

	Calibrator and unknown whole blood samples (100 μL) were mixed with 10 μL of 0.5 μg/mL ASCO (internal standard), and 300 μL of a solution containing 0.1% formic acid and 10 mM ammonium formate dissolved in 95% HPLC grade methanol. The samples were vortexed vigorously for 2 min, and then centrifuged at 15,000 g for 5 min at 23°C (subsequent centrifugations were performed under the same conditions). Supernatants were transferred to 1.5 ml microfilterfuge tubes and centrifuged at 15,000 g for 1 min and then 40 μL of the final extracts were injected into the LC/MS/MS. The ratio of the peak area of rapamycin to that of the internal standard ASCO (response ratio) for each unknown sample was compared against a linear regression of calibrator response ratios at 0, 1.25, 3.13, 6.25, 12.5, 50, and 100 ng/ml to quantify rapamycin.

	The HPLC system consisted of a Shimadzu SCL-10A Controller, LC-10AD pump with a FCV-10AL mixing chamber (quarternary gradient), SIL-10AD autosampler, and an AB Sciex API 3200 tandem mass spectrometer with turbo ion spray. The analytical column was a Grace Alltima C18 (4.6 x 150 mm, 5 μ) purchased from Alltech (Deerfield, IL) and was maintained at 60°C during the chromatographic runs using a Shimadzu CTO-10A column oven. Mobile phase A contained 10 mM ammonium formate and 0.1% formic acid dissolved in HPLC grade methanol. Mobil phase B contained 10 mM ammonium formate and 0.1% formic acid dissolved in 90% HPLC grade methanol. The flow rate of the mobile phase was 0.5 ml/min. Rapamycin was eluted with a step gradient. The column was equilibrated with 100% mobile phase B. At 6.10 minutes after injection, the system was switched to 100% mobile phase A. Finally, at 15.1 min, the system was switched back to 100% mobile phase B in preparation for the next injection. The rapamycin transition was detected at 931.6 Da (precursor ion) and the daughter ion was detected at 864.5 Da. ASCO was detected at 809.574 Da and the daughter ion was 756.34 Da.

	Survival Analysis Methods

	An entry for each mouse in the study was created in a database used by the Nathan Shock Animal core. The age at which each animal died was recorded. Survival durations for animals that either lived past the end-date of the study, were terminated, or died accidentally were treated as right-censored events. Cox proportional hazard models [39] were fitted to the wild type and Rb1+/− subsets of the data, with eRapa and gender as additive predictor variables. Some animals were transferred to a different facility part-way through their life spans so the final facility at which they were housed was also added to the Cox models, as a stratifying variable. The R statistical language was used for the analysis [40, 41]. The mice in the life span studies were allowed to live out their life span, i.e., there was no censoring due to morbidity in the groups of mice used to measure lifespan of Rb1+/− mice. Mice were euthanized only if they were either [1] unable to eat or drink, [2] bleeding from a tumor or other condition, or [3] when they were laterally recumbent, i.e., they fail to move when prodded or are unable to right themselves.

	MRI Methods

	Images were acquired on a Bruker Pharmascan 7.0T MRI scanner. Images were obtained in the sagittal plane through the brain and coronal plain through the neck (focused on the thyroid gland) using 2D spoiled gradient echo technique to quickly obtain high-resolution images (fast low angle shot magnetic resonance imaging - FLASH on our scanner). FLASH protocol was TE/TR 5 msec/450msec, Averages 1, Flip angle 40 deg, Field of view 20 mm x 20 mm, matrix size 256x256, In plane resolution was 0.078 x 0.078 mm, slice thickness 0.5 mm. The FLASH sequence shows predominantly T1 weighted image contrast. A single blinded radiologist (RLH) evaluated images for the presence and tumor volume used to plot detection and growth data. Images were analyzed using an open source image processing software, OsiriX, version 2.7.5. The pituitary gland was identified on all images and volume was calculated by measuring the greatest anterior-posterior, cranial-caudal, and right-left length. Volumes were then determined using prolate ellipse formula. Data were then parsed by treatment group and plotted in Prism (GraphPad).

	Procedures for examination of pathology in mice

	Fixed tissues (in 10% neutralized formalin) were embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin-eosin. Diagnosis of each histopathological change was made using histological classifications for aging mice as previously described [9, 20, 42, 43].

	Pathology assessments

	A list of lesions was compiled for each mouse. The severity of neoplastic lesions was assessed using the grading system previously described [9, 9, 20, 42, 43, 42, 43]. Two pathologists separately examined all of the samples without knowledge of their genotype or age. Briefly, lung pathology grade is based on the area of the lung section infiltrated by metastatic tumor tissue with 0 being no tumor cells observed and 4 being the largest area taken by tumor.
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	Abstract

	Two different mechanisms are considered to be the primary cause of aging. Cumulative DNA damage caused by reactive oxygen species (ROS), the by-products of oxidative phosphorylation, is one of these mechanisms (ROS concept). Constitutive stimulation of mitogen- and nutrient-sensing mTOR/S6 signaling is the second mechanism (TOR concept). The flow- and laser scanning- cytometric methods were developed to measure the level of the constitutive DNA damage/ROS- as well as of mTOR/S6- signaling in individual cells. Specifically, persistent activation of ATM and expression of γH2AX in untreated cells appears to report constitutive DNA damage induced by endogenous ROS. The level of phosphorylation of Ser235/236-ribosomal protein (RP), of Ser2448-mTOR and of Ser65-4EBP1, informs on constitutive signaling along the mTOR/S6 pathway. Potential gero-suppressive agents rapamycin, metformin, 2-deoxyglucose, berberine, resveratrol, vitamin D3 and aspirin, all decreased the level of constitutive DNA damage signaling as seen by the reduced expression of γH2AX in proliferating A549, TK6, WI-38 cells and in mitogenically stimulated human lymphocytes. They all also decreased the level of intracellular ROS and mitochondrial trans-membrane potential ΔΨm, the marker of mitochondrial energizing as well as reduced phosphorylation of mTOR, RP-S6 and 4EBP1. The most effective was rapamycin. Although the primary target of each on these agents may be different the data are consistent with the downstream mechanism in which the decline in mTOR/S6K signaling and translation rate is coupled with a decrease in oxidative phosphorylation, (revealed by ΔΨm) that leads to reduction of ROS and oxidative DNA damage. The decreased rate of translation induced by these agents may slow down cells hypertrophy and alleviate other features of cell aging/senescence. Reduction of oxidative DNA damage may lower predisposition to neoplastic transformation which otherwise may result from errors in repair of DNA sites coding for oncogenes or tumor suppressor genes. The data suggest that combined assessment of constitutive γH2AX expression, mitochondrial activity (ROS, ΔΨm) and mTOR signaling provides an adequate gamut of cell responses to evaluate effectiveness of gero-suppressive agents.

	Introduction

	The cumulative DNA damage caused by reactive oxygen species (ROS), by-products of oxidative phosphorylation, for long time has been considered to be a key factor contributing both to cell aging as well as predisposing to neoplastic transformation [1-12]. Oxidative DNA damage generates significant number of DNA double-strand breaks (DSBs), the potentially deleterious lesions. DSBs can be repaired either by the homologous recombination or nonhomologous DNA-end joining (NHEJ) mechanism. Recombinatorial repair which uses newly replicated DNA as a template restores DNA rather faithfully. It can take place however when cells have already the template, namely during late-S and G2 phase. In the cells that lack a template (G1, early-S) DNA repair relies on the NHEJ which is error-prone due to a possibility of a deletion or rearrangement of some base pairs [13-17]. If the erroneously repaired DSBs are at sites of oncogenes or tumor suppressor genes this may result in somatic mutations that predispose cell to oncogenic transformation. Oxidative damage of telomeric DNA may lead to dysfunction of telomeres thereby driving cells to undergo replicative senescence [18-30].

	Whereas DNA damage induced by endogenous (and exogenous) oxidants may indeed significantly contribute to cancer development its role as being the key factor accountable either for cellular or organismal aging is debatable [31-40]. There is growing body of evidence in support of the notion that the primary culprit of aging is the constitutive stimulation of the mitogen- and nutrient-sensing signaling pathways. Activation of these pathways enhances translation, leads to cell growth in size/mass and ultimately results in cell hypertrophy and senescence. Among these culprit pathways the mammalian target of rapamycin (mTOR) and its downstream target S6 protein kinase (S6K) play the key role [41-49]. Constitutive replication stress likely resulting from the ongoing oxidative DNA damage when combined with activation of mTOR/S6K appears to be the driving force leading to aging and senescence both at the cellular as well as organismal level [43-51].

	We have recently reported that constitutive DNA damage signaling (CDDS) observed in the untreated normal or tumor cells, assessed as the level of expression of histone H2AX phosphorylated on Ser139 (γH2AX) and of activated (Ser1981 phosphorylated) Ataxia Telangiectasia mutated protein kinase (ATM), is an indication of the ongoing DNA damage induced by endogenous ROS [52-55]. These phosphorylation events were detected with phospho-specific antibodies (Ab) and measured in individual cells by flow- or laser scanning- cytometry. Using this approach we have assessed several agents reported to have anti-oxidant and DNA-protective properties with respect to their ability to attenuate the level of CDDS [52-58]. In the present study we test effectiveness of several reported anti-aging modalities to attenuate the level of CDDS in individual TK6 and A549 tumor cell lines as well as in WI-38 and mitogenically stimulated normal lymphocytes.

	In parallel, we also assess their effect on the level of constitutive state of activation of the critical mTOR downstream targets. Specifically, using phospho-specific Abs detecting activated status of ribosomal protein S6 (RP-S6) phosphorylated on Ser235/236 we measure effectiveness of these gero-suppressive agents along the mTOR/S6K signaling. We have also tested effects of these agents on the level of endogenous reactive oxidants as well as mitochondrial electrochemical potential ΔΨm. The following agents, reported as having anti-aging and/or chemopreventive properties, were chosen in the present study: 2-deoxy-D-glucose (2dG) [59-62], metformin (MF) [63-71], rapamycin (RAP) [72-80], berberine (BRB) [81-85], vitamin D3 (Vit. D3) [86- 91], resveratrol (RSV) [92-97] and acetylsalicylic acid (aspirin) (ASA) [98-103].

	Results

	Fig. 1 illustrates the effect of exposure of human lymphoblastoid TK6 cells for 24 h to the investigated presumed anti-aging agents on the level of constitutive expression of γH2AX. Consistent with our prior findings [52-54] the expression γH2AX in S and G2M cells is distinctly higher than in the cells of G1 phase. This is the case for both, the untreated (Ctrl) cells as well as the cells treated with these agents. It is also apparent that exposure of cells to each of the studied drugs led to the decrease in expression of γH2AX in all phases of the cell cycle. In most treated cells, however, the decline in the mean expression γH2AX was somewhat more pronounced in the S- compared to G1 - or G2M- phase cells. Analysis of DNA content frequency histograms reveals that the 24 h treatment with most of the drugs had no effect on the cell cycle distribution. The exception are the cells treated with 50 nM RP which show about 50% reduction in frequency of cells in S and G2M which would indicate partial cells arrest in G1phase of the cell cycle. It should be noted that exposure of cells to these agents for 4 h led to rather minor (<15%) decrease in expression of γH2AX whereas the treatment for 48 h had similar effect as for 24 h (data not shown).

	[image: Effect of exposure of TK6 cells to different presumed anti-aging drugs on the level of constitutive expression of γH2AX]

	Figure 1. Effect of exposure of TK6 cells to different presumed anti-aging drugs on the level of constitutive expression of γH2AX. Exponentially growing TK6 cells were untreated (Ctrl) or treated with the respective agents for 24 h at concentrations as shown. Expression of γH2AX in individual cells was detected immunocytochemically with the phospho-specific Ab (AlexaFluor647), DNA was stained with DAPI; cellular fluorescence was measured by flow cytometry. Based on differences in DNA content cells were gated in the respective phases of the cell cycle, as marked by the dashed vertical lines. The percent decrease in mean fluorescence intensity of the treated cells in particular phases of the cell cycle, with respect to the respective untreated controls, is shown above the arrows. Inserts present DNA content frequency histograms from the individual cultures. The dashed skewed lines show the background level, the mean fluorescence intensity of the cells stained with secondary Ab only.

	The effect of exposure of TK6 cells to the investigated gero-suppressive agents on state of phosphorylation of ribosomal S6 protein is shown in Fig. 2. Unlike expression of γH2AX the level of phosphorylation of RP-S6 shows no significant cell cycle phase-related differences, neither in control nor in the treated cultures. Somewhat higher expression of RP-S6P in S- and G2M- compared to G1- cells is proportional to an overall increase in cell size during cell cycle progression. It is quite evident however that the treatment with each of these anti-aging agents led to a decrease in the level of phosphorylation of S6 protein. The most dramatic decrease (>95%) was seen in the cells treated with RAP. The cells treated with 2dG showed the smallest (32-38%) decrease. There was no evidence that treatment of TK6 cells with all these drugs for 4 h had any distinct effect on the cell cycle progression as detected by analysis of DNA content frequency histograms (not shown).

	[image: Effect of treatment of TK6 cells with different presumed anti-aging drugs for 4 h on the level of constitutive phosphorylation of ribosomal protein S6 (RP-S6)]

	Figure 2. Effect of treatment of TK6 cells with different presumed anti-aging drugs for 4 h on the level of constitutive phosphorylation of ribosomal protein S6 (RP-S6). Exponentially growing TK6 cells were untreated (Ctrl) or treated with the respective agents at concentrations as shown. Phosphorylation status of ribosomal S6 protein was detected immunocytochemically with the phospho-specific Ab (AlexaFluor647), DNA was stained with DAPI; cellular fluorescence was measured by flow cytometry. Top panels: Based on differences in DNA content cells were gated in the respective phases of the cell cycle, as marked by the dashed vertical lines (Ctrl). The percent decrease in mean fluorescence intensity of the treated cells in particular phases of the cell cycle, with respect to the to the same phases of the untreated cells, is shown above the arrows. The dashed skewed lines show the background level, the mean fluorescence intensity of the cells stained with secondary Ab only. Bottom panels: Single parameter frequency histograms showing expression of phosphorylated ribosomal S6 protein (RB-S6P) in all (G1+S+G2M) cells of the respective cultures.

	Fig. 3 presents the effect of exposure of TK6 cells to MF, RAP or RSV at somewhat lower concentration for 24 h on the level of expression of RP-S6P. Compared with cells exposed for 4 h (Fig. 1) the effect of MF, even at the lower concentration (50 μM), was more pronounced after 24 h. Also, after that time of exposure, more pronounced was the effect of RAP and RSV.

	Analysis of the DNA content frequency histograms indicates that neither 50 – 500 μM MF nor RSV had an effect on the cell cycle progression. However, exposure to 0.1 μM RAP (similar to 50 nM, see Fig. 1) resulted in about 50% decrease in frequency of S and G2M cells (insets, marked by arrows).

	[image: Effect of treatment of TK6 cells with MF, RAP or RSV for 24 h on the level of constitutive phosphorylation of S6 protein]

	Figure 3. Effect of treatment of TK6 cells with MF, RAP or RSV for 24 h on the level of constitutive phosphorylation of S6 protein. TK6 cells were untreated (Ctrl) or treated with different concentrations of MF as well as with RAP or RSV for 24 h. Phosphorylation status of S6 was assessed as described in legend to Fig. 2. Top panels: The percent decrease in mean fluorescence intensity of the drug-treated cells in particular phases of the cell cycle is shown above the arrows. Bottom panels: Frequency histograms showing expression of RP-S6P in all cells of the respective cultures. Insets show cellular DNA content histograms of cells in these cultures.

	The effect of some of these gero-suppressive drugs was also studied on human pulmonary adenocarcinoma A549 cells (Fig. 4). These cells grow attached and their fluorescence intensity was measured by imaging cytometry (laser scanning cytometer; LSC) [104]. The decrease in expression of RP-S6P was seen in the cells treated with each of the drugs. The effect was essentially of similar degree whether measured in cytoplasm over- and underlying the nucleus (Fig. 4 top panels) or in the cytoplasm at the nuclear periphery (bottom panels). The most pronounced decrease was induced by BRB. Also affected was the cell cycle progression, as evidenced by the decline in frequency of S-phase cells on the DNA histogram in BRB treated cells (inset, marked by arrow).

	[image: Reduction of the level of constitutive expression of RP-S6P in A549 cells exposed to MF, BRB, Vit. D3 or RSV for 24 h]

	Figure 4. Reduction of the level of constitutive expression of RP-S6P in A549 cells exposed to MF, BRB, Vit. D3 or RSV for 24 h. Exponentially growing in chamber slides A549 cells, were treated with the respective agents and their fluorescence was measured the laser scanning cytometry (LSC)75. Top panels show RP-S6Pimmunofluorescence integrated over the nuclei (reporting expression of RP-S6P in the cytoplasm located over and below the nucleus); bottom panels present RP-S6P immunofluorescence integrated over the cytoplasm aside of the nucleus. The percent decrease in expression of RP-S6P in cells in particular phases of the cell cycle (mean values) is shown above the arrows. Because stock solutions of some of these agents were made in DMSO, other in MeOH or EtOH, the equivalent quantities of these solvents were included in the respective control culture and the percent decrease shown in the panels refers to the decrease compared to these controls shown are the cells from EtOH and DMSO containing controls. The insets present DNA content frequency histograms from the respective cultures.

	In addition to tumor cell lines we have also tested effects of the presumed gero-suppressive agents on non-tumor cells. Fig. 5 illustrates their effect on the WI-38 cells and Fig. 6 on mitogenically-stimulated human lymphocytes. A decrease in expression of γH2AX was observed in WI-38 cells treated with each of the tested agents, the most pronounced reduction (>50%) showed cells treated with BRB while the least affected (<10%) were cells growing in the presence of RSV. A reduction in the level of phosphorylated RB-S6 was also evident in WI-38 cells exposed to each of these agents, the most pronounced (>50%) after treatment with RAP. Because stock solutions of some of these agents were made in DMSO or MeOH equivalent quantities of these solvents were included in the respective control cultures. A minor suppressive effect of MeOH on expression of γH2AX and RB-S6P was observed (Fig. 5). Likewise, DMSO exerted also minor (~5%) but repeatable suppressive effect (not shown). As is evident RAP, BRB, Vit. D3 and RSV reduced the level of RP-S6P in mitogenically stimulated human lymphocytes, in all phases of the cell cycle, while the effect of ASA on these cells was minimal (Fig. 6).

	[image: Effect of treatment of WI-38 cells with 2dG, MF, RAP, BRB, Vit. D3 or RSV for 24 h on the level of constitutive expression of γH2AX (left panel) and RP-S6P (right panel)]

	Figure 5. Effect of treatment of WI-38 cells with 2dG, MF, RAP, BRB, Vit. D3 or RSV for 24 h on the level of constitutive expression of γH2AX (left panel) and RP-S6P (right panel). Exponentially growing cells, were treated with the respective agents at concentrations as shown in Figs. 1 and 2, RP-S6P was detected immunocytochemically and cell fluorescence was measured with the laser scanning cytometry (LSC). The bar graphs present the mean fluorescence intensity measured as an integral over the nucleus (γH2AX) or over cytoplasm (PR-S6P).

	[image: Effect of treatment of mitogenically stimulated human lymphocytes with RAP, BRB, Vit. D3, RSV or ASA for 4 h on the level of constitutive expression of RP-S6P]

	Figure 6. Effect of treatment of mitogenically stimulated human lymphocytes with RAP, BRB, Vit. D3, RSV or ASA for 4 h on the level of constitutive expression of RP-S6P. Peripheral blood lymphocytes were mitogenically stimulated with phytohemagglutinin (PHA) for 72 h, the cells were then treated with the respective drugs at concentrations as shown in Figs. 1 and 2 for 4 h, RP-S6wasdetected immunocytochemically and cellular fluorescence measured by flow cytometry. The bar graphs present the mean values (+SD) of RP-S6P immunofluorescence for G1, S and G2M cell subpopulations identified by differences in DNA content (intensity of DAPI fluorescence).

	To confirm the findings obtained by the flow- and laser scanning- cytometry based on measurement of individual cells we assessed effects of the gero-suppressive agents by measurement mTOR signaling in bulk, by western blotting. In this experiment, having available phospho-specific Abs that detect phosphorylation of mTOR, RP-S6 and the eukaryotic translation initiation factor 4E-binding protein (4EBP1) applicable to western blotting (not yet available for cytometry) we have been able to test effects of the studied gero-preventive agents on the level of constitutive phosphorylation of these proteins as well. As is evident in Fig. 7 and Table 1 exposure of TK6 cells to the gero-preventive agents lowered the level of phosphorylation status of mTOR, as well as its downstream targets RP-S6 and 4EBP1. The most pronounced effect was seen in the case of RAP, BRB and 2dG which lowered expression of RP-S6P by 95%,78 and 70%, respectively. RAP, BRB and 2dG were also quite effective in lowering the level of 4EBP1P, by 52%, 51% and 51%.

	[image: Effect of the studied gero-preventive agents on constitutive level of expression of mTOR-Ser2448P, RP-S6-Ser235/236P and 4EBP1-Ser65P and their corresponding unphosphorylated forms in TK6 cells, detected by western blotting]

	Figure 7. Effect of the studied gero-preventive agents on constitutive level of expression of mTOR-Ser2448P, RP-S6-Ser235/236P and 4EBP1-Ser65P and their corresponding unphosphorylated forms in TK6 cells, detected by western blotting. TK6 cells were exposed to the studied agents at concentrations as shown in Figs 1 and 2 for 4 h. The protein expression level were determined by western blot analysis and the intensity of the specific immunoreactive bands were quantified by densitometry and normalized to actin (loading control). The numbers indicate the n-fold change in expression of the respective phospho-proteins in the drug-treated cultures with respect to the untreated cells (Ctrl).

	Table 1. Effect of the studied gero-preventive agents on constitutive level of expression of mTOR-Ser2448P, RP-S6-Ser235/236P and 4EBP1-Ser65P and their corresponding unphosphorylated forms, detected by western blotting (Fig. 7)

	
		
				Agent

				Ctrl

				2dG

				MF

				RAP

				BRB

				Vit. D3

				RSV

				ASA

		

		
				mTORP

				1.00

				0.73

				0.76

				0.89

				0.99

				0.96

				1.51

				0.75

		

		
				m-TOR

				1.00

				1.45

				2.25

				1.41

				1.04

				1.07

				3.96

				1.44

		

		
				RATIO

				1.00

				0.50

				0.34

				0.63

				0.95

				0.90

				0.38

				0.52

		

		
				RP-S6P

				1.00

				0.30

				0.48

				0.05

				0.22

				0.48

				0.42

				0.66

		

		
				S6

				1.00

				1.04

				0.66

				0.9

				1.02

				0.92

				0.96

				0.57

		

		
				RATIO

				1.00

				0.29

				0.73

				0.06

				0.22

				0.52

				0.44

				1.16

		

		
				4EBP1P

				1.00

				0.49

				0.58

				0.48

				0.49

				0.75

				1.01

				0.97

		

		
				4EBP1

				1.00

				1.43

				1.54

				1.7

				1.94

				1.66

				2.05

				1.52

		

		
				RATIO

				1.00

				0.38

				0.38

				0.28

				0.25

				0.45

				0.45

				0.64

		

		
				The numbers indicate the change in expression of the respective proteins in the dug-treated cultures with respect to the untreated ones. Densitometric quantification of phosphorylated and total proteins for mTOR, RP-S6 and 4EBP1 are presented as the ratio of actin-normalized phosphorylated to total protein level of expression (Bold font).

		

	

	Most interesting, however, were the results reporting effects of the studied drugs on the total mTOR, RP-S6 and 4EBP1 protein content and on the ratios of the phosphorylated protein fractions to the total content of the respective proteins (Table 1). These data show that exposure of cells to each drug led to a distinct up-regulation of mTOR and 4EBP1 expression. This was not the case of RP-S6, which, with an exception of 2dG and BRB, showed a minor decline. However, compared with the apparent increase of total proteins content, the level of the phosphorylated fractions of the respective proteins was more severely reduced. This over-compensated the upregulation and is expressed as the reduction of the ratio of phosphorylated to total content of the respective proteins. In the case of RP-S6 and 4EBP1, the downstream effectors of mTOR and the agents directly affecting the translation rate, the most effective was BRB and RAP, reducing proportion of the phosphorylated to total protein content by 75% and 72% respectively (Table 1).

	In other set of experiments we assessed the effect of the studied gero-preventive agents on the level of endogenous ROS. As is evident in Fig. 8 exposure of TK6 cells to each of these agents led to a marked reduction of cells ability to oxidize H2DCF-DA; its oxidation by ROS results in formation of the strongly fluorescent DCF which is considered to be a marker of ROS abundance. In this respect more effective appeared to be BRB, Vit. D3, RSV and ASA compared to RAP, MF or 2dG.

	[image: Effects of the studied gero-preventive agents on the intercellular level of ROS]

	Figure 8. Effects of the studied gero-preventive agents on the intercellular level of ROS. TK6 cells, untreated (Ctrl) or treated for 24 h with the investigated agents, were exposed for 30 min to H2DCF-DA and their fluorescence intensity was measured by flow cytometry. The cell-permeant non-fluorescent H2DCF-DA upon cleavage of the acetate moiety by intercellular esterases and oxidation by ROS is converted to strongly fluorescent DCF and thus reports the ROS abundance. Left panel shows the frequency histograms of the untreated (Ctrl) as well MF and RAP-treated cells (note exponential scale of the DCF fluorescence). Right panel presents the mean values (+SD) of DCF fluorescence of the untreated (Ctrl) and treated cells.

	Fig. 9 illustrates changes in electrochemical transmembrane potential of mitochondria detected by cells capability to accumulate the mitochondrial probe rhodamine 123 (Rh-123) in TK6 cells treated with the investigated gero-preventive agents. The data show a reduction in the ability to accumulate Rh-123 in cells treated with each of these agents, the most pronounced in the case of treatment with RAP.

	[image: Effect of the studied gero-preventive agents on the mitochondrial transmembrane potential (ΔΨm)]

	Figure 9. Effect of the studied gero-preventive agents on the mitochondrial transmembrane potential (ΔΨm). TK6 cells, untreated (Ctrl) or treated for 24 h with the investigated agents were exposed for 30 min to the mitochondrial probe rhodamine 123 (Rh-123) and their fluorescence intensity was measured by flow cytometry. Left panel shows the frequency histograms of the untreated (Ctrl) as well MF and RAP-treated cells (note exponential scale of the DCF fluorescence). Right panel presents the mean values (+SD) of Rh-123 fluorescence of the investigated cells.

	Discussion

	In the prior studies we have already observed that MF at concentrations 0.1 mM – 20 mM [55] and Vit. D (2 nM - 10 nM) [56]effectively reduced constitutive level of H2AX-Ser139 and ATM-Ser1981 phosphorylation. In the present study all seven agents, all reportedly having anti-aging and/or chemopreventive properties, including MF and Vit D3[59-103], have been tested with respect of their ability to affect both the level of constitutive DNA damage signaling as monitored γH2AX expression as well as constitutive level of phosphorylation of ribosomal S6 protein (RP-S6P). The data show that each of the drugs reduced both, the level of phosphorylation of both H2AX on Ser139 and RP-S6 on Ser235/236. RP-S6, a component of the 40S ribosomal subunit and the most downstream effector of mTOR signaling, is directly involved in regulation of translation [46] and considered to be a determinant of cell size [105,106]. As is evident from the western blotting data (Fig. 7) with an exception of RSV all the studied drugs reduced also the level of phosphorylation of mTOR, RP-S6 and 4EBP1. The latter protein is also considered to be a critical regulator of translation and cell size determinant [105-108].

	Analysis of the mTOR vs. mTORP, RP-S6 vs. RP-S6P and 4EBP1 vs. 4EBP1Prevealed up-regulation of mTOR and 4EBP1 in cells treated with each of the studied drugs (Table 1). The increase of total content of these proteins was overcompensated by the reduction in the extent of their phosphorylation, which led to decrease in the ratios of mTORP/mTOR, RP-S6P/RP-S6 and 4EB1P/4EB1. The upregulation of these proteins was unexpected but it suggests that the reduction of their phosphorylation status by the studied drugs may trigger compensatory synthesis (or reduced turnover rate) that leads to increase in their content. The distinctly reduced ratios of mTORP/mTOR, RP-S6P/RP-S6 and 4EB1P/4EB1, however, may provide a novel biomarker useful to assess the potential mTOR-inhibitory activities that relate to reduction of translation rate, cell size and thus may be of value in assessing anti-aging properties of the studied agents.

	The reduction of RP-S6 phosphorylation by each of the gero-suppressive drugs was presently observed in all types of the cells, including tumor TK6 (Fig. 1-3,7) and A549 (Fig. 4) cell lines as well as in normal WI-38 (Fig. 5) and mitogenically stimulated human lymphocytes (Fig. 6). The results obtained by flow and laser scanning cytometry were confirmed by measurement in bulk, by western blotting. The western blotting approach allowed us also to measure phosphorylation level of mTOR and 4EBP1 to which the commercially available phospho-specific Abs are not fully applicable for flow or laser scanning cytometry. The cytometric approach has an advantage that it provides information regarding the cell cycle phase specificity of expression of γH2AX or RP-S6. Furthermore, the cytometric approach has no potential risk of an artifact that the level of phosphorylation of the studied proteins may be altered as a result of disruption of cell integrity in preparation for blotting, which may provide contact of these proteins with active phosphatases and kinases. We observed, for example that when inhibitors of phosphatases were not rigorously used during cell preparation for western blotting the results (not shown) were entirely different than in Fig. 7.

	According to the mTOR concept of the mechanism of aging the observed reduction of the level of phosphorylation of mTOR, 4EBP1 and RP-S6 by the studied agents would be consistent with their reported anti-aging properties. The gero-preventive mechanism of these agents thus would be similar to that of the calorie restriction which was definitely proven to extent life span of a variety of organisms [94-97,109].

	Parallel to the reduction of constitutive mTOR/S6 signaling each of the investigated gero-suppressive agents also reduced CDDS, as seen by the decline in γH2AX expression (Fig. 1). This corresponding response to these agents, concurrently by both the DNA damage- and mTOR- signaling pathways, suggests on mechanistic association between these two pathways that may converge on the aging-related processes. One of the mechanisms linking these pathways is straightforward as it may involve a decrease of intensity of oxidative phosphorylation in mitochondria. Namely, because the declined translation rate requires less energy the intensity of oxidative phosphorylation that generates ROS is reduced which results in attenuation of CDDS. Consistent with this mechanism is our prior observation that exposure of lymphocytes to Vit. D3 led to a three-fold decline in abundance of ROS [55]. Likewise, treatment of TK6 cells with MF resulted in a significant decrease in the level of ROS [56]. In the present study we confirmed these earlier findings as we observed that all studied drugs markedly lowered abundance of ROS in TK6 cells (Fig. 8). Accordingly, mitogenic stimulation of lymphocytes known to dramatically enhance transcription and translation rates [110,111] also was seen to boost production of ROS and augment CDDS [112]. There are numerous linkages connecting DNA damage response with mTOR/RP-S6 pathways, primarily involving p53 signaling [113-118]. Of interest, and confirming the involvement of mitochondrial pathways in response to the studied gero-preventive agents, is also the observation that exposure of cells to each of them resulted in a decreased mitochondrial transmembrane potential (ΔΨm). The latter was detected by reduced cells capability to bind rhodamine 123 (Fig. 9), the probe known to be the marker of energized mitochondria [119-121].

	Unlike constitutive phosphorylation of RP-S6 which was unrelated to the cell cycle phase, H2AX phosphorylation was cell cycle phase specific, distinctly higher in S- and G2M- than in G1- cells. This suggests that DNA replication stress may be a contributing factor to the observed CDDS. DNA lesions resulting from oxidative DNA damage caused by endogenous ROS could be responsible for the replication stress. As mentioned in the Introduction constitutive replication stress when concurrent with mTOR/S6K signaling is considered to be the predominant factor leading to aging and senescence. Thus, the present data that show that the investigated gero-preventive drugs suppress both, the mTOR/RP-S6 signaling and CDDS, would be consistent with the mechanism that involves attenuation of DNA replication stress.

	Whereas mTOR/S6 signaling is the primary cause of aging and induction of premature cell senescence the DNA damage by reactive oxidants, since it induces DSBs which cannot always be faithfully repaired, predisposes to neoplastic transformation [1-7]. It is expected therefore that the anti-aging agents that reduce CDDS would have cancer preventive properties as well. Indeed such chemo-preventive properties have been described for each of the presently investigated drugs [122-128]. The present data indicate that the combined analysis of: (i) CDDS measured by γH2AX expression, (ii) mitochondria activity (ROS, ΔΨm) and (iii) mTOR signaling (mTOR, S6K,4EBP1 phosphorylation) in individual cells [129] may provide an adequate gamut of cell responses to evaluate potential gero- or chemo- preventive properties of suspected agents.

	Materials and Methods

	Cells, Cell Treatment

	Human lung carcinoma A549 cells, diploid lung WI-38 fibroblasts and lympho-blastoid TK6 cells were obtained from American Type Culture Collection (ATCC CCL-185, Manassas, VA). Human peripheral blood lymphocytes were obtained by venipuncture from healthy volunteers and isolated by density gradient centrifugation. A549 cells were cultured in Ham's F12K, TK6, WI-38 and lymphocytes were cultured in RPMI 1640 with 2 mM L-glutamine, 1.5 g/L sodium bicarbonate and 10% fetal bovine serum (GIBCO/Invitrogen, Carlsbad, CA). Adherent A549 and WI-38 cells were grown in dual-chambered slides (Nunc Lab-Tek II), seeded with 105 cells/ml suspended in 2 ml medium per chamber. TK6 cells and lymphocytes were grown in suspension; lymphocyte cultures were treated with the polyvalent mitogen phytohemaglutinin (Sigma /Aldrich; St Louis, MO) as described [36]. MF (1,1-dimethylbiguanide) was obtained from Calbiochem, La Jolla, CA, 2dG, RAP, BRB, RSV and ASA from Sigma-Aldrich. The active form of vitamin D3 (1,25-dihydroxyvitamin D3) was kindly provided by Dr Milan Uskokovic [56]. Stock solutions of some of these agents were prepared either in DMSO, MeOH or EtOH as indicated by the vendor. The cells, during exponential phase of growth were treated with these agents, at concentrations and for duration as indicated in the figures or figure legends. Respective control cultures were treated with the equivalent volumes of solvents used for stock solutions. After exposure to the gero-preventive agents the cells were rinsed with phosphate buffered salt solution (PBS) and fixed in 1% methanol-free formaldehyde (Polysciences, Warrington, PA) for 15 min on ice. The cells were then transferred to 70% ethanol and stored at -20 oC for up to 3 days until staining.

	Immunocytochemical Detection of γH2AX and RP-S6P

	After fixation the cells were washed twice in PBS and with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 15 min and with a 1% (w/v) solution of bovine serum albumin (BSA; Sigma-Aldrich in PBS for 30 min to suppress nonspecific antibody (Ab) binding. The cells were then incubated in 1% BSA containing a 1:300 dilution of phospho-specific (Ser139) γH2AX mAb (Biolegend, San Diego, CA) and/or with a 1: 200 dilution of phosphospecific (Ser235/236) RP-S6 Ab (Epitomics, Burlingame, CA) at 4oC overnight. The secondary Ab was tagged with AlexaFluor 488 or 647 fluorochrome (Invitrogen/Molecular Probes, used at 1:100 dilution in 1% BSA). The incubation was at room temperature for 45 min. Cellular DNA was counterstained with 2.8 μg/ml 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) at room temperature for 15 minutes. Each experiment was performed with an IgG control in which cells were labeled only with the secondary AlexaFluor 488 Ab, without primary Ab incubation to estimate the extent of nonspecific adherence of the secondary Ab to the cells. The fixation, rinsing and labeling of A549 and WI-38cells was carried out on slides, and lymphocytes and TK6 cells in suspension. Other details have been described previously [53-56].

	Detection of ROS and Mitochondrial Transmembrane Potential ΔΨm

	Untreated cells as well as the gero-protective agents drugs-treated TK6 cells were incubated 60 min with 10 μM 2',7'-dihydrodichlorofluorescein- diacetate (H2DCF-DA) (Invitrogen/Molecular Probes) at 37°C. Cellular green fluorescence was then measured by flow cytometry. Following oxidation by ROS and peroxides within cells the non-fluorescent substrate H2DCF-DA is converted to the strongly fluorescent derivative DCF [97]. Mitochondrial potential ΔΨm was assessed by exposure of cells in tissue culture to 1 μM rhodamine 123 (Rh-123; Invitrogen/Molecular Probes) for 30 min prior to measurement of their fluorescence.

	Analysis of Cellular Fluorescence

	A549 and WI-38 cells: Cellular immunofluorescence representing the binding of the respective phospho-specific Abs as well as the blue emission of DAPI stained DNA was measured by Laser Scanning Cytometry (LSC) [131] (iCys; CompuCyte, Westwood, MA) utilizing standard filter settings; fluorescence was excited with 488-nm argon, helium neon (633 nm) and violet (405 nm) lasers. Intensities of maximal pixel and integrated fluorescence were measured and recorded for each cell. At least 3,000 cells were measured per sample. Gating analysis was carried out as described in Figure legends. TK6cells and lymphocytes: Intensity of cellular fluorescence was measured using a MoFlo XDP (Beckman-Coulter, Brea, CA) high speed flow cytometer/sorter. DAPI fluorescence was excited with the UV laser (355-nm), AlexaFluor 488, DCF and Rh123 with the argon ion (488-nm) laser. Although berberine, one of the studied agents, is fluorescent [132] control experiments excluded the possibility that its fluorescence significantly contributed to analysis of the measured cells that could lead to a bias. Statistical evaluation of individual measurements (SD) was carried out assuming the Poisson distribution in evaluation of populations of cells in particular phases of the cell cycle. All experiments were repeated at least three times, representative data are presented.

	Western Blotting

	TK6 cells were exposed to the investigated agents at concentrations as shown in Figs. 1 and for 4 h. The cells were then collected and lysed by incubation on ice for 30 min in cold immuno-precipitation (RIPA) buffer, which contained 50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% deoxycholate, 0.1 % SDS, 1 mM dithiothreitol (DTT) and 10 μl/ml protease inhibitor cocktail and 1% phosphatase inhibitor cocktail 3 (Sigma-Aldrich). The extracts were centrifuged and the clear supernatants were stored in aliquots at -80°C for further analysis. Protein concentrations of cell lysates were determined by Coomassie protein assay kit (Pierce, Rockford, IL) using BSA as standard. Aliquots of lysates (10 μg of protein) were resolved by 10% SDS-PAGE followed by western blot analysis. The primary antibody against total 4EBP1 (C-19) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The primary antibodies for mTOR-Ser2448P, total mTOR, RP-S6-Ser235/236P, Total RB-S6, and 4EBP1-Ser65P were obtained from Cell Signaling Technology, Inc. (Beverly, CA). The blots were first incubated with specific primary antibodies followed by secondary antibodies. Specific immunoreactive bands was identified and detected by enhanced chemiluminescence (ECL) using protocol provided by the manufacturer (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD). The expression of actin was monitored in parallel as loading control. The intensity of specific immunoreactive bands was quantified by densitometry and expressed as a ratio relative to the expression of actin [133].
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	Abstract

	The gerosuppressant metformin operates as an efficient inhibitor of the mTOR/S6K1 gerogenic pathway due to its ability to ultimately activate the energy-sensor AMPK. If an aging-related decline in the AMPK sensitivity to cellular stress is a crucial event for mTOR-driven aging and aging-related diseases, including cancer, unraveling new proximal causes through which AMPK activation endows its gerosuppressive effects may offer not only a better understanding of metformin function but also the likely possibility of repositioning our existing gerosuppressant drugs. Here we provide our perspective on recent findings suggesting that de novo biosynthesis of purine nucleotides, which is based on the metabolism of one-carbon compounds, is a new target for metformin's actions at the crossroads of aging and cancer.

	It is perhaps not surprising that the cellular energy sensor adenosine monophosphate (AMP)-activated protein kinase (AMPK), a critical suppressor of the mTOR gerogene [1-17], has been once again highlighted as a conserved life span modulator linking bioenergetics, metabolism, and longevity [12-22]. What is certainly surprising is the proximate causation through which AMPK activation has now been shown to enable its pro-longevity effects. When searching for mutations capable of disrupting energy balance in metabolically active tissues and slowing aging in the fruit fly Drosophila melanogaster, Stenesen and colleagues [23] recently found that the inactivation of genes coding for enzymes involved in the de novo synthesis of the purine nucleotide AMP demonstrated the strongest pro-longevity effects. Interestingly, mutations in AMP biosynthetic enzymes capable of significantly extending the Drosophila lifespan impacted cellular bioenergetics by unexpectedly increasing the AMP:ATP and ADP:ATP ratios, thus counter intuitively mimicking the effects of energy depletion (e.g., dietary restriction), despite disrupting AMP biosynthesis [23,24]. AMPK, the cellular fuel gauge whose activity becomes significantly increased in long-lived flies, detects such energy imbalances to causally channel longevity effects resulting from genetically impaired de novo AMP synthesis. While the expression of a dominant-negative form of AMPK prevented the lifespan increases driven by heterozygous mutations in AMP biosynthetic enzymes, animals engineered to specifically exhibit AMPK gain-of-function in metabolic tissues also had lifespan increases equivalent to those observed in long-lived fly mutants. Therefore, enhanced AMPK activity appears to be sufficient to fully recapitulate the ability of AMP biosynthesis pathway mutations to increase the AMP:ATP ratio and longevity.

	In the novel scenario illustrated by Stenesen and colleagues [23], it reasonably follows that small molecule drugs capable of mimicking the energy imbalance imposed by mutations in the AMP biosynthesis pathway may be expected to increase healthy life spans by activating AMPK. Moreover, given that AMPK is a crucial gerosuppressor (and tumor-suppressor) that impedes mTOR-driven geroconversion (and mTOR-driven malignant transformation) [1-17], small molecules capable of activating AMPK by altering the de novo synthesis of purine nucleotides such as AMP should be expected to not only inhibit the pro-aging activity of mTOR gerogenes but also prevent aging-related diseases, such as cancer. The antidiabetic biguanide metformin may fulfill all of these requirements. First, epidemiological, preclinical, and clinical evidence from the last five years has demonstrated the multi-faceted capabilities of metformin in preventing and treating human carcinomas [25-35]. Second, metformin, independently of the insulin-signaling pathway, has been noted to significantly extend the healthy lifespan of not only non-diabetic mice but also the nematode Caenorhabditis elegans [36-42]. AMPK, which is activated in mammals by metformin treatment, has also been found to be an essential molecular operative for metformin healthspan benefits in C. elegans [42], thus suggesting that the metformin gerosuppressant activity largely depends on its ability to engage the same metabolic sensor, i.e., AMPK, which is highly conserved across phyla. Third, metformin prevents cancer and extends the lifespan of cancer-prone rodent strains. Moreover, metformin can also prolong lifespan without affecting cancers in non-cancer-prone rodent strains [36-41]. Although the latter discrepancy may suggest that metformin could delay aging (and prolong life) by mechanisms unrelated to its ability to suppress cancer, it may not if this discrepancy simply relies on a cancer-related enhancement of common proximate anti-aging mechanisms by which metformin can activate the gerosuppressor/tumor suppressor AMPK. One such mechanism may be one-carbon metabolism that drives the de novo synthesis of purine nucleotides (e.g., AMP).

	It is well known that the relative contribution of nucleotide biosynthesis to nucleotide pool maintenance via the de novo and salvage pathways significantly varies in different cells and tissues. Proliferating cells, including cancer cells, usually require a functional de novo pathway to sustain their increased nucleotide demands. Indeed, this activity is the basis for the use of antifolate drugs in chemotherapy against cancer cells, which generally have higher DNA turnover. Crucially, a recently identified metabolomic fingerprint of human cancer cells treated with metformin revealed for the first time its previously unrecognized ability to significantly impair one-carbon metabolism and the de novo biosynthesis of purine nucleotides in a manner that is functionally similar but mechanistically different than that of the antifolate class of chemotherapy drugs [43]. Of note, the ability of metformin to activate the AMPK metabolic tumor suppressor and inhibit cancer cell growth was notably prevented when the salvage branch of purine biosynthesis was promoted by exogenous supplementation with the pre-formed substrate hypoxanthine, a spontaneous deamination product of the purine adenine. Remarkably, Stenesen and colleagues [23] similarly found that dietary supplementation with adenine, the pre-formed substrate of AMP biosynthesis, not only markedly reversed the lifespan extension of AMP biosynthesis mutants but also the pro-longevity effects of dietary restriction. The recognition of de novo AMP biosynthesis, adenosine nucleotide ratios, and AMPK as determinants of the Drosophila adult lifespan and the finding that the anti-cancer activity of metformin could be explained in terms of the secondary activation of AMPK following the alteration of the essential carbon flow that leads to the de novo synthesis of purines both strongly suggest that the flow of one-carbon groups governing the de novo biosynthesis of purines could represent a crucial metformin-targeted intersection of aging with cancer (Fig. 1).

	[image: De novo biosynthesis of purine nucleotide at the crossroads of aging and cancer: A new target for the gerosuppressant metformin]

	Figure 1. De novo biosynthesis of purine nucleotide at the crossroads of aging and cancer: A new target for the gerosuppressant metformin.

	Because a ubiquitous event in cancer metabolism is the early, constitutive activation of one-carbon metabolism and because de novo nucleotide biosynthesis may influence cancer mortality due to its critical role in DNA synthesis and methylation, the repeatedly suggested reduction in cancer risk and mortality of diabetic patients chronically treated with metformin may therefore represent an unintended metronomic chemotherapy approach targeting the differential utilization of de novo one-carbon metabolism by malignant and non-malignant cells [43]. In light of the findings by Stenesen and colleagues [23], it may be reasonable to suggest that metformin treatment may silently operate not only to eliminate genetically damaged, initiated, or malignant cells addicted to higher nucleotide concentrations but also activate the gerosuppressant activity of AMPK by unbalancing the de novo biogenesis of the purine AMP in metabolically active tissues (Fig. 1). It may be argued that the ability of metformin to activate AMPK following the inhibition of one-carbon metabolism indicates its teratogenic potential [43,44]. Although one study reported no alterations in embryonic growth and no major malformations during mouse embryogenesis, it is noteworthy that the metformin analog phenformin, an AMPK activator that is more potent than metformin, remarkably produced embryolethality and embryo malformations, including neural tube closure defectsand craniofacial hypoplasia [44]. Future studies may elucidate whether phenformin has a stronger inhibitory effect on de novo purine biosynthesis compared with metformin.

	Nevertheless, we should acknowledge that while high doses of metformin have been reported to increase the lifespan of C. elegans in an AMPK-dependent manner [42], this metformin effect could not be observed in fruit flies [45]. Thus, while AMPK activation increases lifespan in Drosophila, metformin supplementation does not. Forthcoming studies should determine whether the lack of equivalence between feeding metformin and activating AMPK may be due to either off-target detrimental metformin effects or the detrimental effects of systemically activating AMPK in relevant versus non-relevant tissues for lifespan extension [24]. In this regard, it should also be considered that while previous studies in fibroblasts and rat hepatoma cells have shown that AMPK activation by metformin occurred by mechanisms other than changes in the cellular AMP:ATP ratio [46], recent evidence in primary hepatocytes has revealed that metformin activates AMPK by decreasing the cellular energy status via a significant rise in the cellular AMP:ATP ratio [47]. Moreover, metformin has been reported to mimic a low-energy AMPK-activating state by increasing AMP levels through the inhibition of AMP deaminase (AMPD) in skeletal muscle cells and the development of fatty liver [48,49]. Curiously, when Stenesen and colleagues [23] tested the longevity effects of an insertional mutation in AMPD that catalyzes the hydrolytic deamination of AMP into inosine monophosphate, i.e., the opposite direction of the longevity genes adenylsuccinate synthetase, adenylsuccinate lyase, adenosine kinase, and adenine phosphoribosyltransferase, they failed to observe any effects on lifespan. Whether the metformin ability to directly [48] or indirectly inhibit AMPD, such as through the accumulation of intermediates during the folate-dependent metabolism of one carbon unit [43], could counteract the longevity induced by AMPK activation certainly merits further exploration.

	The molecular mechanism(s) through which the gerosuppressant metformin could increase life span and delay tumor formation and progression remain unclear. Most studies have focused on ultimate causes, which mostly involve the reasons why metformin has beneficial effects. An ever-growing experimental body of evidence strongly suggests that metformin operates as an efficient inhibitor of the mTOR/S6K1 gerogenic pathway due to its ability to ultimately activate the AMPK energy-sensor in a cell-autonomous manner. If an aging-related decline in the AMPK sensitivity to cellular stress is a crucial event for mTOR-driven aging and aging-related diseases, including cancer, it is now time to explore molecular events that primarily involve the "how" questions; unraveling new proximal causes through which AMPK activation endows its gerosuppressive effects may offer not only a better understanding of metformin function but also the likely possibility of repositioning our existing gerosuppressant drugs.
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	Abstract

	The nutrient-sensing mTOR (mammalian Target of Rapamycin) pathway regulates cellular metabolism, growth functions, and proliferation and is involved in age-related diseases including cancer, type 2 diabetes, neurodegeneration and cardiovascular disease. The inhibition of mTOR by rapamycin, or calorie restriction, has been shown to extend lifespan and delays tumorigenesis in several experimental models suggesting that rapamycin may be used for cancer prevention. This requires continuous long-term treatment making oral formulations the preferred choice of administration route. However, rapamycin by itself has very poor water solubility and low absorption rate. Here we describe pharmacokinetic and biological properties of novel nanoformulated micelles of rapamycin, Rapatar. Micelles of Rapatar were rationally designed to increase water solubility of rapamycin to facilitate oral administration and to enhance its absorption. As a result, bioavailability of Rapatar was significantly increased (up to 12%) compared to unformulated rapamycin, which concentration in the blood following oral administration remained below level of detection. We also demonstrated that the new formulation does not induce toxicity during lifetime administration. Most importantly, Rapatar extended the mean lifespan by 30% and delayed tumor development in highly tumor-prone p53−/− mice. Our data demonstrate that water soluble Rapatar micelles represent safe, convenient and efficient form of rapamycin suitable for a long-term treatment and that Rapatar may be considered for tumor prevention.

	Introduction

	Rapamycin (or Sirolimus) is a macrolide antibiotic that was first isolated from Streptomyces hydroscopicus and was initially utilized as an antifungal agent [1,2]. Under the name of Rapamune, it is now used as an immunosuppressant to prevent organ rejection after transplantation. Rapamycin inhibits the nutrient-sensing mTOR (mammalian Target of Rapamycin), a conserved protein kinase that controls cellular growth and metabolism. The mTOR signaling pathway is activated by nutrients, growth factors, hormones, cytokines, and cellular energy status. When nutrients and growth factors are abundant, mTOR promotes protein synthesis, ribosome biogenesis, angiogenesis, cell cycle progression and cytoskeleton re-organization (reviewed in [3]-5]).

	Recent data demonstrated that rapamycin extends life span in various model organisms including mammals [4-6]. The life-long administration of rapamycin inhibits age-related weight gain, decreases aging rate and increases lifespan of inbred [7] and genetically heterogeneous [6] mice. Previous data has demonstrated that rapamycin significantly delayed the onset of spontaneous carcinogenesis both in normal (129/Sv [7]) and cancer-prone (HER-2/neu transgenic [8] and p53+/−[9]) mice. Importantly, the anti-cancer effect of rapamycin in p53+/− mice was blunted when treatment started at the age of 5 months [9] suggesting that rapamycin does not directly inhibit tumor growth but rather has an indirect effect.

	Since rapamycin exhibits poor water solubility and instability in aqueous solutions, its clinical use through oral administration requires development of special drug design such as complex nanoparticle formulation to facilitate increased bioavailability and efficacy. Therefore, various oral formulations, such as inclusion complexes [10,11], liposomes [12], nanocrystals [13], and solid dispersion [14] have been developed and tested in pre-clinical and clinical studies. In this study, we tested the biological activity of a novel formulation of rapamycin, Rapatar. This formulation is based on Pluronic block copolymers as nanocarriers, which serves to improve water solubility of the drug, and to enhance various biological responses favorable for therapeutics, such as activity of drug efflux transporters (reviewed in [15]). We show that Rapatar has significantly higher bioavailability after oral administration when compared to unformulated rapamycin. We also show that Rapatar effectively blocks mTOR in mouse tissues. Moreover, life-long administration of Rapatar increases lifespan and delays carcinogenesis in highly tumor-prone p53−/− mice.

	Results

	Rapatar is efficiently absorbed and systemically distributed and effectively inhibits mTOR in vivo

	To compare the absolute and relative bioavailability and other pharmacokinetic properties of Rapatar with those of an unformulated rapamycin, we administered both compounds as a single dose to female ICR mice. Rapatar was administered intravenously (IV) or orally (PO) at a dose of 0.4 mg/kg and 4 mg/kg respectively, while rapamycin was administered PO at 4 mg/kg. Blood samples were collected at different times after administration and analyzed for rapamycin by mass spectrometry LC/MS/MS). Pharmacokinetic values of the area under the curve (AUC), the maximum drug concentration (Cmax), the time of peak concentration (Tmax), and the absolute bioavailability (F) were calculated from whole blood drug concentration-time data (Fig. 1A). Importantly, following oral administ-ration, rapamycin could only be detected in whole blood samples of mice that received Rapatar whereas its concentration in blood of rapamycin-treated mice was beyond the level of detection. As shown in Table 1, when compared to unformulated rapamycin, Rapatar demonstrated very fast absorption (Tmax 15 min) and significant increase in AUC value with mean T1/2 extending to 6.4 hours. Consequently, a single oral administration of Rapatar resulted in 12% bioavailability, which is comparable with commercially available formulations used in clinical practice (14% when administered orally in combination with cyclosporine A).

	[image: Pharmacokinetic and biological characteristics of Rapatar. (A) Rapamycin concentration-time profile in blood after intravenous (IV, top) and oral (PO, bottom) administration of Rapatar to mice (mean values, n = 3). A single dose of Rapatar was administered either IV (0.4mg/kg) or PO (4mg/kg). Blood samples were collected at designated times and analyzed for rapamycin by LC/MS/MS. (B) Rapatar blocks mTOR activation in vivo. Six C57/Bl/6J mice were food-deprived for 18 hrs. At the end of fasting period animals received either Rapatar (0.5mg/kg) or PBS via gavage and were allowed access to food. One hour later animals were sacrificed, livers were dissected and protein lysates were analyzed for mTOR activity by probing with p70S6(Thr389) antibody. (C) No acute or long-term toxicity are associated with PO administration of Rapatar. C57Bl/6J male mice received either Rapatar or PBS starting 8 weeks of age (10 mice/group) for 24 weeks according to the protocol described above. No loss in body weight was detected in experimental group throughout the treatment period. Both experimental and control groups showed similar gain in body weight with age.]

	Figure 1. Pharmacokinetic and biological characteristics of Rapatar. (A) Rapamycin concentration-time profile in blood after intravenous (IV, top) and oral (PO, bottom) administration of Rapatar to mice (mean values, n = 3). A single dose of Rapatar was administered either IV (0.4mg/kg) or PO (4mg/kg). Blood samples were collected at designated times and analyzed for rapamycin by LC/MS/MS. (B) Rapatar blocks mTOR activation in vivo. Six C57/Bl/6J mice were food-deprived for 18 hrs. At the end of fasting period animals received either Rapatar (0.5mg/kg) or PBS via gavage and were allowed access to food. One hour later animals were sacrificed, livers were dissected and protein lysates were analyzed for mTOR activity by probing with p70S6(Thr389) antibody. (C) No acute or long-term toxicity are associated with PO administration of Rapatar. C57Bl/6J male mice received either Rapatar or PBS starting 8 weeks of age (10 mice/group) for 24 weeks according to the protocol described above. No loss in body weight was detected in experimental group throughout the treatment period. Both experimental and control groups showed similar gain in body weight with age.

	Table 1. Pharmacokinetic parameters of unformulated rapamycin and Rapatar in C57Bl/6J mice. Abbreviations: Cmax – the peak concentration; Tmax – time taken to reach peak concentration; AUC – area under the curve; F – absolute bioavailability

	
		
				 

				Units

				Rapamycin, IV 0.4mg/kg

				Rapatar, PO 4mg/kg

		

		
				Dose amount

				ng

				10.4

				104

		

		
				Dosage

				ng/kg

				400

				4000

		

		
				Cmax

				ng/ml

				958

				656

		

		
				Tmax

				hr

				0.04

				0.25

		

		
				AUC

				ng-hr/ml

				2634.6

				3161.5

		

		
				Half-life

				hr

				6.4

				N/A

		

		
				F

				%

				100

				12

		

	

	Ribosomal protein S6 is a substrate of mTOR, and therefore phospho-ribosomal protein S6 is a marker of mTOR activity [16-19]. To test whether Rapatar inhibits mTOR activity in vivo, we compared levels of phosphorylated S6 (pS6) in livers of wild type C57Bl/6J mice, in which mTOR was suppressed by a period of food deprivation. Rapatar (0.5mg/kg or PBS were given by gavage at a time when animals were allowed access to food. Fig. 1B shows that S6 is highly phosphorylated in livers of control animals indicating mTOR activation in response to food. In contrast, in animals that received Rapatar, S6 phosphorylation was reduced ~10-fold. Thus, Rapatar successfully inhibits mTOR activity in the liver in vivo.

	To test whether life-long administration of Rapatar causes in vivo toxicity, we administered it to wild type C57Bl/6J mice at 0.5 mg/kg via gavage according to protocol described in Materials and Methods section.

	Rapatar- and PBS-treated animals were monitored for any signs of toxicity by visual inspection and body weight measurements. Mice receiving Rapatar maintained a healthy appearance with physical activities and body weights comparable to the control mice (Fig. 1C).

	Rapatar increases lifespan of p53−/− mice

	Our data showed that Rapatar effectively inhibits mTOR in vivo. Suppression of mTOR by rapamycin has been shown to increase lifespan in various model organisms including mice [6-8,20-25]. To test whether Rapatar can extend lifespan, we administered it to mice with targeted disruption of tumor suppressor p53. p53−/− mice are characterized by increased carcinogenesis and reduced lifespan (reviewed in [26]. Twenty p53−/− mice received Rapatar starting 8 weeks of age at a dose of 0.5mg/kg according to the schedule described in Material and Methods. Another group of 17 p53−/− mice received PBS as control. Throughout the experiment, animals were monitored for tumor development by visual inspection and total body weight measurements. Both Rapatar- and PBS-treated p53−/− mice die early in life due to a high rate of spontaneous carcinogenesis, which is characteristic for this mouse model. However, treatment with Rapatar resulted in an overall significant increase in median survival of p53−/− mice from 23 (±10) weeks in the control group to 31 (±1.5) weeks in the experimental group (Fig. 2A).
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	Figure 2. Rapatar increases lifespan in p53−/− mice. Mice received Rapatar at 0.5 mg/kg via gavage according to the schedule described in Materials and Methods. Rapatar increased lifespan from 23 to 31 weeks (p<0.001, Mantel-Cox log-rank test).

	To gain insight into the potential mechanism of increase in survival of Rapatar-treated animals, we performed a detailed histological analysis of all tissues collected from each individual animal in the course of the experiment (summarized in Table 2). Based on this analysis, 82% of mice in the control group (14 out of 17) developed lymphomas whereas 12% (2 out of 17) developed sarcomas. One animal showed the presence of both sarcoma and lymphoma and one animal developed myeloid leukemia. This spectrum of tumors is characteristic to p53−/− mice and comparable to previous reports [27]. The mice developed these spontaneous neoplasms from 2 to over 8 months of age with an average latency time of 161 days. When compared to the control group, Rapatar-treated mice showed later appearance and delayed progression of spontaneous tumors. They arose from 4.5 to over 9.5 months, with average latency of 261 days; one animal remained tumor-free until the end of the experiment. Interestingly, the incidence of sarcomas in Rapatar-treated mice was increased to 30% compared to 17% in control group (Table 2); however the number of animals used in the experiment was not enough to obtain a statistically significant difference.

	Table 2. Summary of histological analysis. Tissues of 17 control and 20 Rapatar-treated p53−/− mice were evaluated for the presence of tumor cells. The type of tumors and the stage of their development were determined as described in Materials and Methods. The incidence of sarcomas in Rapatar-treated p53−/− mice was higher than in control group (30% and 17% respectively); however, due to a relatively small group size, statistical significance was not achieved (p=0.2; Fisher's exact test)

	
		
				 

				Initial Lymphoma

				Advanced Lymphoma

				Sarcoma

				Leukemia

				Tumor-free

		

		
				Rapatar

				7 (35%)

				6 (30%)

				6 (30%)

				1 (5%)

				1 (5%)

		

		
				PBS

				4 (23%)

				10 (58%)

				3 (17%)

				1 (6%)

				0

		

	

	Since lymphomas represented the major type of tumor in both groups, we performed a detailed pathological evaluation of individual tumors. Based on the severity of pathological changes, the developmental stage, and involvement of non-lymphoid tissues, all lymphomas were graded as initial or advanced. Initial lymphomas mainly involved thymus and were presented macroscopically as enlarged masses. Under the microscope they were seen to be composed of broad sheets of densely packed rather uniform large lymphoblastic cells, with little or sparse cytoplasm that completely obliterated the normal thymus structure and cortical and medullary zones. In most cases, neoplastic lymphoid cells expanded through the thymic capsule and spread through the mediastinal fat, lymph nodes, along peritracheal and periaortal spaces, even infiltrating lungs and pericardium with limited penetration of the myocardium. Such lymphomas with predominantly local involvement were designated provisionally as initial. Tumors were graded as advanced when the rise of the malignancy and aggressiveness of the lymphoma cells resulted in metastases and infiltration into spleen, liver, lung, kidney, mesentery lymph nodes, testis, and bone marrow. Based on this designation, the proportion of the initial lymphomas in Rapatar-treated group was larger compared to controls (35% and 23% for experimental and control groups respectively) suggesting that Rapatar slows down tumorigenesis. Consistently, the proportion of the advanced disseminated lymphomas, spreading to other organs in Rapatar-treated group was smaller than in control (30% and 58% respectively). Although histopathological appearance of lymphomas and sarcomas were very similar in control and experimental groups, Rapatar-treated mice develop tumors significantly later in life (Fig. 3 and 4). Based on these data we concluded that Rapatar increased lifespan of p53−/− mice by delaying tumorigenesis.

	[image: Rapatar delays development of lymphomas in p53−/− mice. (A) Representative initial lymphoma developed in control mouse at the age of 101 days. (B) Similar appearance of lymphoma in Rapatar-treated mouse at 281 days of age. Both A and B show monotonous infiltrate of medium-sized neoplastic cells with round nuclei, fine chromatin, indistinct nucleoli, and numerous mitotic figures and apoptotic cells. (C) Advanced lymphoma in 134-day old control mouse with metastases in liver (D) and lung (E). (D) Metastasis in liver showing the extensive spread of neoplastic cells effaces the normal structure and only minimal remnants of hepatocytes (marked by arrows). (E) Metastasis in the lung showing neoplastic infiltrates in perivascular area and in the alveolar walls (arrows) (F) Advanced lymphoma with pathological changes similar to shown in C in the thymus of 241day-old Rapatar-treated animal with metastasis in liver (G) and lung (H). (G) Metastasis in liver showing neoplastic infiltrates in portal tract (yellow arrow) and sinusoids (white arrow). (H) Metastasis in the lung showing perivascular neoplastic infiltrate (arrow).]

	Figure 3. Rapatar delays development of lymphomas in p53−/− mice. (A) Representative initial lymphoma developed in control mouse at the age of 101 days. (B) Similar appearance of lymphoma in Rapatar-treated mouse at 281 days of age. Both A and B show monotonous infiltrate of medium-sized neoplastic cells with round nuclei, fine chromatin, indistinct nucleoli, and numerous mitotic figures and apoptotic cells. (C) Advanced lymphoma in 134-day old control mouse with metastases in liver (D) and lung (E). (D) Metastasis in liver showing the extensive spread of neoplastic cells effaces the normal structure and only minimal remnants of hepatocytes (marked by arrows). (E) Metastasis in the lung showing neoplastic infiltrates in perivascular area and in the alveolar walls (arrows) (F) Advanced lymphoma with pathological changes similar to shown in C in the thymus of 241day-old Rapatar-treated animal with metastasis in liver (G) and lung (H). (G) Metastasis in liver showing neoplastic infiltrates in portal tract (yellow arrow) and sinusoids (white arrow). (H) Metastasis in the lung showing perivascular neoplastic infiltrate (arrow).

	[image: Rapatar delays development of sarcomas in p53−/− mice. (A) Liver sarcoma in 172-old control mouse. (B,C) Sarcoma developed in 261 day- and 204 day-old Rapatar-treated mice. No metastases are detected. D. Sarcoma in 212-day old Rapatar-treated mouse with metastases in the lung.]

	Figure 4. Rapatar delays development of sarcomas in p53−/− mice. (A) Liver sarcoma in 172-old control mouse. (B,C) Sarcoma developed in 261 day- and 204 day-old Rapatar-treated mice. No metastases are detected. D. Sarcoma in 212-day old Rapatar-treated mouse with metastases in the lung.

	Discussion

	The mTOR signaling pathway is a key coordinator of cell growth and cell proliferation in response to a variety of environmental conditions. Its deregulation has been implicated in many pathological conditions, including those that are associated with aging, such as cancer, type 2 diabetes, neurological and cardiovascular disorders (reviewed in [28,29]). Furthermore, the activation of the mTOR pathway is the most universal alteration in cancer [30]. Several analogs of rapamycin (rapalogs) have been approved for cancer therapy [31-35] and numerous clinical trials are underway. However, as anti-cancer drugs rapamycin and other rapalogs showed modest efficacy. There are several reasons that can explain relatively low therapeutic effect. First, rapamycin itself is not cytotoxic. Additionally, mTOR inhibition activates several feedback loops that drive mitogenic signaling (reviewed in [28,36]). Therefore, it is still not quite clear whether rapamycin exhibits direct antitumor activity or whether it acts in a more indirect systemic way. Our previous data [9] and data presented here show that rapamycin delays carcinogenesis in tumor-prone p53+/− and p53−/− mice, most likely by slowing down the process of aging. If this is the case, than rapamycin can be considered as a tumor-preventive agent (i.e. administration is required before tumor initiation). This necessitates the development of efficacious nontoxic rapamycin-formulations that could be taken orally for extended periods of time. Here we show that oral administration of Rapatar results in high systemic bioavailability and does not induce toxicity during life-long administration. Importantly, biological effects of Rapatar were prominent at low doses (0.5 mg/kg) and intermittent schedules. Taken together, our data suggest that Rapatar is a promising candidate for clinical use as an effective cancer prevention drug.

	Materials and Methods

	Materials

	Rapamycin was purchased from LC Laboratories (Woburn, MA). Polymeric formulation of rapamycin (Rapatar) was developed by Tartis Aging, Inc. using Pluronic block co-polymers [15] according to the following protocol. One gram of rapamycin was dissolved in 25 ml of ethanol. The resulting solution was mixed with 5 grams of Pluronic L-92 (BASF) and 2 grams of citric acid dissolved in 200 ml of 20% Pluronic F-127 (BASF) solution in ethanol and water mixture (97:3 v:v). The solution was then incubated at 20–25°C for 30 minutes with constant stirring. The ethanol was removed using Speedvac and the formulation was further dried using high vacuum.

	Animals

	ICR female mice were obtained from Charles River. C57Bl/6J mice were obtained from Jackson Laboratory. p53−/− mice on C57Bl/6J background originally obtained from Jackson Laboratory, were housed and bred at the Department of Experimental Animal Resources of Roswell Park Cancer Institute. For pharmacokinetic analysis, three groups of 8 weeks old ICR female mice received a single dose of either Rapatar (2 groups) or rapamycin. Rapatar was administered via gavage at 4mg/kg in 0.5% methyl cellulose or IV at 0.4mg/kg in PBS. Rapamycin was administered via gavage at 4mg/kg in 0.5% methyl cellulose.

	For estimating potential long-term toxic effects of Rapatar, two groups of C57BL/6J mice received the drug at a dose of 0.5 mg/kg via gavage once a day for 5 consecutive days, followed by 9-day interval without treatment. Mice were maintained on this treatment schedule for 24 weeks and were weighed weekly. Control mice receive PBS according to the same schedule.

	For longevity studies, 38 p53−/− male mice were randomly divided into two groups. Twenty one experimental animals received 0.5 mg/kg Rapatar and 17 animals received PBS according to the above described schedule. Treatment started at 8 weeks of age and continued until tumor appearance was visually observed or dramatic loss of weight, indicative of tumor appearance, was detected. At this point, mice were sacrificed and examined for gross pathological changes. Tumors, heart, kidney, liver, lungs, thymus and spleen were collected for histological evaluation. All procedures were approved by the Institutional Animal Care and Use Committee of Roswell Park Cancer Institute.

	Pharmacokinetic study

	Whole blood was collected into EDTA-blood tubes 0.5, 1, 2, 4, 8, 16 and 24 hours after administration of either Rapatar or unformulated rapamycin. Tubes were inverted a few times, and stored on ice in dark container during the experiment. At the end of the experiment, all samples were placed for storage at −70°C in a light-protected container. Frozen blood samples were submitted to the Rocky Mountain Instrumental Laboratory (Fort Collins, Co) for LC/MS/MS analysis of rapamycin. Pharmacokinetic analysis was performed using data from individual mice for which the mean and standard error of the mean (SEM) were calculated for each group using PK Solutions software (Version 2.0).

	Western blot analysis

	In order to maximize and be able to detect p70S6 phosphorylation [37,38], six C57Bl/6J mice were food-deprived for 18 hrs. At the end of the fasting period, animals received either Rapatar (0.5 mg/kg) or PBS via gavage and 15 minutes later were allowed access to food. One hour later animals were sacrificed; livers were dissected, lysed in RIPA buffer and loaded on a 8% SDS-PAGE gel. After separation and transfer to a PVDF membrane, protein lysates were analyzed for mTOR activation by probing with an antibody against phospho-p70 S6 Kinase (Thr389) (1:1000; Cell Signaling) and Actin (1:10000 Cell Signaling). After incubation with HRP conjugated secondary antibodies (Santa Cruz Biotechnologies), transferred proteins were visualized with the ECL detection kit (Jackson Research Laboratories).

	Histopathology

	The mice were visually inspected for tumor development and weighed weekly. Animals showing deteriorating clinical status manifested by constant weight loss or visual tumor appearance were sacrificed and evaluated for gross pathological changes by complete necropsy. For histological evaluation, all tissues were fixed in 10% neutral formalin for 24 hours, and then transferred to 70% ethanol. Samples were embedded in paraffin, sectioned and stained with hema-toxylin and eosin. Histopathological examination was performed on tumors, gross lesions and target tissues using Zeiss AxioImager A1 with Axiocam MRc digital camera. The guidelines of Bethesda classification was used in determining the diagnosis [39].

	Statistical Analyses

	Differences in survival and tumor incidence were evaluated by the Mantel-Cox log-rank test.

	Acknowledgements

	We thank Mary Spengler for critical reading of the manuscript. This work was supported in part by NIH grant GM095874 and by Roswell Park Alliance Foundation (to M.P.A.) and Tartis, Inc. (to A.V.G.)

	Conflicts of Interest

	The authors of this manuscript have no conflict of interests to declare.

	References

	
		1. Vézina C, Kudelski A, Sehgal S. Rapamycin (AY-22,989), a new antifungal antibiotic I. Taxonomy of the producing streptomycete and isolation of the active principle. Journal of antibiotics. 1975; 28:721-726. [PubMed]

		2. Sehgal SN, Baker H, Vezina C. Rapamycin (AY-22,989), a new antifungal antibiotic. II. Fermentation, isolation and characterization. Journal of antibiotics.1975; 28:727-732. [PubMed]

		3. Wullschleger S, Loewith R, Hall MN. TOR Signaling in Growth and Metabolism.Cell. 2006; 124:471-484. [PubMed]

		4. Kaeberlein M, Powers RW 3rd, Steffen KK, Westman EA, Hu D, Dang N, Kerr EO, Kirkland KT, Fields S, Kennedy BK. Regulation of yeast replicative life span by TOR and Sch9 in response to nutrients. Science. 2005; 310:1193-1196. [PubMed]

		5. Wilkinson JE, Burmeister L, Brooks SV, Chan CC, Friedline S, Harrison DE, Hejtmancik JF, Nadon N, Strong R, Wood LK, Woodward MA, Miller RA. Rapamycin slows aging in mice. Aging Cell.

		6. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL, Wilkinson JE, Frenkel K, Carter CS, Pahor M, Javors MA, Fernandez E, et al. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice.Nature. 2009; 460:392-395. [PubMed]

		7. Spong A and Bartke A. Rapamycin slows aging in mice. Cell Cycle. 2012;11:845 [PubMed]

		8. Anisimov VN, Zabezhinski MA, Popovich IG, Piskunova TS, Semenchenko AV, Tyndyk ML, Yurova MN, Antoch MP, Blagosklonny MV. Rapamycin extends maximal lifespan in cancer-prone mice. Am J Pathol. 2010; 176:2092-2097. [PubMed]

		9. Komarova E, Antoch M, Novototskaya L, Chernova O, Paszkiewicz G, Leontieva O, Blagosklonny M, Gudkov A. Rapamycin extends lifespan and delays tumorigenesis in heterozygous p53+/− mice. Aging (Albany NY). 2012;

		10. Baspinar Y, Bertelmann E, Pleyer U, Buech G, Siebenbrodt I, Borchert HH. Corneal permeation studies of everolimus microemulsion. J Ocul Pharmacol Ther. 2008; 24:399-402. [PubMed]

		11. Buech G, Bertelmann E, Pleyer U, Siebenbrodt I, Borchert HH. Formulation of sirolimus eye drops and corneal permeation studies. J Ocul Pharmacol Ther.2007; 23:292-303. [PubMed]

		12. Alemdar AY, Sadi D, McAlister V, Mendez I. Intracerebral co-transplantation of liposomal tacrolimus improves xenograft survival and reduces graft rejection in the hemiparkinsonian rat. Neuroscience. 2007; 146:213-224. [PubMed]

		13. Junghanns JU and Muller RH. Nanocrystal technology, drug delivery and clinical applications. International journal of nanomedicine. 2008; 3:295-309. [PubMed]

		14. Kim MS, Kim JS, Park HJ, Cho WK, Cha KH, Hwang SJ. Enhanced bioavailability of sirolimus via preparation of solid dispersion nanoparticles using a supercritical antisolvent process. International journal of nanomedicine. 2011;6:2997-3009. [PubMed]

		15. Batrakova EV and Kabanov AV. Pluronic block copolymers: evolution of drug delivery concept from inert nanocarriers to biological response modifiers. J Control Release. 2008; 130:98-106. [PubMed]

		16. Brown EJ, Beal PA, Keith CT, Chen J, Bum Shin T, Schreiber SL. Control of p70 S6 kinase by kinase activity of FRAP in vivo. Nature. 1995; 377:441-446. [PubMed]

		17. Brunn GJ, Fadden P, Haystead TAJ, Lawrence JC. The Mammalian Target of Rapamycin Phosphorylates Sites Having a (Ser/Thr)-Pro Motif and Is Activated by Antibodies to a Region near Its COOH Terminus. Journal of Biological Chemistry. 1997; 272:32547-32550. [PubMed]

		18. Brunn GJ, Hudson CC, Sekuliä‡ A, Williams JM, Hosoi H, Houghton PJ, Lawrence JC, Abraham RT. Phosphorylation of the Translational Repressor PHAS-I by the Mammalian Target of Rapamycin. Science. 1997; 277:99-101. [PubMed]

		19. Burnett PE, Barrow RK, Cohen NA, Snyder SH, Sabatini DM. RAFT1 phosphorylation of the translational regulators p70 S6 kinase and 4E-BP1.Proceedings of the National Academy of Sciences. 1998; 95:1432-1437.

		20. Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo R, Fernandez E, Flurkey K, Javors MA, Nelson JF, Orihuela CJ, Pletcher S, Sharp ZD, et al. Rapamycin, but not resveratrol or simvastatin, extends life span of genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci. 2011; 66:191-201. [PubMed]

		21. Moskalev AA and Shaposhnikov MV. Pharmacological inhibition of phosphoinositide 3 and TOR kinases improves survival of Drosophila melanogaster. Rejuvenation Res. 13:246-247. [PubMed]

		22. Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley A, Partridge L. Mechanisms of life span extension by rapamycin in the fruit fly Drosophila melanogaster. Cell Metab. 11:35-46. [PubMed]

		23. Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW, Thomas EL, Kockel L. With TOR, less is more: a key role for the conserved nutrient-sensing TOR pathway in aging. Cell Metab. 2010; 11:453-465. [PubMed]

		24. Khanna A and Kapahi P. Rapamycin: killing two birds with one stone. Aging (Albany NY). 2011; 3:1043-1044. [PubMed]

		25. Ramos FJ, Chen SC, Garelick MG, Dai DF, Liao CY, Schreiber KH, Mackay VL, An EH, Strong R, Ladiges WC, Rabinovitch PS, Kaeberlein M, Kennedy BK. Rapamycin Reverses Elevated mTORC1 Signaling in Lamin A/C-Deficient Mice, Rescues Cardiac and Skeletal Muscle Function, and Extends Survival. Sci Transl Med. 2012; 4:144ra103

		26. Donehower LA. Using mice to examine p53 functions in cancer, aging, and longevity. Cold Spring Harb Perspect Biol. 2009; 1:a001081 [PubMed]

		27. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr., Butel JS, Bradley A. Mice deficient for p53 are developmentally normal but susceptible to spontaneous tumours. Nature. 1992; 356:215-221. [PubMed]

		28. Laplante M and Sabatini DM. mTOR signaling in growth control and disease.Cell. 2012; 149:274-293. [PubMed]

		29. Dazert E and Hall MN. mTOR signaling in disease. Curr Opin Cell Biol. 2011;23:744-755. [PubMed]

		30. Guertin DA and Sabatini DM. Defining the role of mTOR in cancer. Cancer cell. 2007; 12:9-22. [PubMed]

		31. Hudes G, Carducci M, Tomczak P, Dutcher J, Figlin R, Kapoor A, Staroslawska E, Sosman J, McDermott D, Bodrogi I, Kovacevic Z, Lesovoy V, Schmidt-Wolf IG, et al. Temsirolimus, interferon alfa, or both for advanced renal-cell carcinoma. The New England journal of medicine. 2007; 356:2271-2281. [PubMed]

		32. Motzer RJ, Hudes GR, Curti BD, McDermott DF, Escudier BJ, Negrier S, Duclos B, Moore L, O'Toole T, Boni JP, Dutcher JP. Phase I/II trial of temsirolimus combined with interferon alfa for advanced renal cell carcinoma. J Clin Oncol. 2007; 25:3958-3964. [PubMed]

		33. Wander SA, Hennessy BT, Slingerland JM. Next-generation mTOR inhibitors in clinical oncology: how pathway complexity informs therapeutic strategy. The Journal of clinical investigation. 121:1231-1241. [PubMed]

		34. Chappell WH, Steelman LS, Long JM, Kempf RC, Abrams SL, Franklin RA, Basecke J, Stivala F, Donia M, Fagone P, Malaponte G, Mazzarino MC, Nicoletti F, et al. Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR inhibitors: rationale and importance to inhibiting these pathways in human health. Oncotarget. 2011;2:135-164. [PubMed]

		35. Markman B, Dienstmann R, Tabernero J. Targeting the PI3K/Akt/mTOR pathway--beyond rapalogs. Oncotarget. 2010; 1:530-543. [PubMed]

		36. Garrett JT, Chakrabarty A, Arteaga CL. Will PI3K pathway inhibitors be effective as single agents in patients with cancer?. Oncotarget. 2011; 2:1314-1321. [PubMed]

		37. Anand P and Gruppuso PA. The Regulation of Hepatic Protein Synthesis during Fasting in the Rat. Journal of Biological Chemistry. 2005; 280:16427-16436. [PubMed]

		38. Demirkan G, Yu K, Boylan JM, Salomon AR, Gruppuso PA. Phosphoproteomic Profiling of In Vivo Signaling in Liver by the Mammalian Target of Rapamycin Complex 1 (mTORC1). PLoS ONE. 6:e21729 [PubMed]

		39. Morse HC 3rd, Anver MR, Fredrickson TN, Haines DC, Harris AW, Harris NL, Jaffe ES, Kogan SC, MacLennan IC, Pattengale PK, Ward JM. Bethesda proposals for classification of lymphoid neoplasms in mice. Blood. 2002; 100:246-258. [PubMed]



	



	

[image: Aging_Header_Facebook]

	Research Paper Volume 4, Issue 10 pp 709—714

	Rapamycin extends lifespan and delays tumorigenesis in heterozygous p53+/− mice

	Elena A. Komarova 1 , Marina P. Antoch 2 , Liliya R. Novototskaya 1 ,Olga B. Chernova 3 , Geraldine Paszkiewicz 1 , Olga V. Leontieva 1 ,Mikhail V. Blagosklonny 1 , Andrei V. Gudkov 1

	
		1 Department of Cell Stress Biology, Roswell Park Cancer Institute, BLSC, L3-312, Buffalo, NY 14263, USA

		2 Department of Molecular & Cellular Biology, Roswell Park Cancer Institute, BLSC, L3-312, Buffalo, NY 14263, USA

		3 Tartis Aging, Inc., Buffalo, NY 14203, USA



	received: August 30, 2012 ; accepted: October 27, 2012 ;published: October 29, 2012

	10.18632/aging.100498

	Abstract

	The TOR (Target of Rapamycin) pathway accelerates cellular and organismal aging. Similar to rapamycin, p53 can inhibit the mTOR pathway in some mammalian cells. Mice lacking one copy of p53 (p53+/− mice) have an increased cancer incidence and a shorter lifespan. We hypothesize that rapamycin can delay cancer in heterozygous p53+/− mice. Here we show that rapamycin (given in a drinking water) extended the mean lifespan of p53+/− mice by 10% and when treatment started early in life (at the age less than 5 months) by 28%. In addition, rapamycin decreased the incidence of spontaneous tumors. This observation may have applications in management of Li-Fraumeni syndrome patients characterized by heterozygous mutations in the p53 gene.

	Introduction

	The mTOR (mammalian Target of Rapamycin) pathway plays a crucial role in the geroconversion from cell cycle arrest to senescence (geroconversion) [1]. Rapamycin suppresses or decelerates geroconversion, maintaining quiescence instead [2-8]. Furthemore, inhibition of the TOR pathway prolongs lifespan in model organisms, including mice [9-13]. In an organism, nutrients activate mTOR [14-16], whereas fasting or calorie restriction deactivates mTOR [17-19]. Calorie restriction slows down aging [20] and postpones tumorigenesis in several animal models [21,22], including p53-deficient mice [23-25].

	Similar to other tumor suppressors, p53 can inhibit mTOR in mammalian cells [26-31]. While causing cell cycle arrest, p53 can suppress geroconversion, thus preventing a senescent phenotype in the arrested cells [30,31]. Therefore, it is not suprising that p53 inhibits hyper-secretory phenotype, a hallmark of senescence [32] whereas p53-deficiency resulted in pro-inflammatory phenotype [33,34]. Noteworthy, the activity of p53 is decreased with aging [35]. Lack of one p53-allele (p53+/−) accelerates carcinogenesis and shortens lifespan [36-41]. We propose that rapamycin can decelerate cancer development in p53+/− mice. Here we show experimental evidence supporting this hypothesis.

	Results

	Rapamycin (approximate dose, 1.5 mg/kg/day) was given in drinking water. 75 mice were divided into two groups: control (n=38) and rapamycin-treated (n=37). The mean lifespan of animals in control group was 373 days and the last 10% of survivals lived as long as 520 days (Fig. 1 A). In rapamycin-treated mice, the mean lifespan was 410 days and lifespan of the last 10% of survivals could not be determined (Fig. 1 A). Mice in both groups were also monitored for tumor development. The data presented in Fig. 1B demonstrate that carcinogenesis was significantly delayed in rapamycin-treated mice compared to control mice.
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	Figure 1. Administration of rapamycin extends lifespan and delays carcinogenesis in p53+/− male mice. (A) Kaplan Meier survival curve of rapamycin-treated (red line) and control (blue line) mice. (B) Incidence of tumors in rapamycin-treated (red) and control (blue) mice. Animals received rapamycin starting at various ages at 1.5 mg/kg per day in drinking water throughout entire life. * p<0.05. (C) Kaplan Meier survival curve of rapamycin-treated (red line) and control (blue line) mice that start receiving rapamycin early in life (<5 months). (D) Incidence of tumors in rapamycin-treated (red) and control (blue) mice that start receiving rapamycin early in life (<5 months). * p<0.05 toph

	Since in our experiments animals started to receive rapamycin at different age, we sought to test whether this affected the outcome of the treatment.

	For this, we further subdivided all mice used into two groups: “young” (receiving rapamycin from the age of 5 months or earlier) and “old” (receiving rapamycin starting at 5 months of age or older). Results of the data analysis for the “young” group are shown in Figure 1C and D. The mean lifespan in control group was 373 days, whereas in rapamycin-treated “young” mice the mean lifespan reached 480 days, 3.5 months increase over the control group. Furthermore, 40% of rapamycin-treated “young” mice survived 550 days (Fig. 1C) and by this age developed 2 times less tumors than control mice (Fig. 1D). In the “old” group the difference between control and treated group was blunted (data not shown).

	Thus, the life-extending effect of rapamycin is more pronounced when treatment starts earlier in life. In order to confirm that rapamycin administered with drinking water has biological activity in vivo, we measured levels of phosphorylated ribosomal protein S6 (pS6), a marker of the mTOR activity in tissues of control and rapamycin-treated mice. After receiving rapamycin in drinking water for 2 days, mice were sacrificed and the levels of total S6 and pS6 were estimated by Western blot analysis and immuno-cytochemistry (Fig. 2).
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	Figure 2. Administration of rapamycin in drinking water inhibits the mTOR pathway in p53+/− male mice. (A) Western blot analysis of whole cell lysates of 6 organs of rapamycin-treated and control mice probed with antibodies specific to S6 and phospho-S6 (Ser240/244). Mice received rapamycin in drinking water for 2 days. (B) Immunohistochemistry. pS6 in the heart and the liver. Mice received rapamycin in drinking water for 2 days.

	As shown in Fig. 2A, levels of pS6 were reduced in the heart, kidney and liver of rapamycin-treated mice. Also, pS6/S6 ratios were lower in rapamycin-treated mice (Fig. S1).

	These results were confirmed by immunohistochemical staining showing lower levels of pS6 in tissues of rapamycin-treated mice (Fig. 2B). The variability of pS6 levels among mice may explain the variability of biological effects of rapamycin.

	Discussion

	Previously it was shown that rapamycin prolongs lifespan in genetically heterogeneous mice [11], [12], inbred mice [42] and Her2-expressing mice [13]. In normal genetically heterogeneous mice, rapamycin extended life span even when its administration was started later in life [11]. Our data in p53+/− mice show that the effect of rapamycin was blunted when treatment started at the age of 5 months or older.

	This indicates that the anti-cancer effect of rapamycin is likely to be indirect and is imposed via its systemic effect at the level of an organism rather than through direct inhibition of tumor growth. To further address this question we plan to test the effect of rapamycin on animals with established tumors (by measuring tumor growth) along with evaluating the functional status of mTOR and the ability of rapamycin to suppress it in tumors and normal tissues. As we report here, administration of rapamycin starting early in life increased mean lifespan in p53+/− male mice by 28%. Previous work has demonstrated that the life-extending effects of rapamycin [11,12] as well as metformin [43,44], calorie restriction [45] and genetic inhibition of the IGF-I/mTOR/S6K pathway [46,47] were less pronounced in male mice compared with female mice. Moreover, in some cases, life span extension was achieved in female mice only [43,47]. Therefore, the observed increase in the median lifespan is dramatic, taking into account that it was achieved in male mice. However, because of low bioavailability of rapamycin, it was given constantly (in drinking water) without interruptions, whereas intermittent schedules may be more appropriate for future clinical developments as cancer-preventive interventions. In fact, a novel formulation of rapamycin (Rapatar) may be given intermittently, which still reveal even more pronounced extension of life span in p53-deficient mice (Comas et al, Aging 2012; this issue).

	Our study suggests that rapamycin can be considered for cancer prevention in patients with Li-Fraumeni syndrome. Li-Fraumeni syndrome is an autosomal dominant disorder with a germline p53 mutation [48]. The incidence of cancer in carriers of mutation reaches 50% at the age of 40 and 90% at the age 60. Children of affected parents have an approximate 50% risk of inheriting the familial mutation [48]. Although functional assays have been established allowing for easy genetic testing for TP53 mutation, no effective chemopreventive therapy is currently available. The p53 rescue compounds may hold some promise in the future [48-50]; however these are not clinically approved drugs. In contrast, rapamycin has been used in the clinic for over a decade mostly in renal transplant patients. It was reported that rapamycin significantly decreased cancer incidence in renal transplant patients [51-53]. Our data suggest that rapamycin or its analogs can be considered for cancer prevention in Li-Fraumeni syndrome.

	Methods

	Mice

	All animal studies were conducted in accordance with the regulations of the Committee of Animal Care and Use at Roswell Park Cancer Institute. The colony of p53-knockout mice on a C57B1/6 background (originally obtained from Jackson Laboratories, Bar Habor, ME) was maintained by crossing p53+/− females with p53−/− males followed by genotyping of the progeny (PCR) as described previously [54]. Heterozygous p53+/− mice were generated by crossing p53−/− males with wild type p53 females. Male mice were kept in polypropelene cages (30×21×10 cm) under standard light/dark regimen (12 hours light: 12 hours darkness) at 22 ± 2°C, And received standard laboratory chow and water ad libitum.

	Rapamycin treatment

	Rapamycin (LC Laboratories, USA) was diluted in ethanol at concentration 15 mg/ml. Then the stock was diluted 1:1000 in drinking water. Drinking water was changed every week. Male mice were randomly divided into two groups. Mice of the first group (n=37) were given rapamycin in drinking water (approximately 1.5 mg/kg per day), whereas mice of the second group (n=38) were given tap water without rapamycin and served as control. Once a week all mice were palpated for detection of tumor mass appearance.

	Pathomorphological examination

	All animals were autopsied. Site, number and size of tumors were checked. All tumors, as well as the tissues and organs with suspected tumor development were excised and fixed in 10% neutral formalin. After the routine histological processing the tissues were embedded into paraffin. 5–7 μm thin histological sections were stained with haematoxylin and eosine and were microscopically examined. Tumors were classified according to International Agency for Research on Cancer recommendations.

	Western blot analysis

	Tissues were homogenized in Bullet blender using stainless steel 0.5 mm diameter beads (Next Advantage, Inc. NY, USA) and RIPA lysis buffer supplemented with protease and phosphatase inhibitors tablets (Roche Diagnostics, Indianopolis, IN, USA). Lysates were cleared by centrifugation at 4°C at 13000 rpm. Equal amounts of protein were separated on gradient Criterion gels (BioRad) and immunoblotting was performed with rabbit anti-phospho S6 (Ser 240/244) and mouse anti-S6 antibodies from Cell Signaling Biotechnology as described previously [55], [56].

	Immunochemistry

	Dissected tissue samples were fixed in 10% buffered formalin, embedded into paraffin. 5–7 μm thin histological sections were stained with anti-phospho S6 (Ser240/244) antibody (Cell Signaling) and counterstained with Hematoxylin.

	Statistical analyses

	The SigmaStat software package was used for analysis. The P values were calculated using Fisher's Exact Test (2-tail). P<0.05 was considered as statistically significant.
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	Since initial rodent studies in the mid-1930s, caloric restriction (CR) has been known to be an effective non- pharmacological intervention that can extend longevity in many species. Over the last 15-20 years, studies in yeast, worms, and flies have defined many of the signaling pathways mediating these CR-driven longevity effects. A prominent mediator of CR is the target of rapamycin (TOR) signaling pathway, which functions to monitor nutrient levels in the cell and modulate protein synthesis and cell growth in response. Dysfunctional regulation of TOR in humans has been associated with a number of aging-associated diseases such as diabetes, obesity, cardiovascular disease, and cancer [1]. On the other hand, downregulation of the TOR pathway in yeast, worms and flies by the inhibitory molecule rapamycin has been shown to significantly increase lifespan in each of those species. Moreover, in 2009, Miller, Harrison and colleagues showed that mixed inbred mice treated with rapamycin at a relatively late age (600 days) exhibited extended lifespans [2]. Recently, this group also showed that aging phenotypes were significantly delayed in the rapamycin-treated group, though testicular degeneration and cataracts increased [3].

	 

	Despite potential side effects, the rapamycin-induced longevity enhancement in a mammalian species has generated much excitement, and further studies in animal models have now indicated that cancer incidence is delayed by rapamycin treatment. This should not be too surprising, since rapamycin integrates signals initiated from a number of growth factor receptors, is upregulated in numerous cancers, and has been used as a cancer therapeutic drug in some contexts [1]. One such study by Anisomov et al. [4] showed that rapamycin treatment of HER-2 transgenic mammary cancer prone mice not only resulted in significantly extended lifespans, but also dramatically delayed tumor appearance and decreased tumor number and size. Thus, rapamycin may be a highly effective cancer preventative drug in addition to its many other beneficial effects.

	To follow up and extend this initial exciting result, Gudkov, Blagosklonny, Antoch, and their colleagues have investigated the effects of rapamycin on tumor incidence and longevity in p53-deficient mice. The results, appearing in two papers in this issue of Aging, confirm that the cancer preventative effects of rapamycin are significant and broad in scope [5,6]. The p53 tumor suppressor protects against an array of different tumors and p53-deficient mice succumb to lymphomas and many different types of sarcomas [7]. In the paper by Komarova et al. [5], mice heterozygous for a germline p53 null allele (p53+/-) that were continuously treated with rapamycin in the drinking water beginning at a young age (<5 months) had a mean lifespan of 480 days compared to that of the control group’s 373 day mean lifespan (a 28% increase). Importantly, these rapamycin-treated mice developed only half as many tumors as the control mice, a dramatic and significant anti-cancer effect. They also show direct inhibition of mTOR kinase activity in several tissues of the rapamycin-treated mice, an indicator that the rapamycin effects continuously inhibit mTOR signaling. In their discussion, the authors acknowledge that the anti-cancer effects of rapamycin are likely to be indirect, but don’t speculate further. However, because mTOR integrates signals from so many growth signaling pathways, intersects with so many key growth signal transducers (such as AKT, PI-3 kinase, and Ras), and drives so many cell growth outputs, it’s easy to argue that reduction of mTOR activity by rapamycin acts as a major brake on transformation. The authors suggest that the dramatic effects of rapamycin on p53+/- mice could lead to use of this agent as a cancer preventative drug in Li- Fraumeni syndrome patients. Li-Fraumeni patients are analogous to p53+/- mice, as they carry germline p53 mutations and are highly cancer prone at a young age [8]. This may be a good place to start in considering patients for rapamycin in clinical trials, though some of the side effects of rapamycin in mice indicated above [3] certainly need further evaluation.

	In the second paper by Comas et al. [6], the authors treat p53 null (p53-/-) mice with rapamycin from the age of 8 weeks. These mice are profoundly tumor prone and succumb to lymphomas by 4-6 months of age. In this paper, however, the bioavailability of the relatively insoluble rapamycin was enhanced by a novel rapamycin formulation called Rapatar that improved water solubility. The authors showed that blood rapamycin levels were significantly increased in animals treated with Rapatar compared to the standard form of rapamycin. As with the p53+/- mice, Rapatar treatment of the p53-/- mice resulted in significant longevity extension and delayed cancer formation relative to untreated p53-/- mice. Mean tumor latencies for the control p53-/- mice and the Rapatar-treated p53-/- were 161 and 261 days, respectively, a very significant effect. The authors argue that improvement of rapamycin bioavailabity through improved formulations is a necessity for clinical applications. They are uncertain whether the rapamycin effects are direct or indirect, but believe it to delay tumorigenesis by slowing aging. However, because the p53-/- mice are relatively young when they develop tumors, this interpretation seems less likely. Nevertheless, both papers represent exciting new advances that could lead us closer to pharmaceuticals that both enhance lifespan and delay cancer.
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	Abstract

	I discuss a very obscure activity of p53, namely suppression of senescence (gerosuppression), which is also manifested as anti-hypertrophic, anti-hypermetabolic, anti-inflammatory and anti-secretory effects of p53. But can gerossuppression suppress tumors?

	Introduction

	Wt p53 can induce apoptosis, cell cycle arrest and senescence, which are sufficient to explain tumor suppression by p53 [1]. A recent paper in Cell described that these activities are dispensable for tumor suppression [2]. Mutant p53 (p533KR) that cannot cause arrest, senescence and apoptosis still suppressed tumors in mice [2, 3]. Why do then wt p53 induce apoptosis, cell cycle arrest and senescence? Before entertaining this intriguing question, I will focus on suppression of senescence (gerosuppression) by p53, overlapping with its anti-hypertrophic, anti-hypermetabolic, anti-inflammatory and anti-secretory effects.

	P53 suppresses the conversion from arrest to senescence (geroconversion)

	How can p53 suppress senescence, if it also can cause senescence? As recently suggested, induction of senescence is not an independent activity of p53 but a consequence of cell-cycle arrest [4-8]. This predicts that any mutant p53 that cannot cause arrest will not cause senescence too. In agreement, p533KRdid not cause senescence [2]. This is not trivial. To create p533KR, wt p53 was altered to abolish apoptosis and cell-cycle arrest only [2]. Li et al did not modify p53 to abolish senescence as an independent activity. It was not needed, simply because p53 does not induce senescence as an independent effect. (Note: Seemingly in contrast, it was reported that mutant p53, which cannot induce arrest in response to DNA damage, can cause senescence [9]. Although this mutant p53 did not cause instant arrest, it still arrested proliferation later and then senescence developed [9]. So there is no exception). p53 cannot induce senescence without inducing arrest. But p53 can induce quiescence, a reversible condition characterized by low protein synthesis and metabolism (see detailed definitions in ref. [7, 8]). It was assumed that when p53 causes quiescence, it simply fails to induce senescence. But another possibility is that in such cases p53 suppresses the conversion from cell-cycle arrest to senescence (geroconversion). How can that be tested? In some cell lines, induction of ectopic p21 causes irreversible senescence, whereas induction of p53 causes quiescence [4]. Does p53 suppresses a senescent program? This question can be answered by simultaneously inducing both p53 and ectopic p21. When both p21 and p53 were induced, then cells become quiescent not senescent [4]. p53 was dominant, actively suppressing senescence caused by p21… or by something else? In fact, p21 merely causes cell cycle arrest and does not inhibit mitogen-activated, nutrient-sensing and growth-promoting pathways such as Target of Rapamycin (mTOR) [4]. During several days, these pathways (gerogenic pathways, for brevity) convert p21-induced arrest into senescence. Rapamycin can decelerate geroconversion [10-13]. Also, p53 can inhibit the mTOR pathway [4-6, 14-17]. In some conditions, p53 can suppress senescence during arrest [4-6]. Wt p53 induces arrest and then if it fails to suppress senescence, then senescence prevails. Rather than p53, gerogenic pathways drive senescence during cell-cycle arrest [18].

	In summary, wt p53 seems to have three independent effects: apoptosis, cell-cycle arrest and gerosuppression. By inducing arrest, wt p53 primes cells for senescence, unless p53 is able or “willing” to suppress geroconversion. At high levels, gerosuppression by p53 is limited by apoptosis [6]. This predicts that p533KR would potently suppress senescence because gero-suppression by p533KR will not be limited by apoptosis.

	Hyper-metabolic senescent phenotype

	Senescent cells are hyper-functional: hypertrophic, hypermetabolic, hyper-secretory and hyper-inflammatory [8]. Also, senescent cells may accumulate lipids, becoming not only large but also “fat” (Figure1). Induction of p53 decreased both cellular hypertrophy and fat accumulation (Figure 1). This is in line with numerous metabolic effects of p53 including inhibition of glycolysis and stimulation of fatty acids oxidation [19-32]. Importantly, p533KR retained the ability to inhibit glycolysis and reactive oxygen species (ROS) [2]. (Noteworthy, ROS and mTOR co-activate each other [33] and N-Acetyl Cysteine (NAC), which decreases ROS, also inhibits mTOR [34]). Also, p53 decreases hyper-secretory phenotype also known as SASP [35] and suppresses a pro-inflammatory phenotype [36, 37]. How might gerosuppression contribute to tumor suppression? There are several overlapping explanations, from different points of view of the same process.

	[image: Nutlin-3a decreased lipid accumulation during IPTG-induced senescence]

	Figure 1. Nutlin-3a decreased lipid accumulation during IPTG-induced senescence. HT-p21 cells were treated with IPTG, nutlin-3a and IPTG+nutlin-3a (as indicated) for 3 days as described previously [4-6] and cells were stained with “oil red O” for lipids. In HT-p21 cells, IPTG induces ectopic p21 and senescence. As described previously, nutlin-3a induces endogenous p53 and suppresses IPTG-induced senescence [4-6].

	Gerogenic conversion and oncogenic transformation

	In proliferating epithelial cells, pro-gerogenic conversion may contribute to carcinogenesis directly. The PI3K/mTOR pathway is universally activated in cancer [38-49]. p53 can inhibit the PI3K/mTOR pathway [4-6, 14-17, 50]. Like p53, many other tumor suppressors such as PTEN, AMPK, TSC2, LKB1, NF1 inhibit the PI3K/mTOR pathway [51].

	Geroconversion of stromal cells creates carcinogenic microenvironment

	First, senescence creates a selective disadvantage for normal cells, thus selecting for cancer [52-54]. Also, senescent stromal cells secrete factors that favors pre-cancer and cancer growth [37, 54-62]. Third, the senescent stroma is hyper-metabolic and thus promotes cancer by fueling cancer growth [59, 60, 63-71]. In a model of accelerated host aging, mTOR activity was increased in normal tissues [72]. This pro-senescent microenvironment accelerated growth of implanted tumors. The tumor-promoting effects of pro-senescent microenvironment were abrogated by rapamycin [72].

	Cancer is an age-related disease

	The incidence of cancer is increased exponentially in aging mammals. Manipulations that slow down aging delay cancer [73]. For example, calorie restriction delays cancer [74-76] including cancer in p53-deficient mice [77, 78]. Rapamycin, which decelerates aging, also postpones cancer in animals [73, 79-81] and in patients after renal transplantation [82-86].

	Is aging accelerated in p53-deficient mice?

	Inactivation of tumor suppressors accelerates both aging and cancer [87]. It was thought that p53 is an exception. Yet, given that p53 can suppress geroconversion, it may not be the exception after all. A complex role of p53 in cellular senescence and organismal aging was discussed [88-91]. Mice with increased, but normally regulated, p53 lives longer [92]. p53 knockout mice have both accelerated carcinogenesis and decreased longevity [93-98]. p53−/− mice have a pro-inflammatory phenotype characteristic of accelerated aging [36, 37]. Also, atherosclerosis is accelerated in p53−/− animals [99-102]. While loss of p53 by itself makes cells prone to become tumorigenic, an increased rate of organismal aging in the absence of p53 may further accelerate carcinogenesis.

	Rapalogs and p53

	Rapamycin (sirolimus) and other rapalogs (everolimus and temsirolimus) are pharmacological tumor suppressors. Noteworthy, like p53, rapamycin decreases glycolysis [103] and lactate production [34] and stimulates oxidation of fatty acids [104, 105]. Furthermore, rapamycin slows cellular proliferation, and so, not surprisingly, p533KR inhibits clonogenicity too [2]. Yet, p53 affects metabolism and aging not only via mTOR but also via direct transactivation of metabolic enzymes, rendering it a more potent tumor suppressor.

	Puzzles remain

	Still, even if gerosuppression and anti-hypermetabolic effects can in part explain tumor suppression, puzzles remain. Why does wt p53 cause “unneeded” apoptosis and “instant” (p21-dependent) arrest? Why is p53 needed at all? In the wild, most mice die from external/accidental causes and only a few would live long enough to die from cancer, regardless of p53 status. In the wild, starvation (natural calorie restriction) would delay cancer further. Yet, p53 is also needed very early in life, or technically speaking, even before life has begun, because p53 plays role in fertility and reproduction [106-113]. And is tumor suppression a late life function?

	Alternatively, tumor suppression is a primary function of p53. And each of the three activities (apoptosis, arrest, gerosuppression) is partially sufficient for cancer prevention. In their combination, these activities are the most effective tumor suppressor. And each activity may be partially dispensable in some mice strains and in some conditions. For example, the gerosuppressive activity of p53 may be preferentially important in peculiar strains of laboratory mice, or mice fed ad libitum, which constantly activates mTOR and accelerates aging. In fact, calorie restriction, which deactivates mTOR and decelerates aging, partially substitutes for the loss of p53 in mice.
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	Abstract

	Despite common belief, accumulation of molecular damage does not play a key role in aging. Still, cancer (an age-related disease) is initiated by molecular damage. Cancer and aging share a lot in common including the activation of the TOR pathway. But the role of molecular damage distinguishes cancer and aging. Furthermore, an analysis of the role of both damage and aging in cancer argues against “a decline, caused by accumulation of molecular damage” as a cause of aging. I also discuss how random molecular damage, via rounds of multiplication and selection, brings about non-random hallmarks of cancer.

	Introduction

	Aging is defined as a decline caused by accumulation of all sorts of damage, in particular, molecular damage. This statement seemed so obvious that it was not questioned. Yet several lines of evidence rule out molecular damage as a cause of aging [1-15]. Yes, of course, molecular damage accumulates over time. But this accumulation is not sufficient to cause organismal death. Eventually it would. But the organism does not live long enough, because another cause terminates life first [8]. This cause is aging, a continuation of developmental growth. Definitely, developmental growth is not driven by accumulation of molecular damage, although molecular damage accumulates. Similarly, aging is not driven by damage.

	Growth is stimulated in part by mitogen- and nutrient-sensing (and other) signaling pathways such as mTOR [16-35]. Aging, “an aimless continuation of developmental program”, is driven by the same signaling pathways including mTOR [8, 14, 24]. Aging in turn causes damage: not molecular damage but non-random organ damage (stroke, infarction, renal failure and so on) and death [13]. Seemingly, one objection to this concept is that cancer is caused by molecular damage. And cancer is often a cause of death in mammals. So how may one claim that damage does not drive aging, if it is involved in cancer. Let us discuss this.

	Damage in cancer

	Damage causes activate oncogenes and de-activate tumor suppressors due to genetic mutations, epigenetic alterations and microRNAs dysregulation [36-57]. Even according to alternative theories, cancer is caused by damage too [58]. So damage is involved in cancer. There are some exceptions, mostly related to embryonic cells. Also, in theory, extra-genetic alterations such as stable activation of oncogenic pathways via positive feedback loops can contribute to malignant phenotype [59]. Finally, positive feedback loops could be established between cancer and normal cells [59-61]. But in general molecular damage is a key factor in cancer origin. In agreement, cancer is associated with genetic instability [59, 62-69].

	Not decline but robustness

	Due to genetic instability, cancer cells accumulate high levels of unrepaired damage, resulting in genomic mutations and epigenetic alterations as well as aneuploidy [36-49, 70-80]. Despite of accumulation of damage, cancer is neither decline nor ‘wear and tear’. Cancer cells are robust and aggressive. Cancer cells damage organs, thus killing organism. If cancer cells with all damage are so robust, then how possibly aging of normal cells could be “a decline due to accumulation of molecular damage”. In fact, it does not.

	Immortality of cancer cells

	Cancer is associated with cellular immortality [38, 81-88]. Not only cancer cells can become cell lines but also they can become free-living organisms [89-96]. Such free-living cancer cells spread from one animal to another. Thus, venereal sarcoma in dogs spread as unicellular mammalian organisms for several millennia, once originated from a single cancer cell [89-96]. Thus accumulation of damage is associated with cellular immortality.

	Damage is not sufficient to cause cancer

	However, molecular damage is not sufficient either to cause cancer or to hurt organism. This damage is multiplied billions of times via cell replication. Also, cells with random mutations undergo non-random selection (Figure 1).
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	Figure 1. From random damage to cancer. Random damage undergoes multiple rounds of replication and selection. Aging is one of selection forces that favors cells with oncogenic mutations. Cancer cell is characterized by (a) activation of growth-promoting pathways such as mTOR and (b) loss of cell cycle (CC) control. Isolated activation of mTOR favors senescence, whereas isolated cell cycle progression may trigger apoptosis.

	Multiplication and selection

	A 1 cm tumor contains 109 (1 billion) cells. Therefore, damage does not passively accumulate but is actively multiplied. Cells undergo clonal selection, analogous to Darwinian selection [70, 97-100]. Importantly, most mutations are so called “passenger” mutations that remain random and useless [72, 79, 80, 101]. But nevertheless they do not decrease cell vitality.

	Selective microenvironment

	Oncogenic mutations occur randomly. Cancer arises when cellular microenvironment favors oncogenic mutations, creating selective advantage to cells bearing oncogenic mutations. For example, carcinogens not only damage DNA but also cytostatic to normal cells, thus favoring selection of oncogenic mutations that render cells resistant to cytostatic/toxic carcinogens [102, 103]. This is especially apparent with non-damaging carcinogens such as phorbol esters [104]. Cancer therapy can select for additional oncogenic mutations (such as loss of p53), rendering cancer cells not only drug resistant but also increasingly oncogenic [102, 103, 105-108]. Inflammation and chronic infections also favor cancer [109-121]. And the aging microenvironment favors cancer [122-128].

	Aging as selective force

	Organismal aging is the most important risk factor in common cancers such as prostate, breast, colon, gastric, lung, pancreatic, skin, brain, thyroid (and so on) cancers as well as melanomas and certain leukemias. Calorie restriction [129-137] and rapamycin [138-141], which decelerate aging, also postpone cancer. Why does aging favors cancer? One explanation is that aging stromal cells secrete factors that promote growth of pre-cancer cells [122, 123, 142-144] and aging is associated with pro-inflammation that favors cancer growth [145-147]. The pro-inflammatory NF-kB pathway is involved in both DNA damage response (DDR), cancer and aging [60, 147-156].

	One additional explanation is that chronic overactivation of mTOR renders normal cells irresponsive to growth factors [157]. (In fact, mTOR/S6K renders cells resistant to insulin and growth factors [158, 159]). Then, cancer cells, which are growth signal- independent, acquire selective advantage. In theory, by restoring responsiveness of normal cells to mitogenic signals, treatment with rapamycin can eliminate selective advantage for cancer cells. It was predicted that rapamycin can restore responsiveness of aging cells [157]. In fact, mTOR may cause exhaustion of the proliferative potential of stem cells and, in some studies, rapamycin improved the responsiveness of aging stem cells and immune cells [160-163]. As an example, activation of mTOR promoted leukemia-initiated cells, while depleting normal hematopoietic stem cell. Rapamycin not only depleted leukaemia-initiating cells but also restored normal stem cell function [160, 164]. Thus decreased proliferative potential of normal cells is associated with selective advantage to cancer cells.

	Non-random activation of the PI3K/mTOR pathway

	The PI3K/mTOR pathway is universally involved in cancer [37, 165-180]. It is activated by mutations in PI3K, Ras, Raf, non-receptor and growth factor receptor kinases and autocrine growth factors [165, 177, 181, 182]. Also, inactivation of tumor suppressors such as PTEN, AMPK, TSC2, LKB1, NF1 causes activation of this pathway [160, 169, 183-191]. In addition, the hypertrophic effect is often achieved via activation of downstream mTOR targets, translation factors [178]. Finally, p53, which is lost in cancer, is also a suppressor of the mTOR pathway [192-201]. Therefore, it can suppress conversion of cell cycle arrest to senescence [198-204]. In turn, the GF/PI3K/Akt/mTOR pathway drives cellular mass growth, hypersecrtory phenotype, HIF-1 expression, angiogenic phenotype, high levels of glycolysis and biosyntesis (metabolic switch) and apoptosis avoidance [16-35, 205-208]. In other words, it is involved in most of hallmarks of cancer [38, 88], with a notable exception of loss of cell cycle control. On the other hand, the mTOR pathway is involved in senescent phenotype. Therefore, the second alteration in cancer is deactivation of cell cycle checkpoints. Thus cancer cells can be viewed as cycling senescent cells.

	Avoiding cell cycle arrest

	In order to proliferate, cell with TOR-activating oncogenes must disable cell cycle control. Inactivation of tumor suppressors such p53, Rb, p16 and activation of c-myc, cyclins D and E, all disable cell cycle control, allowing “pro-senescent” cancer cell to proliferate [209-216]. Still, acute DNA damage, anticancer drugs and induction of p21 or p16 cause cell cycle arrest. Arrested cancer cells rapidly become senescent (geroconversion), revealing their pro-senescent phenotype.

	Oncogenic transformation and gerogenic conversion

	There are non-mutually exclusive ways to depict oncogenic transformation, as complementary activation/disabling of signaling pathways [88, 217-225]. Here to compare cancer with aging, I view oncogenic transformation as (a) activation of growth-promoting pathways such as mTOR and (b) loss of cell cycle control. Growth promoting pathways can drive either growth or aging, whereas avoidance of cell cycle arrest precludes aging (Fig. 1). In quiescent cells, activation of growth-promoting pathways (such as mTOR) converts quiescence into senescence, a process named gerogenic conversion or geroconversion [226, 227]. In proliferating cells, mTOR is fully activated. Induction of cell cycle arrest, without inhibition of mTOR causes gerogenic conversion too. When cell cycle is arrested, growth-promoting pathways drive hypertrophy and aging instead of growth. The difference between quiescence and senescence was recently discussed in detail [227]. Cellular hyper-functions and feedback signal resistance are manifestations of cellular senescence/aging that lead to age-related diseases [227]. These hallmarks result from excessive activation of signaling pathways not from accumulation of damage.

	Why aging is not caused by accumulation of damage

	To harbor the active mTOR pathway, cancer cells undergo multiple rounds of selection. In other words, numerous random mutations are selected for non-random activation of mTOR. In contrast it is resting non-dividing cells such as liver, muscle, fat, connective tissue, neurons that undergo aging (geroconversion) in the organism. Not only levels of molecular damage are low in normal cells, but also there is no amplification and selection. So random damage hardly can cause non-random activation of mTOR. Noteworthy, calorie restriction (CR) inhibits mTOR. Even short-term CR suppresses cellular senescence in the organism [228, 229].

	Extragenetic activation of mTOR in aging

	mTOR pathway is activated by growth factors, hormones, mitogens, pro-inflammatory cytokines and other secretory molecules and nutrients. Cells can overactivate each other, via positive feedback loops. For example in the liver and fat, hyper-active mTOR causes insulin-resistance, which in turn leads to activation mTOR in beta-cells, which produce insulin. Insulin further activates mTOR in the liver and fat.

	DNA damage response (DDR) and aging

	In proliferating cells, mTOR is fully activated. Acute DNA damage induces DDR and cell cycle arrest. If mTOR is still active, such cells undergo geroconversion. Rapamycin and other inhibitors of the mTOR pathway decelerate geroconversion [198, 200, 206, 226, 230-236]). This is how accelerated senescence is usually induced in proliferating cells (in cell culture). However, in quiescent cells with inactive mTOR, DNA damage does not induce sensecence, whereas activation of mTOR does [226, 237].

	In oncogene-induced senescence (OIS), DDR causes cell cycle arrest, leading to senescence [238-245]. Noteworthy, most oncogenes that induce senescence (Ras, Raf, MEK, Akt and so on) activate the mTOR pathway. We can call them TOR-activating oncogenes or gerogenes [14], because they are involved in aging from cells to organisms [14, 246, 247]. Loss of PTEN also activates the mTOR pathway, causing senescence [243]. In OIS, oncogenes induce cell cycle arrest but not necessary DNA damage or even DDR [248, 243, 249]. Furthermore, atypical DDR can occur without DNA damage (pseudo-DDR) [231, 236, 250-256]. DDR pathways and the mTOR pathway are interconnected [257-260]. And it seems that pseudo-DDR and DDR are markers of cellular hyper-activation associated with senescence [145] and can be blocked by rapamycin [231].

	Cancer prevention and therapy

	Prevention of DNA damage can decrease cancer incidence. For example, non-smoking prevents smoking-induced cancer. Also, cancer can be prevented by decelerating the aging process by calorie restriction and rapamycin. Both calorie restriction and rapamycin delay cancer. Although rapalogs can directly affect cancer cells, rapalogs are only modestly effective as anti-cancer therapy [168, 261, 262], compared with their dramatic preventive effects. In any case, cancer can be prevented without decreasing levels of molecular damage. Furthermore, DNA damaging drugs are cornerstone of cancer therapy. And these drugs are also carcinogens, because anti-cancer and carcinogenic effects are two sides of the same coin [103].

	Conclusion

	Although molecular damage is typically necessary for cancer initiation, this damage limits life span not because of cellular decline but because of cellular robustness. Damage undergoes multiplication and selection. Aging by itself is a selective force that favors cancer probably because aging cells are signal resistant, thus providing selective advantage to cells that by-pass the need in mitogenic signals. In addition to non-random selection for oncogenic mutations, cancer cells accumulate even higher levels of random “passenger” mutations. Despite that cancer cells are robust. It must be expected that a lower rate of DNA damage in normal cells cannot cause cellular decline. Yes, molecular damage accumulates but is not a driving force for aging. Aging would occur in the absence of any molecular damage. On the other hand, yes, molecular damage is involved in something like cancer that can limit lifespan in mammals to some extend. Noteworthy, worms and flies do not die from cancer. Still they undergo PI3K/TOR-dependent aging [263-269].

	As already discussed, if quasi-programmed TOR-driven aging would be eliminated, thus extending lifespan, then accumulation of molecular damage would become life-limiting [10]. In any case, in mammals, cellular aging (characterized by cellular overactivation, hyperfunction and secondary signal resistance) can cause diseases, which lead to organ damage. And cancer, an age-related disease, is not an exception: it kills not because cancer cells fail due to decline but because these cells damage organs. Perhaps, cancer is not the only one damage-related disease among aging-dependent conditions. But a subtle interference of molecular damage with TOR-driven aging will be a topic for another article, which will discuss the intricate relationship between non-random organ damage and random molecular damage.
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	Abstract

	We have shown before that constitutive DNA damage signaling represented by H2AX-Ser139 phosphorylation and ATM activation in untreated normal and tumor cells is a reporter of the persistent DNA replication stress induced by endogenous oxidants, the by-products of aerobic respiration. In the present study we observed that exposure of normal mitogenically stimulated lymphocytes or tumor cell lines A549, TK6 and A431 to metformin, the specific activator of 5'AMP-activated protein kinase (AMPK) and an inhibitor of mTOR signaling, resulted in attenuation of constitutive H2AX phosphorylation and ATM activation. The effects were metformin-concentration dependent and seen even at the pharmacologically pertinent 0.1 mM drug concentration. The data also show that intracellular levels of endogenous reactive oxidants able to oxidize 2',7'-dihydro-dichlorofluorescein diacetate was reduced in metformin-treated cells. Since persistent constitutive DNA replication stress, particularly when paralleled by mTOR signaling, is considered to be the major cause of aging, the present findings are consistent with the notion that metformin, by reducing both DNA replication stress and mTOR-signaling, slows down aging and/or cell senescence processes.

	Introduction

	In live cells, DNA is continuously being damaged by reactive oxygen species (ROS), the by-products of aerobic respiration in mitochondria [1-6]. Exogenous oxidants originating from environmental pollutants [7],phagocyte-oxidative burst [8-10], and even iatrogenic factors [11], additionally contribute to DNA damage. Such DNA damage involves oxidation of the constituent DNA bases, particularly of guanine by formation of 8-oxo-7,8-dihydro-2'-deoxyguanosine (oxo8dG), base ring fragmentation, modification of deoxyglucose, crosslinking of DNA and protein, and induction of DNA double strand breaks (DSBs) [12, 13]. Another important injurious effect of endogenous and exogenous oxidants is peroxidation of lipids in cell membranes [14].

	The extent of ROS-induced DNA damage varies widely in different studies [1-6]. According to one rather conservative estimate, about 5,000 DNA single-strand lesions (SSLs) are generated per nucleus during a single cell cycle of approximately 24 h duration [6]. About 1% of those lesions become converted to DSBs, mostly during DNA replication. This leads to formation of ~50 “endogenous DSBs”, the most severe and potentially mutagenic lesions [6]. DSBs can be repaired by two mechanisms, recombinatorial repair or nonhomologous DNA-end joining (NHEJ). The template-assisted recombinatorial repair is essentially error-free but takes place only when cells have already replicated their DNA which can serve as a template, namely in late-S and G2phase of the cell cycle. DNA repair in cells lacking a template such as in G1 and early S phase occurs via the NHEJ mechanism. The latter is error-prone and may result in deletion of some base pairs [15, 16]. When such change occurs at the site of an oncogene or tumor suppressor gene it may promote carcinogenesis [17, 18]. It can also lead to translocations and telomere fusion, hallmarks of tumor cells [19]. The progressive accumulation of DNA damage with each sequential cell cycle has been considered to be the primary cause of cell aging and senescence [20]. However, the notion that persistent stimulation of mTOR-driven pathways (rather than the ROS-induced DNA damage) is the major mechanism responsible for aging appears to have more merit [21-27]. Oxidative DNA damage, on the other hand, by contributing to replication stress may be a factor enhancing the TOR-driven aging or senescence process [28].

	Strategies for preventing cancer or slowing down aging are often directed at protecting DNA from oxidative damage. Protective agents can be identified by their ability to reduce formation of “endogenous DSBs”. The direct detection of endogenous DSBs in individual cells has been difficult because the leading methodology, single cell electrophoresis (comet) assay [29], lacks the desired sensitivity. The TUNEL assay, developed to label DSBs in apoptotic cells, also lack sufficient sensitivity [30, 31]. While the assays of DNA damage measurement in bulk offer greater sensitivity, these approaches do not allow one to relate the damage to individual cells, reveal any heterogeneity within cell populations, or the relationship of DSBs to cell cycle phase or apoptosis.

	Among the early and most sensitive reporters of DNA damage, and in particular formation of DSBs, is the activation of the Ataxia Telangiectasia mutated protein kinase (ATM) through its autophosphorylation on Ser1981 [32], and the phosphorylation of histone H2AX on Ser139; the phosphorylated H2AX is designated as γH2AX [33]. Immunocytochemical detection of these events offers high sensitivity in assessment of DSBs formation in individual cells [34-37]. These biosensors of DNA damage have been used in conjunction with flow- or image-cytometry to assess DNA damage in cells exposed to a variety of exogenous genotoxins (reviews, [31, 38]). In fact, the high sensitivity of these biomarkers makes it possible to use them to detect and measure the extent of constitutive DNA damage induced by the metabolically generated ROS in untreated cells [39-41]. Furthermore, these markers can be used to explore the effectiveness of factors protecting nuclear DNA from endogenous oxidants [42-45]. Thus, the anti-oxidants (N-acetyl-L-cysteine, ascorbate, Celecoxib), inhibitors of glycolysis and oxidative phosphorylation (2-deoxy-D-glucose and 5-bromo-pyruvate), hypoxia (3-5% O2), confluency, low serum concentration, were all shown to distinctly reduce the level of constitutive ATM activation and H2AX phosphorylation [40-45]. Conversely, the factors enhancing metabolic activity (aerobic glycolysis) such as cell mitogenic activation, glucose, or dichloroacetate amplified the level of constitutive expression of γH2AX and activated ATM [42-45]. Collectively, these observations provide strong evidence that the extent of the ongoing DNA damage imposed by endogenous oxidants as well as the effectiveness of factors that protect from (or enhance) the damage can be assessed by analysis of the level of constitutive DNA damage signaling.

	In the present study we tested whether metformin, a drug widely prescribed to treat type 2 diabetes, has the ability to modulate the level of constitutive DNA damage signaling. Metformin is a specific activator of 5'AMP-activated protein kinase (AMPK), a phylo-genetically conserved serine/threonine kinase that plays a key role in cellular energy homeostasis (reviews, [46-52]). AMPK is the energy sensor (“fuel gauge”) monitoring and regulating cellular energy in response to metabolic needs and nutritional environmental variations. This kinase is activated by low cellular energy status (increased AMP/ATP ratio) and responds by: (i) activating ATP-producing catabolic pathways such as glycolysis and fatty acids oxidation and (ii) suppressing the energy (ATP)-consuming anabolic pathways such as lipogenesis, gluconeogenesis and protein synthesis. Another effect of AMPK activation is inhibition of mammalian target of rapamycin (mTOR), the downstream effector of growth factor signaling pathways [51]. AMPK affects these activities by phosphorylating proteins regulating these pathways (instant effect) as well as by modulating transcription of genes encoding proteins of these pathways (delayed effect) [53-55]. AMPK itself is activated by the upstream mediator liver kinase B1 (LKB1) [52]. Activation of AMPK by metformin was shown to reduce intracellular reactive oxygen species (ROS) levels via upregulation of expression of the antioxidant thioredoxin through the AMPK-FOXO3 pathway [55].

	There is a growing body of evidence that metformin may be considered a promising anti-aging candidate, applicable for life span extension, prevention and even treatment of cancer [22-27, 50, 56]. Given the above, it is of additional interest to know how metformin affects the level of constitutive DNA signaling in normal and tumor cells. Our present data show that in normal lymphocytes, as well as in cells of tumor lines the level of constitutive ATM activation and γH2AX expression was distinctly attenuated upon exposure to metformin. Also reduced was the level of intracellular ROS.

	Results

	The effect of metformin was tested on the level of constitutive expression of γH2AX and Ser1981-phoshorylated ATM in human lung adenocarcinoma A549 cells. The cells were grown attached on slides and the expression of these phospho-proteins was measured by laser scanning cytometry (LSC) [57]. The data provide clear evidence that expression of γH2AX in A549 cells growing in the presence of metformin for 48 h was reduced (Figure 1). The reduction was apparent at 1 mM, and was progressively more pronounced following exposure to 5 and 20 mM concentrations of metformin.
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	Figure 1. Effect of metformin (MF) on the level of constitutive γH2AX expression in A549 cells. Exponentially growing A549 cells were left untreated (Ctrl) or treated with 1, 5 or 20 mM metformin for 48 h. Left panels present bivariate distributions of cellular DNA content versus intensity of γH2AX immunofluorescence (IF) detected with H2AX-Ser139 phospho-specific Ab in cells of these cultures; fluorescence of individual cells was measured by laser scanning cytometry (LSC) [76]. Based on differences in DNA content the cells were gated in G1, S and G2M phases of the cell cycle, as shown in the left panel, and the mean values of γH2AX IF for cells in each of these cell cycle phases by were obtained gating analysis. These mean values (+SD) are presented as the bar plots (right panel). The percent decrease in mean values of γH2AX expression of the metformin-treated cells with respect to the same phase of the cell cycle of the untreated cells is shown above the respective bars. The skewed dash line shows the upper level of γH2AX IF intensity for 97% of G1- and S- phase cells in Ctrl. The insets show cellular DNA content frequency histograms in the respective cultures.

	Across all the three metformin concentrations, the degree of reduction in γH2AX expression was more distinct in G2M- and S- phase cells compared to cells in the G1-phase of the cycle. The DNA content frequency histograms did not show major changes in the cell cycle distribution following 48 h treatment with up to 10 mM metformin, while only a modest decrease in the proportion of S-phase cells was apparent following exposure to 20mM metformin (Figure 1, insets).

	The effect of metformin on the level of constitutive expression of ATM phosphorylated on Ser1981 in A549 cells was strikingly similar to that of γH2AX (Figure 2). The degree of reduction of ATM-S1981P was metformin-concentration dependent. While the decline in ATM activation was seen in all phases of the cell cycle, the most pronounced reduction was evident in S-phase cells (Figure 2).
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	Figure 2. Effect of metformin (MF) on the level of constitutive ATM phosphorylation on Ser1981 in A549 cells. Similar as in Figure 1, the cells were treated with 1, 5 or 20 mM MF for 48 h. Left panels present bivariate distributions of cellular DNA content vs intensity of ATM-S1981P IF. The mean values of ATM-S1981P for cells in G1, S, and G2M were obtained by gating analysis and are shown (+SD) as the bar plots (right panel). The skewed dash line shows the upper level of ATM-S198P IF intensity for 97% of G1- and S- phase cells in Ctrl.

	In the next set of experiments we have tested the effect of metformin on human lymphoblastoid TK6 cells. These cells grow in suspension and their fluorescence, upon staining with phospho-specific Abs, was measured by flow cytometry [57]. The data show that, similar to A549, the expression of γH2AX was also reduced in TK6 cells exposed to metformin (Figure 3). The effect could be seen (7 - 10% decrease) even at a metformin concentration as low as 0.1 mM, and was more pronounced (up to 44% reduction) at higher concentrations. In TK6 cells the reduction in γH2AX was more pronounced in G1 and S phase than in G2M phase cells. The level of constitutively activated ATM was also decreased in TK6 cells growing in the presence of metformin (Figure 4).
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	Figure 3. Effect of metformin on the level of constitutive expression of γH2AX in TK6 cells. Exponentially growing TK6 cells were untreated (Ctrl) or were grown in the presence of 0.1, 1.0, 5.0 and 10 mM metformin (MF) for 48 h. The expression of γH2AX was detected with phospho-specific (Ser139-P) Ab and cell fluorescence was measured by flow cytometry. Based on differences in DNA content the cells were gated in G1, S and G2M phases of the cell cycle and the mean values of γH2AX IF for cells in each of these cell cycle phases were calculated. The numerical figures show the percent reduction in mean values of γH2AX IF of the metformin-treated cells with respect to the mean values of the untreated cells (Ctrl) in the respective phases of the cell cycle.
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	Figure 4. Effect of metformin on the level of constitutive expression of ATM-S1981P. Exponentially growing TK6 cells were untreated (Ctrl) or were grown in the presence of 0.1, 1.0, 5.0 and 10 mM metformin (MF) for 48 h. The expression of ATM-S1981P was detected with phospho-specific Ab. As in Fig. 3, the cells were gated in G1, S and G2M phases of the cell cycle and the mean values of ATM-S1981P for cells in each of these cell cycle phases were estimated. The figures show the percent reduction in mean values of ATM-S1981P IF of the metformintreated cells with respect to the mean values of the untreated cells (Ctrl) in the respective phases of the cell cycle.

	Figure 5 illustrates the effect of metformin on proliferating human lymphocytes. The peripheral blood lymphocytes were stimulated to proliferate by the polyvalent mitogen phytohemagglutinin for 48 h and subsequently were grown in the absence or presence of 5 mM metformin for 24 h. The data show that, as was the case with the tumor cell lines A549 and TK6, growth of lymphocytes in the presence of 5mM metformin distinctly reduced both the level of constitutive expression of γH2AX as well as of ATM-S1981P.
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	Figure 5. Effect of metformin on constitutive expression γH2AX and ATM-S1981P in normal human proliferating lymphocytes. Peripheral blood lymphocytes were mitogenically stimulated by phytohemagglutinin for 48 h and then were grown in the absence (Ctrl) or presence of 5 mM metformin (MF) for additional 24 h. The expression of γH2AX and ATM-S1981P was detected with phospho-specific Abs and cell fluorescence we as measured by flow cytometry. The numerical figures show the percent reduction in expression of γH2AX and ATM-S1981P of cells treated with metformin with respect to Ctrl, in the respective phases of the cell cycle.

	As mentioned in the Introduction, the decline in the level of constitutive expression of γH2AX and phosphorylation of ATM was observed in cells treated with agents that decrease the level of endogenous oxidants such as ROS scavengers or antioxidants [39-45, 58]. Therefore, we assessed the effect of metformin on the abundance of reactive oxidants in human leukemic TK6 cells in the same cultures in which we observed the decline in expression of γH2AX (Figure 3) and ATM-S1981P (Figure 4). As is quite evident from the data shown in Figure 6, the growth of TK6 cells for 48 h in the presence of metformin led to a decrease in the level of ROS that were detected by their ability to oxidize 2',7'-dihydro-dichlorofluorescein diacetate (H2DCF-DA); following oxidation by ROS the non-fluorescent substrate H2DCF-DA is converted to the highly fluorescent product DCF [59]. The effect was concentration dependent and the oxidation of H2DCF-DA was reduced by nearly two orders of magnitude at a 10 mM concentration of metformin compared to untreated cells (Figure 6).
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	Figure 6. Effect of metformin on ability of TK6 cells to oxidize 2',7'-dihydro-dichlorofluorescein diacetate (H2DCF-DA). TK6 cells were untreated (Ctrl) or treated with 1, 5 or 10 mM metformin (MF) for 48 h. The cells were then incubated for 30 min with 10 μM H2DCF-DA and their fluorescence was measured by flow cytometry. While H2DCF-DA is not fluorescent, the product of its oxidation (DCF) by intracellular ROS shows strong green fluorescence. Note dramatic decline in fluorescence intensity of cells treated with 5 or 10 mM metformin.

	Discussion

	The present data demonstrate that exposure of either normal, mitogenically activated lymphocytes, or tumor cell lines (A549, TK6) to metformin leads to a decrease in the level of constitutive phosphorylation of H2AX on Ser139 and constitutive activation of ATM. The observed decrease was evident even at a concentration as low as 0.1 mM metformin (Figures 3 and 4). Pharmacokinetic data indicate that this concentration of metformin is of pharmacological relevance [60].Since the level of constitutive expression of γH2AX and ATM-S1981P to a large extent reports DNA damage signaling in response to DNA damage by endogenous oxidants generated during aerobic respiration [39-45, 58]. the present findings would be consistent with a notion that metformin exerts protective effect on nuclear DNA against oxidative damage. These findings are consistent with the observation that exposure of cells to metformin lowered the extent of reactive oxidants that were able to oxidize the H2DCF-DA substrate (Figure 5). They are also in accordance with numerous studies in which a decrease in the level of ROS in cells treated with metformin has been observed [55, 61-65]. It appears that the mechanisms activated by metformin for neutralizing ROS such as upregulation of the antioxidant thioredoxin [55], and/or suppression of NAD(P)H oxidase activity [61] may prevail over the ROS-generating inhibitory effect on mitochondrial respiratory complex I or catabolic processes activated by AMPK [66, 67].

	It should be noted that DNA damage signaling such as reported by H2AX phosphorylation and ATM activation do not necessarily indicate the actual DNA damage that involves formation of DNA strand breaks [68]. While some breaks may be formed during replication of DNA sections containing the primary oxidative lesions (e.g. oxo8dG) the presence of such lesions by themselves can induce persistent replication stress. The persistent replication stress combined with activation of mTOR pathways is considered to be the main mechanism contributing to aging and senescence [22-27, 69, 70]. Induction of replication stress by arrest in the cell cycle e.g. by upregulation of the CKI p21, with no evidence of actual DNA damage, elevates the level of constitutive DNA damage signaling (“pseudo-DNA damage response”) whereas attenuation of this “pseudo-DNA damage response” can be achieved by reduction in mTOR-signaling [29]. Likewise, the cell senescence induced by the replication stress triggered by low doses (1 – 2 nM) of the DNA damaging agent mitoxantrone, that is also accompanied by elevated levels of DNA damage signaling, was shown to be attenuated by the caloric restriction-mimicking drug 2-deoxy-D-glucose [71]. All this evidence collectively indicates that the observed constitutive DNA damage signaling occurs as a response to persistent DNA replication stress. Thus, by reducing the level of DNA damage signaling, as we presently see, metformin appears to alleviate the extent of the persistent DNA replication stress. Since metformin inhibits mTOR pathways, the reduction of replication stress by metformin may not only be mediated by attenuation of the oxidative stress through reduction of ROS, but also may be mediated by its direct inhibitory effect on mTOR [50-53].

	Our observation that cells exposure to metformin reduces expression of γH2AX and ATM-S1981P remains in contrast to recent data by Vazquez-Martin et al., that show the opposite, namely an activation of ATM and phosphorylation of H2AX in cells treated with metformin [72]. This report prompted us to repeat our experiments numerous times, using a variety of positive and negative controls. Yet in each experiment we observed that treatment of proliferating lymphocytes, TK6 or A549 cells led to a decline in expression of γH2AX and ATM-S1981P. We have also tested the A431 epidermoid carcinoma cells used by these authors [72]. The data show that treatment of A431with metformin decreased the level of H2AX and ATM phosphorylation (Supplemental data, Figure 1). To exclude the possibility of bias resulting from different methodologies we also assessed the effect of metformin on expression of γH2AX and ATM-S1981P in TK6 cells using immonoblotting, the methodology used by the authors [72]. The results obtained by immunobloting (Figure 7) confirm all our immunocytochemical data (Figs. 1-5) by showing a distinct reduction of γH2AX and ATM-S1981P in cells treated with metformin. In fact, the reduction in expression of ATM-S1981P was nearly 45% related to the control. We have also observed that constitutive H2AX phosphorylation and ATM activation in quiescent A549 cells, maintained for 5 days at high cells density (>106 cells/ml) with no medium change also was reduced by treatment with metformin (Supplemental data Figure 2). The effect of metformin, thus, was unrelated as to whether the cells were in exponential- or stationary- phase of growth. Our data also concur with the findings of Nilsson et al., who did not detect any induction of γH2AX in U2OS or HT1080 cells treated with 40 mM metformin [73]. Actually, careful inspection of their data provides some evidence of a decline in expression of γH2AX upon treatment with metformin [73]. At present we see no explanation for the apparent discrepancy of our results (and the data of Nilsson et al., [73]) versus the data presented by Vazquez-Martin al., [72].
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	Figure 7. Detection of γH2AX and ATM-S1981P in TK6 cells untreated (Ctrl) and treated with 5 mM metformin (MF) for 48 h, by immunoblotting. The figures on right side of the blot represent the percent intensity of the scanned protein bands of the metformin-treated cells (UN-SCAN-IT gel 6.1) as that of the intensity of the respective protein bands of the untreated (Ctrl) cells.

	As mentioned, cell aging and senescence appear to be driven by persistent mTOR activation in conjunction with DNA replication stress; the latter can be induced by ROS as well as by inhibition of cell cycle progression, such as activation of CKIs. DNA replication stress and mTOR activation are being reported by the elevated level of constitutive DNA damage signaling (“pseudo-DNA damage response”) [29, 71]. As shown in the present study, the effectiveness of potential anti-aging factors such as metformin may be tested by monitoring their effect on constitutive DNA damage signaling. This approach offers novel means to assess the anti-aging or aging-promoting properties of different factors suspected of such activities. Assessment of DNA damage signaling may serve to detect both genotoxicity [38, 74] as well as genome-protective mechanisms related to attenuation of DNA replication stress.

	Materials and Methods

	Cells, cell treatment

	Human lung carcinoma A549 cells, epidermoid carcinoma A431 and lymphoblastoid TK6 cells were obtained from American Type Culture Collection (ATCC CCL-185, Manassas,VA). Human peripheral blood lymphocytes were obtained by venipuncture from healthy volunteers and isolated by density gradient centrifugation. A549 cells were cultured in Ham's F12K, TK6 and lymphocytes were cultured in RPMI 1640 and A431cells in Dulbecco modified Eagle medium, with 2 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate supplemented with 10% fetal bovine serum (GIBCO/Invitrogen, Carlsbad, CA). Adherent A549 and A431 cells were grown in dual-chambered slides (Nunc Lab-Tek II), seeded with 105 cells/ml suspended in 2 ml medium per chamber. TK6 cells and lymphocytes were grown in suspension; lymphocyte cultures were treated with the polyvalent mitogen phytohemaglutinin (Sigma /Aldrich; St Louis, MO) as described [75]. During treatment with metformin (1,1-dimethylbiguanide; Calbiochem, La Jolla, CA) the cells were in exponential phase of growth unless indicated otherwise. After exposure to metformin at various concentrations and for specified periods of time (as shown in figure legends) the cells were rinsed with phosphate buffered salt solution (PBS) and fixed in 1% methanol-free formaldehyde (Polysciences, Warrington, PA) for 15 min on ice The cells were then transferred to 70% ethanol and stored at −20 °C for up to 3 days until staining.

	Detection of H2AX phosphorylation and ATM activation

	The cells were washed twice in PBS and with 0.1% Triton X-100 (Sigma) in PBS for 15 min and with a 1% (w/v) solution of bovine serum albumin (BSA; Sigma) in PBS for 30 min to suppress nonspecific antibody (Ab) binding. The cells were then incubated in 1% BSA containing a 1:300 dilution of phospho-specific (Ser139) γH2AX mAb (Biolegend, San Diego, CA or with a 1:100 dilution of phospho-specific (Ser1981) ATM mAb (Millipore, Tamecula, CA). The secondary Ab was tagged with AlexaFluor 488 fluorochrome (Invitrogen/Molecular Probes, used at 1:200 dilution). Cellular DNA was counterstained with 2.8 μg/ml 4,6-diamidino-2-phenylindole (DAPI; Sigma). Each experiment was performed with an IgG control in which cells were labeled only with the secondary AlexaFluor 488 Ab, without primary Ab incubation to estimate the extent of nonspecific adherence of the secondary Ab to the cells. The fixation, rinsing and labeling of A549 or A431 cell was carried out on slides, and lymphocytes and TK6 cells in suspension. Other details have been previously described [38-40].

	Analysis of cellular fluorescence

	A549 and A431 cells: Cellular immunofluorescence representing the binding of the respective phospho-specific Abs as well as the blue emission of DAPI stained DNA was measured with an LSC (iCys; CompuCyte, Westwood, MA) utilizing standard filter settings; fluorescence was excited with 488-nm argon, helium-neon (633 nm) and violet (405 nm) lasers [76]. The intensities of maximal pixel and integrated fluorescence were measured and recorded for each cell. At least 3,000 cells were measured per sample. Gating analysis was carried out as described in Figure legends. TK6 cells and lymphocytes: Cellular fluorescence was measured by using a MoFlo XDP (Beckman-Coulter, Brea, CA) high speed flow cytometer/sorter. DAPI fluorescence was excited with the UV laser (355-nm) and AlexaFluor 488 with the argon ion (488-nm) laser.

	Protein immonoblotting

	Nitrocellulose membrane was blocked with 5% w/v nonfat dry milk in TBST (20 mM TrisHCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1h at room temperature. The blot was then incubated with the primary antibody either phospho-specific (Ser139) γH2AX mAb (Biolegend) or a phospho-specific (Ser1981) ATM mAb (Millipore) at 1:500 dilution overnight at 4 °C. After three washes in TBST, the blot was incubated with HRP-conjugated goat anti-mouse IgG (Pierce, Rockford, IL) for 1h at room temperature and washed with TBST three times. SuperSignal West Pico chemiluminescence substrate (Pierce) was used for signal production.

	Supplementary Materials

	Supplemental Figure 1

	Effect of metformin (MF) on the level of constitutive expression of γH2AX and ATM-S1981P in A431 cellsExponentially growing A431 cells were left untreated (Ctrl) or treated with 5 mM metformin for 48 h. γH2AX and ATM-S1981 immunofluorescence (IF) was detected with the phospho-specific Abs and cells fluorescence was measured by laser scanning cytometry.75 Based on differences in DNA content the cells were gated in G1, S and G2M phases of the cell cycle and the mean values of γH2AX and ATM-S1981P IF for cells in each of these cell cycle phases by were obtained gating analysis. The percent reduction of these mean values of the metformin-treated related to the untreated (Ctrl) cells is shown in the respective panels (the means of the three separate bands per each protein). The insets show DNA content frequency histograms in the untreated and metformin-treated cultures.

	Supplemental Figure 2

	Effect of metformin (MF) on the level of expression of γH2AX in TK6 cells in stationary culturesTK6 cells were maintained at high cell density (>106cells/ml) with no medium change for 5 days, then cells were left untreated (Ctrl) or treated with 5 mM metformin for 24 h (MF). The percent decline in mean values of γH2AX IF of cells in G1, S, and G2M phases of the cycle in the metformin-treated culture is shown in the MF panel.
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	Abstract

	Dysregulated signaling through the Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways is often the result of genetic alterations in critical components in these pathways or upstream activators. Unrestricted cellular proliferation and decreased sensitivity to apoptotic-inducing agents are typically associated with activation of these pro-survival pathways. This review discusses the functions these pathways have in normal and neoplastic tissue growth and how they contribute to resistance to apoptotic stimuli. Crosstalk and commonly identified mutations that occur within these pathways that contribute to abnormal activation and cancer growth will also be addressed. Finally the recently described roles of these pathways in cancer stem cells, cellular senescence and aging will be evaluated. Controlling the expression of these pathways could ameliorate human health.

	Introduction

	The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR signaling pathways have been shown over the past 25 years to play key roles in the transmission of proliferative signals from membrane bound receptors. Mutations can occur in the genes encoding pathway constituents (e.g., RAS, RAF, PIK3CA, PTEN, AKT, TSC1, TSC2) or in upstream receptors which activate these pathways. These pathways relay this information through interactions with various other proteins to the nucleus to control gene expression [1-13]. This review will discuss how these pathways may be aberrantly regulated by either upstream mutations/amplification or by intrinsic mutations of key components of these signaling pathways. Elevated levels of activated components of these pathways are often associated with poor prognosis in cancer patients or premature aging [2-5, 7]. Increased expression of signaling pathways can also be correlated with altered sensitivity to targeted therapy compared to patients that do not exhibit elevated expression [2-4]. Inhibition of Raf, MEK, PI3K, Akt and mTOR may prove useful in cancer treatment as well as in preventing or suppressing cellular aging. These observations have propelled the pharmaceutical industry to develop inhibitors that target key components of these pathways.

	The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR signaling pathways consist of kinases cascades that are regulated by phosphorylation and de-phosphorylation by specific kinases, phosphatases as well as GTP/GDP exchange proteins, adaptor proteins and scaffolding proteins. The regulation of these cascades can be much like the axiom of real estate, “location-location-location”, as the membrane localization of these components is often critical for their activity, even though some members of these pathways can function in other cellular regions (e.g., mitochondrion, nucleus). Indeed, one emerging observation in both extracellular signal-regulated kinase 1 and 2 (ERK1/2) and mammalian target of rapamycin (mTOR) signaling is the realization that pathways generate specific biological responses dependent upon where in the cell the signal originates [12]. For example, phosphorylation of both epidermal growth factor receptor (EGFR) and cytosolic phospholipase A(2) [cPLA(2)] is most prominent when ERK1/2 is activated from lipid rafts, whereas p90Ribosomal S6 kinase-1 (p90Rsk-1) is mainly activated by Ras signals emanating from disordered membranes. This substrate selectivity is governed by the participation of different scaffold proteins that distinctively couple ERK1/2, activated at defined subcellular domains, to specific substrates. Ras subcellular localization can determine substrate specificity through distinct utilization of scaffold proteins [1, 6, 12]. Clearly the subcellular localization of pathway components and the presence of various adaptor and scaffolding molecules are critical for the activity of these pathways. The regulation and function of these two pathways will be concisely reviewed as well as the effects of genetic mutations that are important in human cancer.

	The Ras/Raf/MEK/ERK Pathway

	An introductory overview of the Ras/Raf/MEK/ERK pathway is presented in Figure 1. Also outlined in this figure are common sites of intervention with signal transduction inhibitors. Many of these inhibitors have been evaluated in various clinical trials and some are currently being used to treat patients with specific cancers. Extensive reviews of many inhibitors targeting these pathways have been recently published [2-4]. This figure serves as a starting reference point for understanding the flow of information through the Ras/Raf/MEK/ERK pathway from a growth factor to a specific receptor to phosphorylation of appropriate transcription factors in the nucleus, which modulate the expression of key genes [7-11]. The effects of this pathway on the translational apparatus are also diagrammed. Often mRNAs encoding growth factors are entitled “weak” mRNAs and require the effects of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways for efficient translation [2, 4, 11]. As an example, we present the autocrine production of a growth factor. Importantly, many components and interacting members of this pathway are also present as mutated forms in the genomes of retroviruses that induced cancer in experimental animals. Thus there have always been direct pivotal links of this pathway with malignancy.
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	Figure 1. Overview of the Ras/Raf/MEK/ERK Pathway and Potential Sites of Therapeutic Intervention with Small Molecule Membrane-Permeable Inhibitors. The Ras/Raf/MEK/ERK pathway is regulated by Ras (indicated in green ovals), as well as various upstream growth factor receptors (indicated in purple) and non-receptor kinases. Sites where various small molecule inhibitors suppress this pathway are indicated by red octagons. The downstream transcription factors regulated by this pathway are indicated in purple diamond shaped outlines. The Ras/Raf/MEK/ERK pathway also interacts with key proteins involved in protein translation (indicated in green ovals). The Ras/Raf/MEK/ERK pathway aids in the assembly of the protein translation complex responsible for the translation of “weak” mRNAs (indicated in a red line folding over on itself) important in the prevention of apoptosis. This drawing depicts a relative common, yet frequently overlooked phenomenon in human cancer, autocrine transformation. GF = growth factor, GFR = growth factor receptor.

	After growth factor/cytokine/mitogen stimulation of the appropriate (cognate) receptor, a Src homology 2 domain containing protein (Shc) adaptor protein becomes associated with the C-terminus of the specific activated growth factor receptor (e.g., vascular endothelialgrowth factor receptor [VEGFR], epidermal growth factor receptor [EGFR], insulin like growth factor-1 receptor [IGF-1R] and many others) [2-4]. Shc recruits the Grb2 protein and the son of sevenless (SOS) homolog protein, resulting in the loading of membrane-bound Ras with GTP [7]. Ras can also be activated by growth factor receptor tyrosine kinases [GFRTK], such as insulin receptor (IR), via intermediates like insulin receptor substrate (IRS) proteins that bind growth factorreceptor-bound protein 2[7, 8]. Ras:GTP then recruits Raf to the membrane where it becomes activated, likely via a Src-family tyrosine (Y) kinase [9]. At this point we will be somewhat generic, although it should be pointed out that both Ras and Raf are members of multigene families and there are three Ras members (Ki-Ras, N-Ras and Ha-Ras) [7] and three Raf members (B-Raf, Raf-1 [a.k.a c-Raf] and A-Raf) [9]. Raf is responsible for serine/threonine (S/T) phosphorylation of mitogen-activated protein kinase kinase-1 (MEK1)[2, 3, 7]. MEK1 phosphorylates ERK1 and 2 at specific T and Y residues [10]. Activated ERK1 and ERK2 serine S/T kinases phosphorylate and activate a variety of substrates, including p90Rsk1 [2, 3, 7, 10]. ERK1/2 has many downstream and even upstream substrates (see below). p90Rsk1 can activate the cAMP response element binding protein (CREB) transcription factor [13].

	The number of ERK1/2 targets is easily in the hundreds (>600). Thus suppression of MEK and ERK activities will have profound effects on cell growth and aging. Activated ERK can also phosphorylate B-Raf, Raf-1 and MEK1 which alter their activity (Figure 1). Depending upon the site phosphorylated on Raf-1, ERK phosphorylation can either enhance [14] or inhibit [15] Raf-1 activity. In contrast, when B-Raf [16] or MEK1 [17] are phosphorylated by ERK, their activity decreases. These phosphorylation events serve to alter the stability and/or activities of the proteins. This is the first discussion of feed-back loops which will become important in consideration of whether to just target MEK or to target both Raf and MEK in various cancers. It is important that the reader realize that certain phosphorylation events can either inhibit or repress the activity of the affected protein. This often depends on the particular residue phosphorylated on the protein which can confer a different configuration to the protein or target the protein to a different subcellular localization that may result in proteasomal degradation. Furthermore, as previously mentioned, certain phosphorylation events will actually serve to shut off or slow down the pathway. Thus protein phosphorylation by the Ras/Raf/MEK/ERK pathway is a very intricate process which serves to fine tune the signal often originating from a growth factor or mitogens.

	Activated ERK can translocate to the nucleus and phosphorylate additional transcription factors, such as Elk-1, CREB, Fos and globin transcription factor 1 (Gata-1) and others [2-4, 14, 18], that bind promoters of many genes, including growth factor and cytokine genes that are important in promoting growth and preventing apoptosis of multiple cell types. Under certain circumstances, aberrant regulation of this pathway can contribute to abnormal cellular proliferation which may lead to many abnormalities including; autocrine transformation, drug resistance, senescence or premature aging [2, 4, 5, 19].

	The Ras/PI3K/PTEN/Akt/mTOR Pathway

	An introductory overview of the Ras/PI3K/PTEN/Akt/mTOR pathway is presented in Figure 2. Also outlined in this diagram are common sites of intervention with signal transduction inhibitors. Many of these inhibitors have been evaluated in various clinical trials and some are currently being used to treat patients with specific cancers. Extensive reviews of many inhibitors targeting these pathways have been recently published [2, 4, 19, 20]. Phosphatidylinositol-3-kinase (PI3K) is a heterodimeric protein with an 85-kDa regulatory subunit and a 110-kDa catalytic subunit (PIK3CA) [20, 21]. PI3K serves to phosphorylate a series of membrane phospholipids including phosphatidylinositol4-phosphate (PtdIns(4)P) and phosphatidylinositol4,5-bisphosphate (PtdIns(4,5)P2), catalyzing the transfer of ATP-derived phosphate to the D-3 position of the inositol ring of membrane phosphoinositides, thereby forming the second messenger lipids phosphatidylinositol3,4-bisphosphate (PtdIns(3,4)P2) and phosphatidylinositol3,4,5-trisphosphate (PtdIns(3,4,5)P3) [4, 19, 20]. Most often, PI3K is activated via the binding of a ligand to its cognate receptor, whereby p85 associates with phosphorylated tyrosine residues on the receptor via a Src-homology 2 (SH2) domain. After association with the receptor, the p110 catalytic subunit then transfers phosphate groups to the aforementioned membrane phospholipids [4, 19, 20]. It is these lipids, specifically PtdIns(3,4,5)P3, that attract a series of kinases to the plasma membrane thereby initiating the signaling cascade [4, 19, 20].
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	Figure 2. Overview of the Ras/PI3K/PTEN/Akt/mTOR Pathway and Potential Sites of Therapeutic Intervention. The Ras/PI3K/PTEN/mTOR pathway is regulated by Ras (indicted in green ovals), as well as various upstream growth factor receptors (indicated in purple). Sites where various small molecule inhibitors suppress this pathway are indicated by red octagons. Naturally occurring miRNAs have been discovered to certain components of this pathway (e.g., PTEN) and are indicated in a red triangle; other miRNAs to other components, especially tumor suppressor genes will likely be discovered. The downstream transcription factors regulated by this pathway are indicated in diamond shaped purple (active) or red (inactivated) outlines. This drawing depicts some of the complicated regulations of this pathway by both positive and negative phosphorylation events which serve to fine tune this pathway. Phosphorylation of some molecules by certain kinases (e.g., phosphorylation of β-catenin by glycogen synthase kinase-3β [GSK-3β], indicated in red oval) results in their proteosomal degradation (indicated in red box), while phosphorylation of some molecules by certain kinases (e.g., β-catenin by Akt) results in their activation (nuclear translocation, indicated in green box). The Ras/PI3K/PTEN/Akt/mTOR pathway plays a key role in regulating p53 activity (indicated in purple diamond) by phosphorylating MDM2 (indicated in red oval) which controls the stability of p53 by ubiquitination. The Ras/PI3K/PTEN/Akt/mTOR pathway plays a key role in regulating critical proteins involved in protein translation (indicated in green ovals), especially those necessary for the translation of “weak” mRNAs (mTORC1, grouped together a purple box). This pathway also indicates that Akt can result in the activation of downstream mTOR which can subsequently serve as either a negative feed back to inactivate Akt by p70S6K or activate Akt by mTORC2 (grouped together in a blue box). GF = growth factor, GFR = growth factor receptor.

	Downstream of PI3K is the primary effector molecule of the PI3K signaling cascade, Akt/protein kinase B (PKB). Akt was originally discovered as the cellular homologue of the transforming retrovirus AKT8 and as a kinase with properties similar to protein kinases A and C [4, 19, 21, 22]. Akt contains an amino-terminal pleckstrin homology (PH) domain that serves to target the protein to the membrane for activation [21, 22]. Within its central region, Akt has a large kinase domain and is flanked on the carboxy-terminus by hydrophobic and proline-rich regions [22]. Akt is activated via phosphorylation of two residues: T308 and S473.

	The phosphotidylinositide-dependent kinases (PDKs) are responsible for activation of Akt. PDK1 is the kinase responsible for phosphorylation of T308 [23]. Akt is also phosphorylated by the mammalian target of Rapamycin (mTOR) complex referred to as (Rapamycin-insensitive companion of mTOR/mLST8 complex) mTORC2 [4, 19] (See Figures 2 & 3). Before its discovery, the activity responsible for this phosphorylation event was referred to as PDK2. Therefore, phosphorylation of Akt is somewhat complicated as it is phosphorylated by a complex that lies downstream of activated Akt itself [4, 19]. Thus, as with the Ras/Raf/MEK/ERK pathway, there are feedback loops that serve to regulate the Ras/PI3K/PTEN/Akt/mTOR pathway. Once activated, Akt leaves the cell membrane to phosphorylate intracellular substrates.
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	Figure 3. Interactions between the Ras/Raf/MEK/ERK, Ras/PI3K/PTEN/mTOR and Wnt/β-Catenin Pathways that Result in the Regulation of Protein Translation and Gene Transcription. The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways can affect protein translation by complex interactions regulating the mTORC1 (grouped together in a purple box) and mTORC2 (grouped together in a blue box) complexes. GF stimulation results in GFR activation which can activate both the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways. Akt can phosphorylate and inhibit the effects of GSK-3β, TSC2 and PRAS-40 (indicated in red ovals), which result in mTORC1 activation. ERK and PDK1 can phosphorylate p90Rsk1 (indicated in green ovals), which in turn can phosphorylate and inhibit TSC2 (indicated in red oval). Akt-mediated phosphorylation of GSK-3β also affects the Wnt/β-catenin pathway and EMT. Rapamycin targets mTORC1 and inhibits its activity and also results in inhibition of downstream p70S6K. The effects of rapamycin are complex as long term administration of rapamycin may prevent mTOR from associating with mTORC2 and hence full activation of Akt is prevented. However, rapamycin treatment may result in activation of PI3K, by inhibiting the effects of p70S6K on IRS-1 phosphorylation which results in PI3K and Akt activation. Also rapamycin treatment may result in the activation of ERK in some cells, presumably by inhibition of the p70S6K mediated inhibition of IRS1. These later two effects of rapamycin could have positive effects on cell growth. Energy deprivation will result in the activation of serine/threonine kinase 11 (STK11 a.k.a LKB1) and AMPkinase (AMPK) which can result in TSC2 activation (indicated in red ovals) and subsequent suppression of mTORC1. In contrast Akt can phosphorylate and inhibit the activity of AMPK. Inhibition of PDK-1 activity can also result in activation of mTORC1, presumably by suppression of p70S6K and hence inhibition of IRS1 (indicated in red oval) effects on PI3K activity. The PTEN, TSC1, TSC2 and LKB1 tumor suppressor genes all converge on the mTORC1 complex to regulate protein translation. Thus the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways can finely tune protein translation and cell growth by regulating mTORC1. Rapamycin can have diverse effects on these processes. Also these pathways can interact with the Wnt/β-catenin pathway which is important in developmental processes, EMT and CICs. Upon activation of the Wnt pathway, β-catenin forms a complex with Bcl-9, PYGO, plakoglobulin and TCF/LEF which result in the transcription of critical genes including cyclin D1, c-Myc, SALL4 and PPARδ.

	After activation, Akt is able to translocate to the nucleus [4, 19, 24] where it affects the activity of a number of transcriptional regulators. CREB [25], E2F [26], nuclear factor kappa from B cells (NF-κB) via inhibitor kappa B protein kinase (Iκ-K) [27], the forkhead transcription factors [28] and murinedouble minute 2 (MDM2) which regulates p53 activity. These are all either direct or indirect substrates of Akt and each can regulate cellular proliferation, survival and epithelial mesenchymal transition (EMT) [4, 11, 19, 28-31]. Aside from transcription factors, Akt is able to target a number of other molecules to affect the survival state of the cell including: the pro-apoptotic molecule Bcl-2-associated death promoter (BAD) [29], and glycogen-synthase kinase-3β (GSK-3β) [30]. GSK-3β regulates β-catenin protein stability. Hence the PI3K/PTEN/Akt/mTOR pathway is connected to the Wnt/β-catenin, p53 and many additional pathways (Figure 3).

	Negative regulation of the PI3K pathway is primarily accomplished through the action of the phosphatase and tensin homologue deleted on chromosome ten (PTEN) tumor suppressor proteins. PTEN encodes a lipid and protein phosphatase whose primary lipid substrate is PtdIns(3,4,5)P3 [31-39]. The purported protein substrate(s) of PTEN are more varied, including focaladhesion kinase (FAK), the Shc exchange protein and the transcriptional regulators ETS-2 and Sp1 and the platelet-derived growthfactor receptor (PDGFR) [31-33].

	PTEN has four primary structural domains. On the amino terminus is the lipid and protein phosphatase domain, which is flanked adjacent to the C2 domain that is responsible for lipid binding and membrane localization. Next are two protein sequences rich in proline (P), glutamic acid (E), serine (S), and threonine (T) (PEST) domains that regulate protein stability. Lastly, PTEN has a PDZ domain, which helps facilitate protein-protein interactions. Mutations within the phosphatase domain have been reported to nullify the endogenous function of PTEN [31, 35]. Thus PTEN is an enticing therapeutic target for activation since it is frequently inactivated in many human cancers through point mutations as well as other means (e.g., promoter hypermethylation, gene deletion) and its inactivation results in elevated Akt activity and abnormal growth regulation [31, 35]. Moreover, PTEN can be inactivated by phosphorylation and oxidation in human cancer and which results in elevated Akt activity and abnormal growth regulation [31, 35, 36]. Thus, drugs reactivating PTEN could potentially be very useful in some types of tumors driven by PTEN inactivation.

	Another negative regulator of the PI3K pathway is the PH domain leucine-rich repeat protein phosphatase (PHLPP). PHLPP dephosphorylates S473 on Akt which induces apoptosis and inhibits tumor growth [37]. Two other phosphatases, SH2 domain-containing inositol 5'phosphatase (SHIP)-1 and SHIP-2, remove the 5-phosphate from PtdIns(3,4,5)P3 to produce PtdIns(3,4)P2 [38-41]. Mutations in these phosphatases, which eliminate their activity, can lead to tumor progression. Consequently, the genes encoding these phosphatases are referred to as anti-oncogenes or tumor suppressor genes.

	Next we discuss some of the key downstream targets of Akt that can also contribute to abnormal cellular growth and are key therapeutic targets [4, 19, 35, 42-47]. Akt-mediated regulation of mTOR activity is a complex multi-step phenomenon. Some of these targets and how they interact with the Ras/PI3K/PTEN/Akt/mTOR and Ras/Raf/MEK/ERK pathways are indicated in Figure 3. Akt inhibits tuberous sclerosis 2 (TSC2 or hamartin) function through direct phosphorylation [4, 19, 35, 42]. TSC2 is a GTPase-activating protein (GAP) that functions in association with the putative tuberous sclerosis 1 (TSC1 or tuberin) to inactivate the small G protein Rheb [4, 19, 35, 43, 44]. TSC2 phosphorylation by Akt represses GAP activity of the TSC1/TSC2 complex, allowing Rheb to accumulate in a GTP-bound state. Rheb-GTP then activates, through a mechanism not yet fully elucidated, the protein kinase activity of mTOR when complexes with the Raptor (Regulatory associatedprotein of mTOR) adaptor protein, DEPTOR and mLST8, a member of the Lethal-with-Sec-Thirteen gene family, first identified in yeast [4, 19]. The mTOR/Raptor/mLST8 complex (mTORC1) is sensitive to rapamycin and, importantly, inhibits Akt via a negative feedback loop which involves, at least in part, p70S6K [44]. This is due to the negative effects that p70S6K has on IRS1 [43] (see Figure 3).

	The mechanism by which Rheb-GTP activates mTORC1 has not been fully elucidated yet, however it requires Rheb farnesylation and can be blocked by farnesyl transferase (FT) inhibitors.It has been proposed that Rheb-GTP would relieve the inhibitory function of FKBP38 (another component of mTORC1) on mTOR, thus leading to mTORC1 activation [44]. However, more recent investigations did not confirm these findings [45].

	Nevertheless, Akt also phosphorylates proline-richAkt-substrate-40(PRAS40), an inhibitor of mTORC1, and by doing so, it prevents the ability of PRAS40 to suppress mTORC1 signalling (recently reviewed in [4, 19, 44]). Thus, this could be yet another mechanism by which Akt activates mTORC1. Moreover, PRAS40 is a substrate of mTORC1 itself, and it has been demonstrated that mTORC1-mediated phosphorylation of PRAS40 facilitates the removal of its inhibition on downstream signaling of mTORC1 [4, 19, 44]. Also Ras/Raf/MEK/ERK signaling positively impinges on mTORC1. Indeed, both p90Rsk-1 and ERK 1/2 phosphorylate TSC2, thus suppressing its inhibitory function [4, 19, 44] (See Figure 3). Moreover, recent evidence has highlighted that, in solid tumors, mTORC1 inhibition resulted in ERK 1/2 activation, through p70S6K/PI3K/Ras/Raf/MEK [46].

	The relationship between Akt and mTOR is further complicated by the existence of the mTOR/Rictor complex (mTORC2), which, in some cell types, displays rapamycin-insensitive activity. mTORC2 has been found to directly phosphorylate Akt on S473 in vitro and to facilitate T308 phosphorylation. Thus, mTORC2 can function as the elusive PDK-2 which phosphorylates Akt on S473 in response to growth factor stimulation [47]. Akt and mTOR are linked to each other via positive and negative regulatory circuits, which restrain their simultaneous hyperactivation through a mechanism involving p70S6K and PI3K [4, 19, 35, 44, 48-55]. Assuming that equilibrium exists between these two complexes, when the mTORC1 complex is formed, it could antagonize the formation of the mTORC2 complex and reduce Akt activity [44-46]. Thus, at least in principle, inhibition of the mTORC1 complex could result in Akt hyperactivation. This is one problem associated with therapeutic approaches using rapamycin that block some actions of mTOR but not all.

	mTOR is a 289-kDa S/T kinase. It regulates translation in response to nutrients and growth factors by phosphorylating components of the protein synthesis machinery, including p70S6K and eukaryoticinitiation factor (eIF)-4Ebinding protein-1 (4EBP-1), the latter resulting in release of the eukaryotic initiation factor-4E eIF-4E, allowing eIF-4E to participate in the assembly of a translational initiation complex [4, 19, 35, 44]. p70S6K phosphorylates the 40S ribosomalprotein S6, (rpS6), leading to active translation of mRNAs [4, 19, 35, 44]. Integration of a variety of signals (mitogens, growth factors, hormones) by mTOR assures cell cycle entry only if nutrients and energy are sufficient for cell duplication [4, 48-52]. Therefore, mTOR controls multiple steps involved in protein synthesis, but importantly enhances production of key molecules such as c-Myc, cyclin D1, p27Kip1, and retinoblastoma protein (pRb) [35].

	mTOR also controls the translation of hypoxia-inducible transcription factor-1α (HIF-1α) mRNA [51, 52]. HIF-1α upregulation leads to increased expression of angiogenic factors such as vascular endothelial growth factor (VEGF) and PDGF [4]. Moreover, HIF-1α regulates the glycolytic pathway by controlling the expression of glucose-sensing molecules including glucose transporter (Glut) 1 and Glut3 [51]. By regulating protein synthesis, p70S6K and 4E-BP1 also control cell growth and hypertrophy, which are important processes for neoplastic progression. Hence targeting the mTOR pathway could have many effects on the regulation of cellular growth.

	Many of the mRNAs encoding the previously mentioned genes contain 5'untranslated regions which are G+C rich and difficult to translate and referred to as weak mRNAs [35]. 4EP-B1 forms a complex with these mRNAs and other binding factors allowing the translation of these weak mRNAs [35, 53-58]. Rapamycin and mTOR kinase inhibitors suppress the translation of these critical mRNAs involved in cell survival and growth.

	Control of Apoptotic Regulatory Molecules by the Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR Pathways

	These two pathways regulate the activity of many proteins involved in apoptosis. In the following section, we will mainly discuss the effects of these pathways elicited by post-translational mechanisms [2, 3, 58-62], although it should be noted that both ERK and Akt also phosphorylate transcription factors that influence the transcription of the Bcl-2 family of genes as well as other important genes involved in the regulation of apoptosis [2, 4, 35, 60-62]. Many of the effects of the Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR pathways on apoptosis are mediated by ERK or Akt phosphorylation of key apoptotic effecter molecules (e.g., Bcl-2, Mcl-1, Bad, Bim, CREB, Foxo, Caspase-9 and many others) [2, 4, 35, 59-62]. In addition, both pathways regulate the translation of weak mRNAs. ERK, p90Rsk-1, MNK1/2 and p70S6K regulate the phosphorylation of many of the proteins involved in the key complex required for the translation of the weak mRNAs [35,44,56,57]. In some cases, members of the two pathways (e.g., p90Rsk-1 and p70S6K) will phosphorylate the same molecule in the translation complex at the same site e.g. ribosomal protein S6 (rpS6) [57, 58]. However, the kinetics of phosphorylation of rpS6 by the two kinases differs. Thus these two pathways regulate the activity of this translation complex which is responsible for the translation of certain weak mRNAs involved in regulation of apoptosis. Mcl-1 is an example of a weak mRNA and it plays key roles in the regulation of apoptosis.

	Aberrant regulation of apoptosis is critically implicated in cancer as well as many other diseases (e.g., inflammation, auto-immune diseases). Therefore controlling the activity of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways have been keen pharmaceutical objectives for many years. The activity of many key components in apoptotic cascades is sensitive to inhibitors that target these pathways.

	Akt regulates the apoptotic response to a variety of stimuli via its ability to interact with a number of key players in the apoptotic process [2, 4, 61, 62]. Akt can directly phosphorylate BAD on S136, causing its inactivation preventing it from interacting with anti-apoptotic members of the Bcl-2 family of proteins (Bcl-2, Bcl-XL) [29, 62]. Activated Akt can inhibit the release of cytochrome c from the mitochondria, which is a potent activator of the apoptotic caspase cascade [59]. The Akt target, Foxo-3 is capable of upregulating Fas ligand (Fas-L) and Bim, two very important molecules that are potent inducers of apoptosis; however, when inactivated by Akt, Foxo-3 is localized to the cytosol where it is unable to augment expression of these genes [28, 60]. Akt can also phosphorylate Bim which inhibits its proapoptotic activity [61]. In concert, these events caused by Akt activation affect the survival status of the cell.

	Frequent Oncogenic Mutations at Members of these Pathways Result in Activation: Rationale for Therapeutic Targeting of these Pathways

	Effective targeting of signal transduction pathways activated by mutations and gene amplification may be an appropriate approach to limit cancer growth, metastasis, drug resistance as well as aging. The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways can be activated by mutations/amplifications of upstream growth factor receptors. The abnormal production of growth factors can result in receptor activation which in turns mobilizes the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR cascades. An illustration of some of the receptors, exchange factors, kinases and phosphatases that are mutated/amplified in human cancer and how they may impact the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR cascades is presented in Figure 4.
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	Figure 4. Dysregulated Expression of Upstream Receptors and Kinases Can Result in Activation of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR Pathways. Sometimes dysregulated expression of growth factor receptors occurs by either increased expression or genomic amplifications (e.g., VEGFR, EGFR, HER2, IGF1R). Mutations have been detected in EGFR, FLT3, KIT, PDGFR, PIK3CA, RAS, BRAF, MEK1/MEK2, SOS, PTPN11 (indicated in red ovals), and PTEN (indicated in a purple square) . Akt and Rheb are overexpressed in certain cancers. Other signaling molecules which may be overexpressed (e.g., IGF-1R, VEGF-R, ERK, mTOR, p70S6K) but not necessarily mutated or amplified are indicated in yellow ovals. The MDM2 ubiquitin ligase is indicated in a green oval. The p53 tumor suppressor is one of the most frequently inactivated genes in human cancer and has multiple effects on these pathways and is indicated in a purple oval. Amplifications of HER2 and EGFR are detected in certain cancer types. The BCRABL chromosomal translocation is present in virtually all chronic myeloid leukemias (CMLs) and some acute lymphatic leukemias (ALLs). Many of these mutations and chromosomal translocations result in the activation of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR cascades. These pathways can also be activated by autocrine growth stimulation, the genetic basis of which is frequently unknown. Deregulated expression of these pathways can result in cancer as well as premature aging.

	Perhaps one of the biggest advances in medical science in the 1980's was the confirmation of the proto-oncogene hypothesis, that predicted that the human genome contains genes related to viral oncogenes which when mutated could cause human cancer [4, 7, 19, 35, 62-84]. Key genetic members of the Ras/Raf/MEK/ERK pathway [e.g.,RAS, RAF), MEK (rarely) [81-84], the downstream transcription factor (ETS) the Ras/PI3K/PTEN/Akt/mTOR (e.g.,PIK3CA, AKT, PTEN) pathway and upstream receptors (e.g.,ERBB1(EGF-R), ERBB2 (HER2), PDGFR, KIT, FLT3, FMS) were shown to fulfill this hypothesis as they were sometimes mutated/amplified/deleted in specific human cancers. The RAS, RAF, PIK3CA, AKT,ERBB1, KIT, FMS and ETS oncogenes are also contained as viral oncogenes in the genomes of certain retroviruses that cause cancer in animals [2, 7, 35, 62]. Furthermore, genetic mutations at these cellular oncogenes often alter sensitivity to specific targeted therapeutic approaches. Thus many of the genes in these two signal transduction pathway can cause cancer under the appropriate conditions.

	Mutation of Upstream Receptors that Activate the Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR Pathways in Human Cancer

	Amplification/overexpression of HER2 [human epidermal growth factor receptor, a.k.a., c-ErbB-2, (ERBB2)] is an important cause of sporadic breast cancer that occurs in approximately 30% of breast cancer. HER2 is a receptor tyrosine kinase (RTK) [85]. HER2 can heterodimerize with c-ErbB-3 which has six docking sites for PI3K. While a normal breast cell possesses 20,000 to 50,000 HER2 molecules, amplification of this gene in HER2+ cancers can increase levels of HER2 up to 2,000,000 molecules per cell [85]. Overexpression of HER2 is linked to comedo forms of ductal carcinoma in situ (DCIS) and occurs in approximately 90% of these cases. HER2 overexpression will lead to increased expression of both the Ras/PI3K/Akt/PTEN/mTOR and Ras/Raf/MEK/ERK pathways. Association of genes that regulate signal transduction pathways with breast cancer implies an important role of these pathways in neoplasia.

	In acute myeloid leukemia (AML), activation of the Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR pathway can result from mutated upstream targets such as class III RTKs. These include point mutations such as FLT3-internal tandem duplications (FLT3-ITD) and mutated c-KIT, which are present in 35-40% of all AML [2, 4, 35, 62]. Mutations in upstream signaling molecules such as KIT and FLT3 are believed to activate the downstream signal transduction cascades, such as Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR pathways.

	Mutations at RAS in Human Cancer

	Mutations that lead to expression of constitutively-active Ras proteins have been observed in approximately 20 to 30% of human cancers [7, 63-69]. The frequency of RAS mutations and other key genes in the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways in various types of cancers is presented in Table 1. Often point mutations are detected in RAS genes in cancer cells from patients which enhance Ras activity. Genome RAS amplification or overexpression of Ras, perhaps due to altered methylation of its promoter region, are also detected in some tumors [7, 63-69]. In cholangiocarcinoma, KRAS gene mutations have been identified in 45% of examined tumors [7]. Ras mutations are present in up to 20% of AML [67] and are another major cause of activation of this cascade. The frequency of KRAS mutations is very high (~80%) in advanced pancreatic cancers [7, 63]. Mutations that result in increased Ras activity often perturb the Raf/MEK/ERK and also the PI3K/PTEN/Akt/mTOR cascades [7].

	Table 1. Mutations of the Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR Pathways in Human Cancer

	
		
				Gene

				Cancer Mutated At

				Approximate Reported Frequency

				Reference

		

		
				RAS genes can be activated by point mutations, gene amplifications and other mechanisms.

		

		
				RAS

				Many different types including pancreatic, acute myeloid leukemia, endometrial, lung, colorectal

				20-25% all human cancers, KRAS mutations account for about 85%, NRAS for about 15%, HRAS for <1%.

				7

		

		
				KRAS

				Pancreatic

				90%

				7

		

		
				HRAS, KRAS, NRAS

				Thyroid (papillary)

				60%

				7

		

		
				HRAS, KRAS, NRAS

				Thyroid (follicular)

				55%

				7

		

		
				KRAS

				Colorectal

				45%

				7

		

		
				KRAS, NRAS

				Seminoma

				45%

				7

		

		
				NRAS, KRAS

				Myelodysplastic syndrome

				40%

				7

		

		
				KRAS

				Non Small Cell Lung Carcinoma

				35%

				7

		

		
				NRAS

				Acute myelogenous leukemia

				30%

				7

		

		
				NRAS

				Liver

				30%

				7

		

		
				KRAS

				Endometrial

				20%

				7

		

		
				NRAS

				Melanoma

				15%

				7

		

		
				HRAS

				Bladder

				10%

				7

		

		
				HRAS

				Kidney

				10%

				7

		

		
				 

				 

				 

				 

		

		
				BRAF is activated in approximately 7% all cancers, highest in melanoma, often activated by point mutations.

		

		
				BRAF

				Melanoma

				27-70%

				72

		

		
				BRAF

				Papillary Thyroid

				36-53%

				72

		

		
				BRAF

				Serous Ovarian

				30%

				72

		

		
				BRAF

				Colorectal

				5-22%

				72

		

		
				 

				 

				 

				 

		

		
				PIK3CA is often activated by point mutations, also by gene amplification.

		

		
				PIK3CA

				One of the most frequently mutated kinases in human cancer

				>30% solid cancers

				106, 110

		

		
				PIK3CA

				Breast

				8-40%

				106, 108, 110

		

		
				PIK3CA

				Endometrial

				23-36%

				106, 110

		

		
				PIK3CA

				Hepatocellular

				36%

				106, 108, 110

		

		
				PIK3CA

				Colon

				19-32%

				110

		

		
				PIK3CA

				Prostate

				29%

				31

		

		
				PIK3CA

				Glioblastoma

				5-27%

				106, 110

		

		
				PIK3CA

				Head/Neck Squamous Cell

				33%

				106, 110

		

		
				PIK3CA

				Gastric

				25%

				106, 110

		

		
				PIK3CA

				Urinary Track

				17%

				31

		

		
				PIK3CA

				Anaplastic Oligodendroglioma

				14%

				106, 110

		

		
				PIK3CA

				Ovarian

				6-12%

				110

		

		
				PIK3CA

				Intraductal Papillary Mucinous Neoplasm Carcinoma of the pancreas

				11%

				110

		

		
				PIK3CA

				Upper Digestive Track

				10%

				31

		

		
				PIK3CA

				Stomach

				8%

				31

		

		
				PIK3CA

				Esophagus

				7%

				31

		

		
				PIK3CA

				Oral Squamous Cell

				7%

				110

		

		
				PIK3CA

				Pancreas

				6%

				31

		

		
				PIK3CA

				Medulloblastoma

				5%

				110

		

		
				PIK3CA

				Lung

				4%

				110

		

		
				PIK3CA

				Hematopoietic & Lymphoid

				4%

				31

		

		
				PIK3CA

				Skin

				3%

				31

		

		
				PIK3CA

				Anaplastic Astrocytoma

				3%

				110

		

		
				PIK3CA

				Thyroid

				2%

				31

		

		
				 

				 

				 

				 

		

		
				PTEN often inactivated by deletion, gene methylation, protein stability and other genetic mechanisms.

		

		
				PTEN

				Endometrial

				38%

				31

		

		
				PTEN

				Central nervous system

				20%

				31

		

		
				PTEN

				Skin

				17%

				31

		

		
				PTEN

				Prostate

				14%

				31

		

		
				PTEN

				Colon

				9%

				31

		

		
				PTEN

				Urinary track

				9%

				31

		

		
				PTEN

				Lung

				8%

				31

		

		
				PTEN

				Ovary

				8%

				31

		

		
				PTEN

				Breast

				6%

				31

		

		
				PTEN

				Hematopoietic & Lymphoid

				6%

				31

		

		
				PTEN

				Thyroid

				5%

				31

		

		
				PTEN

				Stomach

				5%

				31

		

		
				PTEN

				Liver

				5%

				31

		

		
				PTEN

				Upper aerodigestive track

				4%

				31

		

		
				PTEN

				Esophagus

				1%

				31

		

		
				PTEN

				Pancreas

				1%

				31

		

		
				 

				 

				 

				 

		

		
				AKT is infrequently mutated in human cancer but AKT2 gene can undergo amplification in certain cancers.

		

		
				AKT1

				Thryoid

				5%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT1

				Breast

				3%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT1

				Endometrial

				3%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT1

				Ovary

				1%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT1

				Urinary track

				1%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT1

				Prostate

				1%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT1

				Large Intestine

				1%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT1

				Hematopoietic & Lymphoid tissue

				1%

				www.sanger.ac.uk/perl.genetics/CGP/cosmic

		

		
				AKT2

				Head and Neck squamous cell carcinomas

				30% amplified

				31

		

		
				AKT2

				Pancreatic

				20% amplified

				31

		

		
				AKT2

				Ovarian

				12% amplified

				31

		

		
				AKT2

				Breast

				3% amplified

				31

		

		
				 

				 

				 

				 

		

		
				TSC1/TSC2 is inactivated by point mutations, deletion and other genetic mechanisms. Only TSC1 is associated with some human cancers.

		

		
				TSC1

				Urothelial Carcinoma

				15%

				159

		

	

	A key event in the activation of the Ras protein is farnesylation. Inhibitors that target the enzyme farnesyl transferase (FT) have been developed with the goal of targeting Ras [2]. Clinical testing of FT inhibitors (FTIs) unfortunately has yielded disappointing results. The lack of usefulness of FTIs may be due to multiple reasons. First, there are many proteins that are regulated by FT. Second, although H-Ras is exclusively modified by FT and K-Ras to a lesser extent, N-Ras can also be modified by geranylgeranyltransferase (GGT). This modified N-Ras is still able to support the biological requirement of Ras in the cancer cell. Geranylgeranylation of K-Ras and N-Ras become critical only when farnesylation is inhibited. The majority of RAS mutations in humans occur in KRAS, which is followed by NRAS [7, 67]. The mutation rate at HRAS is a distant third [7]. Hence, it is very possible that the effects that FTIs had in initial clinical trials were not due to inhibition of mutant RAS genes present in the cell, but in fact resulted from non-specific effects which are related to the first point mentioned. Another important target of FTIs is the Rheb protein (Ras homologue enriched in brain) (See Figure 2). Rheb, another GTP binding/exchange protein, plays key roles in regulating mTORC1 and controlling the efficiency of protein translation [4, 19, 35].

	Mutations at RAF in Human Cancer

	Prior to 2003, it was believed that the RAF oncogenes were not frequently mutated in human cancer. There are three RAF genes in humans, (ARAF, BRAF and CRAF (a.k.a. Raf-1) encoding three distinct proteins with diverse and common functions. With the advent of improved methods of DNA sequencing, it was demonstrated that BRAF is frequently mutated in melanoma (27 to 70%), papillary thyroid cancer (36 to 53%), colorectal cancer (5 to 22%), cholangiocarcinoma (22%), ovarian cancer (30%), and a small minority of lung cancer patients (1-3%) [70-75]. BRAF mutation occurs in approximately 7% of all cancers [70-73]. In contrast, CRAF and ARAF are not believed to be frequently mutated in human cancer [80-81].

	It was proposed that the structures of B-Raf, Raf-1 and A-Raf kinases may dictate the ability of activating mutations to occur at, and be selected in, the genes encoding these proteins, which can permit the selection of oncogenic forms [75]. These predictions have arisen from the solved structure of B-Raf [75]. Like many enzymes, B-Raf is proposed to have small and large lobes, which are separated by a catalytic cleft. The structural and catalytic domains of B-Raf and the importance of the size and positioning of the small lobe may be critical in its ability to be stabilized by certain activating mutations. In contrast, the functionally similar mutations in ARAF and CRAF are not predicted to result in small lobe stabilization, this may prevent or hinder the selection of mutations at ARAF and CRAF, which would result in activated oncogenes [75].

	The most frequent mutation detected at the BRAF gene is a change at amino acid 600, which converts a Val to Glu (Val600→Glu, V600E) [72]. This BRAF mutation accounts for > 90% of the BRAF mutations found in melanoma and thyroid cancer. BRAF mutations may arise in certain cells that express high levels of B-Raf as a result of hormonal stimulation. Certain hormonal signaling events will elevate intracellular cAMP levels, which result in B-Raf activation, leading to proliferation. Melanocytes and thyrocytes are two such cell types that have elevated B-Raf expression, as they are often stimulated by the appropriate hormones [76]. Moreover, it is thought that B-Raf is the most important kinase in the Ras/Raf/MEK/ERK cascade [75]. In some models, wild-type (WT) and mutant B-Raf are proposed to activate Raf-1, which then activates MEK and ERK [77, 78]. A number of pharmaceutical and biotechnological companies have developed inhibitors that specifically target mutant B-Raf alleles (mutant-allele specific inhibitors), which do not inhibit WT B-Raf [3].

	In many cancers with BRAF mutations, the mutations are believed to be initiating events and also the driver mutations, but are not sufficient for complete neoplastic transformation [35, 65, 66, 72-75]. Mutations at other genes (e.g., in components of the Ras/PI3K/PTEN/Akt/mTOR pathway) have been hypothesized to be also necessary for malignant transformation in some cancers. Moreover, there may be certain situations where certain potent BRAF mutations (Val600→Glu) and RAS mutations are not permitted in the same cell, as they might result in hyperactivation of Ras/Raf/MEK/ERK signaling and expression, which could lead to cell cycle arrest [75]. In contrast, there are other cases that require both BRAF and RAS mutations for transformation. The BRAF mutations in these cases may result in weaker levels of B-Raf activity which is insufficient for abnormal proliferation [65, 66, 75, 77, 78]. It should be pointed out that RAS mutations may also result in activation of the Ras/PI3K/Akt/mTOR pathway.

	Different BRAF mutations have been mapped to various regions of the B-Raf protein. Mutations at BRAF that result in low kinase activity may signal through Raf-1 [75, 77, 78]. Heterodimerization between B-Raf and Raf-1 proteins may allow the impaired B-Raf to activate Raf-1. Other mutations, such as Asp593→Val, may activate alternative signal transduction pathways [75].

	One study has observed that mutated alleles of CRAF are present in therapy-induced acute myelogenous leukemia (t-AML) [80]. This t-AML arose after chemotherapeutic drug treatment of breast cancer patients. The mutated CRAF genes were transmitted in the germ line, thus, they were not spontaneous mutations in the leukemia, but they may be associated with the susceptibility to induction of t-AML in the breast cancer patients studied. Subsequent studies demonstrated that blast cells from patients with the CRAF germline mutations also had loss of the tumor and metastasis suppressor Raf kinase inhibitor protein (RKIP) [81]. The importance of RKIP was determined by transfection experiments with either siRNA directed against RKIP or expression vectors overexpressing RKIP [81]. The levels of RKIP were determined to influence the levels of CRAF-mediated transformation as high levels of RKIP suppressed CRAF-mediated transformation, while low levels enhanced CRAF-mediated transformation [81]. Decreased RKIP expression has also been observed in some cutaneous squamous cell carcinomas which also displayed decreased BRAF expression [79]. Thus mutation at both BRAF and CRAF have been detected in certain cancer patients and other studies have shown that the levels of mutant and WT B-Raf, Raf-1 and RKIP will influence the levels of transformation observed, hence there is a strong basis for the development of Raf inhibitors [3].

	Mutations downstream of Raf in the Ras/Raf/MEK/ERK cascade have not been frequently detected in human cancer although there are some rare germline mutations detected at MEK1 and MEK2 in cardiofaciocutaneous syndrome (CFC) [82]. There are also mutations at other components of the Ras/Raf/MEK/ERK pathway including KRAS and BRAF in CFC. There are mutations at components of the Ras/Raf/MEK/ERK pathway in the related Costello and Noonan syndromes, including: SOS, and PTPN11 (Shp2) in Noonan syndrome and HRAS mutations in Costello syndrome [83]. These germline mutations confer sensitivity to MEK inhibitors. MEK1 but not ERK2 mutations have been observed in some melanomas and colon carcinomas [84].

	Activation of the Ras/Raf/MEK/ERK Cascade in the Absence of Mutations in the Pathway

	Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and the third most prevalent cause of cancer mortality, accounting for approximately 6% of all human cancers and more than 600,000 deaths annually worldwide [85, 86]. Although the clinical diagnosis and management of early-stage HCC has improved significantly, HCC prognosis is still extremely poor. Therefore, investigating HCC pathogenesis and finding new diagnostic and treatment strategies is important.

	Signaling via the Ras/Raf/MEK/ERK cascade plays a critical role in liver carcinogenesis [86-91]. Although mutations of Ras and Raf occur infrequently in HCC, a recent study demonstrated that activation of Ras pathway occurred in 100% of HCC specimens analyzed when compared with non-neoplastic surrounding tissues and normal livers [91].

	In addition, activation of Ras/Raf/MEK/ERK pathway in HCC may be due to down-regulation of Ras inhibitors Sprouty and the Sprouty-related protein with Ena/vasodilator-stimulated phosphoprotein homology-1 domain (Spred-1) and Spred-2 proteins [92, 93]. It has been shown that the expression of Spred-1 and -2 in human HCC tissues is frequently decreased, in comparison to adjacent non-tumorous tissues. This decreased expression inversely correlated with the incidences of tumor invasion and metastasis [92]. Moreover, ectopic Spred expression inhibited HCC cell proliferation both in vitro and in vivo, which was associated with reduced ERK activation, suggesting that Spred could be both a novel prognostic factor and a new therapeutic target for human HCC [93].

	Down-regulation of RKIP expression is a major factor in activation of the Ras/Raf/MEK/ERK pathway during human hepatocarcinogenesis [94]. These studies indicate the complex interplay of various genes that serve to regulate the Ras/Raf/MEK/ERK pathway. Deregulation of their expression by various mechanisms (e.g., promoter methylation, point mutations, post-translational mechanisms) may result in Ras/Raf/MEK/ERK pathway activation in the absence of detectable mutations at either Raf or MEK. Hence, the Ras/Raf/MEK/ERK cascade is a therapeutic target in HCC [3, 95, 96].

	Obesity is another important contributing factor for the development of HCC [97]. The important role of Ras/Raf/MEK/ERK signaling has also been suggested for HCC progression in obese patients. A possible explanation for risk associated between obesity and HCC comes from the study of Saxena et al., which for the first time demonstrated that leptin, akey molecule involved in the regulation of energy balance and body weight control, promotes HCC growth and invasiveness through activation of Ras/Raf/MEK/ERK signaling [98].

	Other well known risk factors for HCC such as hepatitis B and Cviruses (HBV and HCV) also utilize the Ras/Raf/MEK/ERK pathway for the control of hepatocyte survival and viral replication [99]. Among the four proteins encoded by HBV genome, HBx is involved in heptocarcinogenesis. HBx activates Ras/Raf/MEK/ERK signaling cascade [100]. Among HCV components, the core protein has been reported to activate the Ras/Raf/MEK/ERK pathway and thereby might contribute to HCC carcinogenesis [101, 102]. Therefore, these studies suggest that the Ras/Raf/MEK/ERK pathway is a novel therapeutic target that could be exploited for the treatment of HCC resulting from HBV and HCV infection. microRNAs (miRNAs) may play a key role in regulating HCV translation [103]. Protein translation is regulated by the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways and may be a therapeutic target for HCC [104]. The interacting Wnt/β-catenin pathway also has effects on HCC [105].

	
Mutations at PIK3CA in Human Cancer

	The PI3K p110α catalytic subunit (PIK3CA) gene is currently the most frequently mutated kinase in human cancer. PIK3CA is mutated in approximately 25% of breast, 32% of colorectal, 30% of endometrial, 27% of brain, 25% of gastric, 4% of lung cancers [106-110] (Table 1). These mutations are clustered in small hot-spot regions within the helical (E542, E545) and kinase (H1047) domains [106-110]. The locations of these mutations have been recently critically evaluated [110]. These mutations frequently result in activation of its kinase activity [110]. Furthermore increased expression of the Ras/PI3K/Akt/mTOR pathway also occurs frequently in some cancers as the PIKC3A gene is amplified in approximately 40% of ovarian cancers [109].

	Activation of PI3K/PTEN/Akt/mTOR signaling through mutation, inactivation or silencing of pathway components occurs in various malignancies, including liver cancer [111]. Deregulation of this pathway has clinical importance in HCC. For example, recent data from genomic sequence of HCC samples identified mutations in PIK3CA in 50% of patients with poor prognosis, survival length < 3 years following partial liver resection, and only 10% of the HCC patients with a good prognosis had mutation in PIK3CA [111]. The identified mutations were restricted to residues H1047 in 61.1%, to E545 in 33.3%, and to E542 in 5.5% of cases, and as a consequence this result in gain of enzymatic function and consequently in oncogenic activity of PI3K [111].

	Mutations at PTEN in Human Cancer

	Germline PTEN mutations are present in approximately 80% of patients with Cowden syndrome [112]. This disease, which is also known as multiple hamartoma syndrome, is another familial syndrome that includes many different types of cancer conditions including early onset breast cancer. Mutations have been reported to occur at PTEN in breast cancer in varying frequencies (5-21%) [113, 114]. Loss of heterozygosity (LOH) is probably more common (30%) [114]. Mutations at certain residues of PTEN, that are associated with Cowden's disease, affect the ubiquitination of PTEN and prevent nuclear translocation. These mutations leave the phosphatase activity intact [115]. Inhibition of PTEN activity leads to centromere breakage and chromosome instability [34]. Thus PTEN has diverse activities.

	Akt and mTOR phosphorylation are frequently detected in ovarian and endometrial cancers. An early occurrence in endometrial cancer is the loss of functional PTEN activity by mutation or other mechanisms, this occurs in approximately 40-80% of patients [116]. Since the loss of PTEN results in activation of Akt, that in turn up-regulates mTOR activity, cancer cells deficient in PTEN are thought to be major targets of mTOR inhibitors.

	The best evidence that strongly supports the connection between PTEN-suppression and liver carcinogenesis comes from genetic studies. All mice with PTEN-deficient hepatocytes exhibited liver adenomas and 66% of them developed HCC [117]. In these mice, hepatocytes were hyperproliferative and displayed an abnormal activation of Akt [117]. Furthermore, although mutations in the PTEN gene rarely occur in HCC, frequent loss of heterozygosity of PTEN allele has been identified in 20-30% of HCC patients [118-121]. In addition, down-regulation of PTEN expression may be partly due to PTEN promoter methylation [122]. PTEN expression plays a critical role in HCC progression and patient's outcome. Patients with high expression of PTEN had a significantly better overall survival than patients with low PTEN expression [123]. As mentioned above, hepatitis viruses protect hepatocytes from apoptotic cell death by promoting the activation of Ras/PI3K/Akt/mTOR survival pathway [124, 125]. Among the four proteins encoded by HBV genome, HBx has been reported to be involved in hepatocarcinogenesis. It has been reported that HBx expression downregulated PTEN expression in hepatocytes [125]. In contrast, PTEN expression in liver cells downregulated HBx-induced PI3K and Akt activities [126]. Therefore, these studies suggest the possible use of PTEN as a target in therapeutic approaches for the treatment of at least those HCC caused by HBV infection.

	In some cancer settings, PTEN and BRAF mutations appear to interact. Two recent papers have highlighted the hypothesis of mutant BRAF- and PTEN-loss-driven carcinogenesis in mouse models. In a study by Dhomen et al., inducible expression of B-RafV600E was sufficient to induce multiple melanocytic lesions including skin hyperpigmentation, dysplastic nevi and melanoma [127]. Tumor cells from these B-RafV600E mice displayed both melanoma growth and melanocyte senescence in this system. Approximately 70% of these mice developed melanomas that exhibited histological and molecular characteristics similar to that of human melanoma and were able to colonize the lungs in nude mice [127]. In contrast, another group of researchers generated mice that conditionally-expressed melanocyte-specific B-RafV600E that were only able to induce benign melanocytic hyperplasias and were unable to progress any further over a 15-20 month period [128]. However, B-RafV600E expression in a PTEN gene-silenced background led to the production of melanoma with 100% establishment, short latency and metastasis to lymph nodes and lungs. This development was prevented by the treatment of mice with either the mTOR inhibitor rapamycin or the MEK1/2 inhibitor (PD0325901). Moreover, while combination treatment with rapamycin or PD0325901 led to the reduction of established tumors, upon termination of drug treatment the melanomas reappeared the presence of drug resistant melanoma-initiating cells in these mice. Overall, these two papers further validated the mutant B-Raf/MEK/ERK and the PI3K/Akt/mTOR pathways, as promising therapeutic targets in melanoma.

	Mutations and hemizygous deletions of PTEN have been detected in AML and non Hodgkin's lymphoma (NHL) and other cancers [129, 130]. Thus the PTEN gene is a critical tumor suppression gene, frequently mutated in human cancer.

	Alterations of PTEN Expression in Human Cancer

	Phosphorylation (inactivation) of PTEN has been associated with increased Akt-activity. Although many groups have investigated the PTEN-phosphorylation status in leukemia and lymphoma, its relevance concerning Akt-activation is still not clear [129-133]. PTEN phosphorylation as well as low or absent PTEN expression has been observed in AML.

	Furthermore, the level of PTEN expression does not always correlate with the degree of phosphorylation of Akt [129]. Although the picture concerning PTEN-inactivation and corresponding Akt-activation is not clear, in vivo studies indicate, that PTEN dysregulation promotes leukemogenesis. PTEN-deficient hematopoietic stem cells display dysregulated cell cycle progression, and the mice develop a myeloproliferative disease which leads to leukemic transformation [131]. In T-acute lymphoblastic leukemia (T-ALL), PTEN-down-regulation is also closely correlated with Akt-activation [132, 133]. To discern the role of PTEN for Akt-activation, it may be useful to exclude concomitant causes for Akt-activation such as mutant upstream targets and to include the investigation of regulators of PTEN such as c-Myc and Notch/Hes1 [132, 133].

	PTEN promoter methylation leads to low PTEN expression [134]. In one study, 26% of primary breast cancers had low PTEN levels that correlated with lymph node metastases and poor prognoses [135].

	Other mechanisms important in the regulation of PTEN are miRNAs. Certain miRNAs have been shown to regulate PTEN protein expression. mi-214 induces cell survival and may contribute to oncogenesis and drug resistance (see below) by binding the 3'untranslated region (3'UTR) of PTEN which prevents PTEN mRNA translation and leads of overexpression of downstream Akt [136].

	Mutations at SHIP Phosphatase in Human Cancer

	The SHIP-1 phosphatase has been implicated as a suppressor of hematopoietic transformation as it basically can prevent Akt-activation [137]. SHIP-1-deficient mice develop a myeloproliferative disease [138] and an inactivating point mutation (SHIP V684E) has been observed in approximately one of thirty AML cases [137]. Also another mutation, SHIP Q1154L, has been observed in AML, but was even less frequent (1 of 192 cases) [138]. Though some studies confirmed, that SHIP-1 is a leukemia suppressor [137, 138] it is unlikely that SHIP1 mutations are a frequent cause of Akt-activation in AML. Disruption of PTEN or SHIP activity by various genetic mechanisms could have vast effects on different processes affecting the sensitivity of different cancers to various therapeutic approaches.

	Mutations of AKT in Human Cancer

	The roles that Akt plays in cancer are complex. Akt can be activated by genetic mutations, genome amplifications and more commonly by mutations in upstream signaling components. Amplification of Akt-2 was observed in human ovarian carcinomas [139]. Increased levels of Akt are detected in carcinomas of the breast, ovary and prostate and are associated with a poorer prognosis in comparison with tumors that do not display increased levels of expression. Akt is a member of a multigene family that consists of AKT1, AKT2 and AKT3. AKT1 has been reported to be mutated in some breast, colorectal, melanoma and ovarian cancers [140-142] (see below). AKT2 is not mutated frequently in human cancer. AKT2 is amplified in certain cancers (e.g., 12.1% ovarian and 2.8% breast carcinomas) [142]. A recent report documents the mutation of AKT3 in some melanoma samples [143].

	AKT1 is mutated in 2 to 8% of breast, 6% of colorectal and 2% of ovarian cancers samples examined in one study [140]. This study documented an Akt mutation that results in a glutamic acid (E) for a lysine (K) substitution at amino acid 17 (E17K) in the PH domain. Cells with this AKT1 mutation have not been observed to have mutations at PIK3CA; a similar scenario is also frequently observed with RAS and BRAF mutations [144]. This AKT1 mutation alters the electrostatic interactions of Akt-1 which allows it to form new hydrogen bonds with the natural PtdIns ligand [140]. The PH domain mutation confers many different properties to the AKT1 gene. Namely the mutant AKT1 gene has: 1) an altered PH domain conformation, 2) is constitutively-active, 3) has an altered cellular distribution as it is constitutively-associated with the cell membrane, 4) morphologically transforms Rat-1 tissue culture cells and 5) interacts with c-Myc to induce leukemia in Eμ-Myc mice (Eμ = Enhancer of immunoglobulin μ gene, Myc = Myc oncogene originally isolated in avian myelocytomatosis virus) [140]. This PH domain mutated AKT1 gene does not alter its sensitivity to ATP competitive inhibitors, but does alter its sensitivity to allosteric kinase inhibitors [140]. These results demonstrate t hat targeting the kinase domain of Akt may not be sufficient to suppress the activity of various AKT genes that have mutations in the PH domain.

	Alterations of Akt Expression in Human Cancer

	Akt is often upregulated in cancer cells and its overexpression is associated with a poor prognosis. Increased expression of Akt can result from activating PIK3CA mutations or elimination or decrease in PTEN activity. Elevated Akt expression has also been associated with the pathology of pancreatic, glioma and prostate cancers [145-148].

	Pancreatic cancer cells have elevated IGF-1R expression and it is well known that Akt regulates IGF-1R expression [149]. This Akt effect on IGF-1R has been suggested to be responsible for the invasiveness of pancreatic cancer cells. Active Src can also activate Akt, and both Src and Akt up-regulate IGF-1R expression in this cancer. It has been demonstrated that IGF-I is expressed in the surrounding stromal cells but not in the cancer cells. This IGF-1 expression may serve as a paracrine growth factor to activate the IGF-1R pathway and the downstream Ras/PI3K/Akt/mTOR pathway in pancreatic cells.

	Cyclooxygenase-2 (COX-2) is expressed at high levels in some primary endometrial tumors and is associated with an aggressive phenotype [150]. Akt is elevated and PTEN is often mutated in these cancers. Recently, NF-κB activation has been shown to have oncogenic effects important in the control of apoptosis, cell cycle, differentiation and cell migration. Akt may exert its effects through the NF-κB pathway and COX-2 is the regulator of this pathway. Akt regulates COX2 gene and protein expression in endometrial cancers. This study was undertaken to examine the involvement of Akt in the regulation of NF-κB and COX-2 [150]. The expression of both inhibitor of NF-κB (IκB) and phosphorylated IκB were increased in the cells containing mutant PTEN genes. In contrast, there was no difference in NF-κB protein abundance between the cell lines, which differed in PTEN gene status. IκB phosphorylation by the PI3K pathway was inhibited by the PI3K inhibitors Wortmannin and LY294002. There was less NF-κB nuclear activity, less COX-2 expression and more apoptosis after inhibition of the PI3K pathway. Dominant negative (DN) Akt blocked IκB phosphorylation and decreased COX-2 expression. In contrast, introduction of constitutively-active Akt induced IκB phosphorylation and up-regulated COX-2 expression.

	When PTEN is mutated, Akt signals via the NF-κB/IκB pathway to induce COX-2 expression in endometrial cancer cells. COX-2 can inhibit apoptosis, increase angiogenesis, and promote invasiveness. COX-2 also promotes inflammation/immunosuppression and conversion of procarcinogens into carcinogens that contribute to tumorigenesis and a malignant phenotype. This study demonstrated that Akt signals via the NF-κB/IκB pathway to induce COX2 gene and protein expression in endometrial cancer [150].

	Elevated Akt activity can also result in increased phosphorylation of mTOR. mTOR was found to be phosphorylated in AML blasts, along with its two downstream substrates, p70S6K and 4EBP-1, in a PI3K/Akt-dependent fashion [151]. Nevertheless, others failed to detect any relationship between PI3K/Akt signalling upregulation and p70S6K phosphorylation in AML primary cells [152]. This might occur via the Ras/Raf/MEK/ERK pathway activating mTOR via ERK phosphorylation [152]. The Ras/Raf/MEK/ERK pathway is frequently activated in AML [153]. Thus treatment of AMLs with Raf and MEK inhibitors is being activated investigated [3, 154, 155].

	Akt is activated in HCC, which results in enhanced resistance to apoptosis through multiple mechanisms [101, 156-158]. As an example, activation of the Akt pathway suppresses transforming growth factor-β (TGF-β) induced apoptosis and growth-inhibitory activity of CCAAT/enhancer binding protein alpha (CEBP-α). Activation of Akt is a risk factor for early disease recurrence and poor prognosis in patients with HCC [156]. Several mechanisms may be responsible for the activation of Akt. The high frequency of PIK3CA mutations and/or its upregulation in patients with shorter survival might be responsible for the Akt hyperactivation found in HCC with poor prognosis [118-124]. Selective epigenetic silencing of multiple inhibitors of the Ras pathway seems also to be responsible for the activation of Akt found in HCC [111]. Moreover, impaired expression of PTEN is involved in the regulation of Akt activity. Activation of Akt signaling and reduced expression of PTEN has been reported in 40%-60% of human HCC cases [111, 118-124]. Some well known risk factors, HBV and HCV seem to utilize the Ras/PI3K/PTEN/Akt/mTOR pathway for the control of hepatocytes survival and viral replication [157, 158]. Taken together, these data suggest that Ras/PI3K/Akt/mTOR pathway may represent an important therapeutic target for the treatment of HCC among patients with differing etiologies that lead to the development of this aggressive tumor.

	Mutations of TSC1/TSC2 Genes in Human Cancer

	Mutations in the tumor suppressor genes TSC1 and TSC2 are associated with a dominant genetic disorder, tuberous sclerosis [42, 159]. Patients with mutant TSC genes develop benign tumors (hamartomas). In contrast to Cowden's patients who have germline mutations at PTEN and the patients have a high propensity to develop multiple malignancies, TSC patients rarely develop multiple malignant cancers, and if they do develop malignant cancers they are usually either renal cell carcinomas (RCCs) or angiomyolipomas [159]. This has been hypothesized to result from a lack of activation of Akt in cells that have mutant TSC1 or TSC2 as mTOR activity is expressed at higher levels which results in inhibition of Akt, perhaps via the effects of p70S6K oninsulin regulated substrate-1 (IRS1) (Figure 3). TSC1 has been shown to be mutated in approximately 15% of urethelial carcinomas (bladder cancers) [159].

	Altered Expression of Components Downstream of mTOR in Human Cancer

	mTOR regulates translation by phosphorylating components of the protein synthesis machinery, including p70S6K and 4E-BP1 (eukaryotic initiation factor 4E-binding protein 1) [160, 161]. p70S6K phosphorylates the 40S ribosomal protein, rpS6, leading to active translation of mRNAs [4]. In contrast, 4E-BP1 phosphorylation by mTORC1 on several amino acidic residues (S37; T46; S65; T70) results in the release of the eukaryotic initiation factor 4E (eIF4E) [5]. mRNAs differ in their ability to be translated; the length and sequence of the 5' UTR largely dictates the efficiency with which an mRNA transcript will be translated. Most mRNAs contain short, unstructured GC-poor 5' UTRs and are efficiently translated. In contrast, long, GC-rich sequences in the 5' UTR often hinder the ability of the eIF-4E complex to efficiently scan and initiate translation at the start codon [4, 19, 35]. These are called weak mRNAs as previously discussed. Consequently, under normal circumstances these mRNAs are not efficiently translated, and are considered “weak” mRNAs [4, 19, 35]. However, upon Akt-mediated activation of mTOR, these latter mRNAs are highly and disproportionately translated. Interestingly, many of these weak mRNAs molecules encode oncogenic proteins involved in cell proliferation or survival (e.g., c-Myc, Mcl-1, cyclin-D, VEGF and survivin). These oncogenic mRNAs are therefore tightly regulated at the translation level and their accumulation in cancer cells strongly contributes to the malignant phenotype.

	Several key proteins that are overexpressed as a consequence of mTOR activation include: c-Myc[162-164], cyclin D1 [164], and VEGF [165] and others. Cyclin D1 has been reported to be overexpressed in prostate cancer xenografts and metastases [166], while early stage prostatic lesions possess much lower levels of the protein [167]. A number of reports support the notion that mTOR signaling is a prominent feature of cancer progression and aging, as recurrent tumors have altered expression of a number of molecular targets of rapamycin including the above mentioned genes which encode “weak” mRNAs [168-171]. Hence mTOR inhibitors such as rapamycin may be effective in cancer therapy.

	One central molecule involved in cell growth is p70S6K which is regulated by both the Ras/PI3K/PTEN/Akt/mTOR and Ras/Raf/MEK/ERK pathways [4]. The p70S6K gene is amplified in approximately 9% of primary breast cancers and elevated levels of its mRNA transcripts are found in about 41% of the tumors [173, 174]. It is known that some PTEN-deficient cells and tumors that are purported to grow in response to activated Akt are hypersensitive to mTOR inhibitors. p70S6K activity is reduced by mTOR inhibitors in PTEN-deficient cells and transgenic PTEN+/− mice [175, 176].

	Involvement of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR Pathways in Hormone-Independent Prostate Cancer

	The progression of prostate cancer from androgen-dependent to androgen-independent tumors involves the alteration of the androgen receptor and/or the activation of pro-survival pathways, namely those of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR signaling cascades [177, 178]. Research has shown that inhibition of one or both of these pathways has a more profound effect on tumor cell development and death making them very attractive as combinational targets in prostate cancer therapy. In the study by Wu et al., cells from the androgen-dependent cell line LNCaP were able to differentiate into neuroendocrine type cells upon androgen withdrawal from the culture media [177]. This differentiation was marked by a change in cellular morphology and expression of the chromogranin and neuron-specific enolase (NSE), as well as an increase in phosphorylated ERK and Akt. Inhibition of the Ras/PI3K/PTEN/Akt/mTOR pathway with the PI3K inhibitor LY294002 and the mTOR inhibitor Rapamycin reduced the expression of these neuroendocrine specific cell markers however the use of the MEK inhibitor U0126 appeared to have no effect [177]. In another study, Nkx3.1;Pten mutant mice were used as a preclinical model for the effects that inhibition of both Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways would have on hormone-dependent and -independent prostate cancer growth [178]. The Nkx3.1;Pten mutant mouse model resembles that of human prostate cancer progression in which spontaneous PIN lesions form and progress to adenocarcinomas and eventually hormone refractory tumors upon androgen deprivation. Treatment of tumors from these mice both in vivo and in vitro with rapamycin and the MEK inhibitor PD0325901 were able to synergistically decrease their respective target pathway's activation more effectively and at a lower IC50 compared to treatment with each agent alone [179]. Interestingly, although combination inhibitor therapy was somewhat effective at reducing tumor size and proliferation in the androgen-intact mouse model, the highest reduction in tumor growth from therapy was observed in the androgen-deficient mice [178]. In addition to the mouse study these authors were able to show, using human patient tissue microarrays, that aberrant activation of some of the Ras/PI3K/PTEN/Akt/mTOR pathway components (Akt, mTOR, p70S6K) are frequent in progressed human prostate tumors. In addition, activation of the Ras/Raf/MEK/ERK pathway coincides with a high percentage of these tumors as well, suggesting that combination inhibitor treatment along with hormone ablation could prove useful in human prostate cancer therapies [178].

	Interactions of p53 and the Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways

	Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways are often regulated by the tumor suppressor p53. Furthermore p53 activity is likewise regulated by the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways. p53 is a critical tumor suppressor gene which encodes a transcription factor that is frequently mutated in human cancer [179-195]. P53 regulates the transcription of many genes whose protein products play critical roles in cell cycle progression, apoptosis, senescence, quiescence and aging. p53 is often activated after chemotherapeutic drug treatment and DNA damage [182, 183, 193-195] There are complex interactions between p53, DNA damage responses and these two signaling pathways [180-195]. Akt can phosphorylate MDM-2 which leads to its proteasomal degradation and prevents it ability to interact with and destabilize p53 [4]. The p53 and MDM families of genes are critically involved in the response to DNA damage [183-185], apoptosis [185], senescence [186], metastasis [188], autophagy [190], chemosensitivity [191, 195] and cellular aging [179, 181, 182]. Thus the ability to fine tune these pathways could significantly advance human health. MDM-2 inhibitors such as Nutlin-3A increase p53 stability [179]. p53 can affect the transcription of the PTEN and other important gene involved in cell cycle regulation (e.g., p21Cip-1), apoptosis (e.g., Bax, Noxa, Puma) and cellular senescence [e.g., Yippee-like-3 (YPEL3)], [180, 184-186, 192]. Thus reactivation of p53 expression could enhance PTEN gene expression and hinder activation of Akt.

	The Ras/Raf/MEK/ERK pathway can regulate p53 activity and p53 can also induce the activity of key components of this pathway [196-198]. ERK can phosphorylate p53 and alter its activity. Moreover, chemotherapeutic drugs such as doxorubicin can induce the p53 activity that in turn can activate the expression of the discoidindomain receptor (DDR) which can induce Ras and the downstream Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways [196-198].

	In certain scenarios, increased p53 expression after chemotherapeutic drug treatment may lead to increased Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways activation, resulting in an undesired pro-proliferative effect [195]. This may occur in certain cancer initiating cells (CICs) and be a component of their inherent drug resistance. In addition, Akt has critical roles in regulation of cell cycle progression [199-202] Thus in those therapeutic scenarios where increased p53 activity is desired, it may also be prudent to also consider treatment with either a Raf or MEK inhibitor to decrease the activation of this pro-proliferative pathway.

	Novel Roles of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR Pathways in Cancer and Aging

	In the previous sections, we have discussed the mechanisms of activation of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways in human cancers, predominantly by mutational based mechanisms. Recently the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways have been shown to have roles in cancer stem cells, senescence, aging and sensitivity to targeted therapy [203-245]. These additional functions of these pathways expand their important in human health.

	An area of intense interest in cancer biology is the cancer stem cell, more appropriately referred to as the cancer initiating cell (CIC) [203-211]. The concept that the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways serve as key pathways in regulating CIC survival is beginning to emerge. CICs have unique properties as they can be both quiescent and also resistant to chemotherapeutic and hormonal based drugs [203]. However, under certain conditions, they resume proliferation and hence should be potentially susceptible to Ras, Raf, MEK, PI3K, Akt or mTOR inhibitors.

	The PTEN gene has been shown to exert effects on CICs, especially in hematopoietic and breast cells [204-209]. In conditional PTEN knock-out mice, upon inactivation of PTEN, there is a transient increase in hematopoietic CICs and a myeloproliferative disease develops and the mice subsequently develop leukemia after 4-6 weeks [204]. If the mice are treated with rapamycin, the myeloproliferative disorder and leukemia are prevented. The initial leukemic CICs that arise after conditional PTEN deletion by themselves are not able to induce leukemia upon transfer into severe combined immunodeficiency (SCID)-recipient mice, but if the leukemic CICs were derived from the PTEN-conditional mice that had developed leukemia, they were able to transfer leukemia to the SCID-recipient mice, which could be prevented by rapamycin treatment [204]. Also the normal hematopoietic stem cells from the PTEN- conditional knock-out mice could repopulate the hematopoietic cell component of irradiated mice treated with rapamycin indicating that it is possible to selectively eliminate leukemic CICs.

	PTEN also plays important roles in breast CICs [205, 206]. If PTEN is mutated, Akt phosphorylates and inactivates glycogen synthetase kinase 3 β (GSK-3β) which in turn regulates the activity of the Wnt/β-catenin pathway (Figure 3), as β-catenin is not phosphorylated by GSK-3β and not degraded. β-catenin can localize to the nucleus, perhaps due to Akt-mediated phosphorylation at S552 and exert its effects. β-catenin can then promote the expression of many genes such as cyclin D, c-Myc, SALL4 and peroxisome proliferator-activatedreceptor-δ (PPARδ) which are important in cell survival and EMT. The Ras/PI3K/PTEN/Akt/mTOR pathway performs key roles in the regulation of the size of the Aldefluor-positive cell population that are enriched in breast CICs. Treatment with the Akt inhibitor perifosine was able to target these cells both in in vitro and xenograft models [206]. In contrast, the chemotherapeutic drug docetaxel was unable to target the Aldefluor-positive cells and these cells were not sensitive to mTOR inhibitors, suggesting that the mTOR pathway was not involved in these breasts CIC. The studies by Korkaya et al. [206] indicate that targeting some breast CICs with perifosine may eliminate these cells that are responsible for tumor reappearance. Other studies have shown that breast CICs are resistant to chemotherapeutic drugs [212-214].

	We have observed that some drug resistant breast cells that express properties similar to CICs display elevated activation of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR signaling cascades and that CICs can be isolated from these cell populations [215-217]. Our recent data suggests these CICs are more sensitive to MEK and mTOR inhibitors than either the parental or drug resistant cells from which they were derived [215]. Targeting the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/mTOR pathways could be very important in terms of CIC elimination.

	Involvement of the Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR Pathways in Suppression Cellular Senescence and Premature Aging

	The Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways play key roles in regulation of diverse processes ranging from: autophagy DNA damage responses, cellular senescence and aging [217-237] Treatment of cells induced to undergo senescence with MEK, PI3K and mTOR inhibitors will prevent the induction of cellular senescence and aging [219-221]. These experiments have led to innovative hypothesis that cellular senescence results from the hyperactivation of proliferative pathways. Drugs used to treat diabetes (e.g., Metformin) or inhibit signal transduction pathways (e.g., Raf, MEK, PI3K, mTOR inhibitors) can inhibit cellular proliferation and cellular aging [229-234]. Similar effects on the prevention of cellular senescence were observed with Resveratol, the active component contained in the skins of red grapes which was shown to also inhibit mTOR and cellular senescence [229, 230]. Additional studies have shown that the commonly-prescribed diabetes drug Metformin will also inhibit mTOR and prevent cellular aging [234]. Since both the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways interact to regulate the activity of mTOR and downstream components of this pathway which are critical for both mRNA stability and protein translation, it is believed that by inhibiting some of these key pathways, it may be possible to prevent cellular aging (See Figures 1-3).

	Conclusions

	Over the past 25 years, there has been significant progress in elucidating the involvement of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR cascades in promoting cell growth, regulating apoptosis, chemotherapeutic drug resistance and more recently, cellular senescence and aging. Initial seminal studies performed in the late 70's and early 80's elucidated that oncogenes were present in the genomes of avian and murine retroviruses. Many of the viral oncogenes: ErbB, Fms, Ras, PI3K, Akt, Src, Abl, Raf, Fos, Jun, Ets and NF-κB (Rel) were subsequently identified as cellular genes which in some cases were captured by retroviruses. Now we know that these cellular genes are frequently abnormally regulated in human cancer. Furthermore mutations in human cancer often occur in upstream receptor genes such as EGFR, HER2, Flt-2, PDGFR, Fms, as well as chromosomal translocations (e.g., BCR-ABL, TEL-PDGFR) that serve to activate the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways which have been discussed as playing critical roles in cellular proliferation in this review. Hence the Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR pathways are important therapeutic targets. Both of these pathways also interact with the p53 and Wnt pathways, which also play critical roles in regulation of cell growth, aging, CICs and metastasis. Specific Raf, MEK, PI3K, Akt, mTOR and Mdm-2 inhibitors have been developed and represent promising therapies for cancer and other proliferative diseases including premature aging.

	Scientists and clinicians often have an intentionally narrow view of a particular topic. For example, cancer researchers predominately consider that Raf, MEK, PI3K, Akt and mTOR inhibitors will suppress the growth of malignant cancer cells. Yet MEK and mTOR and other inhibitors may also be useful in the treatment of diseases and disorders where there is abnormal cellular proliferation. Recent reports have also demonstrated that the suppression of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways may prevent the induction of cellular senescence and aging. Clearly, this later topic, aging, greatly enhances the potential clinical uses of these targeted therapeutic drugs. In conclusion, the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways are prime therapeutic targets for diverse human diseases as well as aging.

	Cancer therapy is often complex as there are relatively few cancers which proliferate in response to a single mutation preventing them from being treated with a mono-specific drug. One exception is the use of the drug Gleevec (Imatinb) for the treatment of chronic myeloid leukemia (CML). Although even with this therapeutic approach, resistance develops. Scientists and clinicians have developed newer BCR-ABL inhibitors (e.g., Dasatinib, Nilotinib, Bosutinib) which can reduce resistance which has also resulted in more through analysis and understanding of how the BCR-ABL kinase functions and resistance can arise by additional genetic mutations. These studies on BCR-ABL inhibitors have also paved the way for development of more effective inhibitors for other oncogenes.

	It is possible that activation of the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR survival pathways by additional mutations in upstream oncogenes may replace the tumor's initial oncogene addition. This may complicate therapy as the tumor may no longer be responsive to treatment with a single inhibitor which targets the original oncogene responsible for malignant transformation as the cells now have additional downstream signalling pathways activated. In addition, the tumor cells may acquire subsequent mutations which make them resistant to inhibitors that target the original activated oncogene. Such mutations may occur in the original activated oncogene or in additional genes which are critical in anti-apoptotic survival cascades. These observations document the need for further elucidation of mechanisms of inhibitor resistance as well as the development of additional inhibitors which target either the mutated oncogene or other genes activated in the resistant cells.

	The activation of multiple signalling pathways by many oncogenes illustrates the need for the targeting of more than one signalling pathway. Although one inhibitor which targets one molecule in one pathway may initially appear to be effective in inhibiting tumor cell growth, the cell may adapt and be able to survive due to the activation of an additional signalling pathway. Although the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways have distinct effects on cell proliferation, they have many common downstream targets that may be able to function in promoting survival in the absence of the corresponding functional pathway. In some cases resistance to small molecule inhibitors may be due to the activation of an additional pathway that also serves to promote survival (e.g., PIK3CA and HRAS mutations can confer resistance to MEK inhibitors and other targeted therapeutics such as Erbitux and others) [238-245].

	Most cancers are more complex and often the genes and events involved are either not known or difficult to counterbalance. Chemotherapy and radiotherapy can be effective in the treatment of certain tumors, however, often cancers become resistant to these approaches, perhaps due to the emergence of CICs [203, 215-217]. Thus scientists and clinicians have endeavored to develop more specific therapies that target key pathways involved in cancer growth. In this respect, the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/mTOR/Akt pathways represent key therapeutic targets as they are often dysregulated by various mutations in cancer and these cascades control the activities of many proteins critical for cell growth and metastasis. In fact, these pathways are already being targeted in certain cancer patients. However, usually the cancer patients being treated with inhibitors that target these cascades have diseases that often have poor prognoses. That being said, what are the pros and cons of targeting these pathways? Let us first consider the positive aspects of targeting these pathways. First, these pathways are frequently activated in human cancer, thus in many cases, targeting the cascades will suppress cell growth, in the absence of knowing the precise mutation(s) responsible for the cancer. Second, although the biochemical interactions of these pathways are quite complex, there is quite a bit of knowledge of how these pathways function. Third, some inhibitors which target key components in this pathway (e.g., rapamycin which targets mTOR) have undergone extensive evaluation in humans as they have been used to prevent allograft rejection in kidney and other transplant patients for many years. Fourth, targeting these pathways may prevent aging and cellular senescence.

	Now, let us summarize some of the cons of targeting these pathways. First, an obvious problem results from these pathways controlling the expression of many downstream targets (easily in the 1000's), thus inhibiting these pathways will be detrimental in certain cells, unless it is possible to deliver the inhibitor to specifically the cancer cell. Second,the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways cross regulate each other and other pathways including the Wnt/β-cateinin pathway which is critical for many aspects of cellular growth and differentiation including the EMT. The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways also regulate other pathways which have not been discussed in this manuscript. These other pathways include: the Jak/STAT, NF-κB and transforming growth factor-β (TGF-β) pathways which can be directly and indirectly regulated by ERK and Akt phosphorylation [62]. In this regards there will be a Ying-Yang effect, when one cascade is inhibited, components of the other pathway could be deregulated. Third, inhibitors that target these pathways are often cytostatic and not cytotoxic, that is somewhat logical as if these inhibitors were cytotoxic, there would be massive toxicity problems. To get around this problem, inhibitors targeting these pathways could be combined with cytotoxic chemotherapeutic drugs or radiation therapy that affects the rapidly growing cancer cell. In summary, the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR cascades are complex, interacting pathways playing key roles in normal and malignant cell growth. These pathways are frequently activated by mutations in human cancer. They represent key therapeutic targets for cancer and various other diseases as well as the prevention of aging.
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	Abstract: Rapamycin inhibits the mTOR (target of rapamycin) pathway and extends lifespan in multiple species. The tuberous sclerosis complex (TSC) protein is a negative regulator of mTOR. In humans, loss of the TSC protein results in a disorder characterized clinically by the growth of benign tumors in multiple organs, due to overactivation of mTOR inhibition. Subependymal giant cell astrocytomas (SEGAs) are benign brain tumors associated with TSC that have traditionally been treated by surgery, but for which mTOR inhibitors have recently been suggested as potential alternative treatments. The duration of mTOR treatment for SEGAs might have to be prolonged, probably lifelong, because SEGAs usually grow back after treatment is stopped. This cohort of patients who will experience prolonged exposure to mTOR inhibitors should be carefully followed longitudinally to better document long term side effects, but also to compare their longevity with the one of similar patients with TSC. These patients represent a unique opportunity to study the potential anti‐aging properties of mTOR inhibitors in humans.

	Rapamycin (also called sirolimus) is an immuno- suppressive drug that has recently been shown to extend lifespan in multiple species including mammals [1]. This anti-aging property is presumably related to the mTOR (mammalian target of rapamycin) inhibition properties of rapamycin. The mTOR pathway is crucial for the coordination of growth in response to energy status, stress, and nutrient availability [2,3].

	The potential anti-aging properties of rapamycin and of other mTOR inhibitors, such as RAD001 (everolimus), and CCI-779 (temsirolimus) are of great interest. Unfortunately, the side effects related to these drugs preclude the undertaking of research trials about their impacts on aging in healthy individuals. Considering this obstacle, experts in the field of aging have suggested that the potential anti-aging drugs should be introduced to the clinical trials for therapy of particular diseases and then be approved for prevention of all age-related diseases in healthy individuals [4]. In this context, tuberous sclerosis complex (TSC) seems to be an ideal disease model where the potential of mTOR inhibitors can be assessed because these drugs are increasingly being tested and used clinically to treat certain aspects of this condition [5].

	TSC is an autosomal dominant disorder caused by the inactivation in one of two tumor suppressor genes, hamartin (TSC1) or tuberin (TSC2). In the normal state, the hamartin–tuberin complex activates the protein Rheb, which inhibits mTOR. If a TSC mutation is present, mTOR is constitutively activated, leading to abnormal cellular proliferation, ribosome biogenesis, and mRNA translation (see [2] for complete review of the mTOR molecular pathway). In consequence, TSC is characterized clinically by the growth of benign tumors in multiple organs, including the brain, the heart, the kidneys, the lungs, and the skin [6]. Its incidence is estimated at 1 in 6000 live births [7]. The severity of the disease is highly variable, ranging from mild skin manifestations to intractable epilepsy, mental retard- ation, and autism [8].

	The only report studying specifically the causes of death in TSC was performed at the Mayo clinic [9]. Overall, the survival curves showed a decreased survival for patients with TSC compared with the general population. Of the 355 patients with TSC followed, 40 died of causes related to TSC, with renal disease being the most common cause of death (11/40). Ten patients died as a consequence of brain tumors and four patients died of lymphangioleiomyomatosis (LAM). Thirteen patients with severe mental impairment passed away due to status epilepticus or bronchopneumonia. One baby died of cardiac failure and one child died of rupture of an aneurysm of the thoracic aorta.

	The main current clinical complication related to TSC for which treatment with mTOR inhibitors is indicated are subependymal giant cell astrocytomas (SEGA). This complication affects approximately 15% of patients with TSC and it occurs in the pediatric age group [10]. SEGAs tend to lose their propensity to grow in the early twenties. They are slow-growing benign tumors of mixed glioneuronal lineage that arise from the growth of pre-existing subependymal nodules, which are asymptomatic lesions that protrude from the walls of the ventricles [10]. SEGAs most commonly grow near the foramen of Monro. This can lead to obstruction of the normal cerebrospinal fluid circulation and sub- sequent intracranial hypertension that can potential be fatal if left untreated. The distinction between a SEGA and a subependymal nodule is still debated. Generally, a clinical diagnosis of SEGA is made when there are symptoms of intracranial hypertension, papilledema, or radiological evidence of hydrocephalus or interval growth.

	The traditional management approach is to monitor SEGAs with periodic neuroimaging and to resect those that exhibit growth and/or cause clinical signs of intracranial hypertension. This approach is being challenged by recent observations that suggest that mTOR inhibitors, such as rapamycin (sirolimus) and RAD001 (everolimus), can induce partial regression of SEGAs [11,12,13]. The first report showing clear regression of SEGAs in five patients with the use of rapamycin was published in 2006 [11]. Recently, a phase II trial [13] using everolimus to treat SEGAs in 28 patients with TSC showed SEGA reduction of at least 30% in 21 patients (75%) and at least 50% in 9 patients (32%). Everolimus was well tolerated as only single cases of grade 3 treatment-related sinusitis, pneumonia, viral bronchitis, tooth infection, stomatitis, and leukopenia were reported.

	These observations suggest that mTOR inhibitors could serve as an acceptable alternative treatment to SEGA surgery. Renal angiomyolipomas and lymphangio- leimyomatosis (LAM) are other TSC manifestations for which mTOR inhibitors have proven potential efficacy

	[14]. In addition, animal models of TSC have suggested that mTOR inhibitors could have beneficial effects on cognitive deficits [15] and on epileptogenesis [16]. Whether similar benefits would be observed in humans with TSC is still unknown. Research trials are ongoing and should soon provide answers to these questions.

	Other important questions remain regarding the use of mTOR inhibitors for the treatment of SEGA in TSC. Side effects, especially long term side effects, and optimal duration of treatment are still under investigation. The short-term side effects related to rapamycin are generally considered acceptable. The most common side effects are oral ulcers, acneiform rash, thrombocytopenia, hyperlipidemia, impaired wound healing, and immuno- suppression [14]. Long term side effects are less known. For example, reports from the literature related to the use of rapamycin for kidney transplant prevention suggested that rapamycin might be associated with impaired spermatogenesis and, as a corollary, may reduce male fertility [17]. This observation might not be applicable to other patients populations, but requires further invest- igation.

	The duration of treatment might be prolonged, probably lifelong. There is clear evidence that SEGAs grow back after the mTOR inhibitor is stopped [11]. Most experts currently recommend continuation of mTOR inhibitors at the lowest efficacious dose. This cohort of patients who will experience prolonged exposure to mTOR inhibitors should be carefully followed longitudinally to better document long term side effects, but also to compare their longevity with the one of similar patients with TSC. These patients represent a unique opportunity to study the potential anti-aging properties of mTOR inhibitors in humans.

	In conclusion, a new treatment era has begun in the field of TSC since the discovery of the potential beneficial effects of mTOR inhibitors. Although the use of mTOR inhibitors is becoming increasingly accepted, especially for the treatment of SEGAs in TSC, questions now remain about the duration of treatment and long term side effects. Whether mTOR inhibitors will have a significant impact on longevity in TSC is unknown, but warrants attention as mTOR inhibitors are increasingly recognized as anti-aging drugs in animal models. Long-term prospective studies in patients with TSC might provide evidence about the potential anti-aging properties of mTOR inhibitors in humans.
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	Abstract

	Oxidativue stress was shown to promote the translocation of Ataxia-telangiectasia mutated (ATM) to cytoplasm and trigger the LKB1-AMPK-tuberin pathway leading to a down-regulation of mTOR and subsequently inducing the programmed cell death II (autophagy). Cisplatin was previously found to induce the ATM-dependent phosphorylation of ΔNp63α in squamous cell carcinoma (SCC) cells. In this study, phosphorylated (p)-ΔNp63α was shown to bind the ATM promoter, to increase the ATM promoter activity and to enhance the ATM cytoplasmic accumulation. P-ΔNp63α protein was further shown to interact with the Rpn13 protein leading to a proteasome-dependent degradation of p-ΔNp63α and thereby protecting LKB1 from the degradation. In SCC cells (with an altered ability to support the ATM-dependent ΔNp63α phosphorylation), the non-phosphorylated ΔNp63α protein failed to form protein complexes with the Rpn13 protein and thereby allowing the latter to bind and target LKB1 into a proteasome-dependent degradation pathway thereby modulating a cisplatin-induced autophagy. We thus suggest that SCC cells sensitive to cisplatin-induced cell death are likely to display a greater ratio of p-ΔNp63α/non-phosphorylated ΔNp63α than cells with the innate resistant/impaired response to a cisplatin-induced cell death. Our data also suggest that the choice made by Rpn13 between p-ΔNp63α or LKB1 to be targeted for degradation is critical for cell death decision made by cancer cells in response to chemotherapy.

	Introduction

	Cisplatin is the most applicable drug for treating various human cancers, however, its efficiency is limited due to development of drug resistance by tumor cells [1-3]. Cisplatin-induced programmed cell death is associated with expression of specific “cell death” genes and down regulation of “survival” genes [1-3]. Failure of cancer cells to maintain expression of the former genes may be an important factor in cisplatin resistance [1-3]. Previous reports from our research team emphasized the intriguing link between p63 regulatory roles in gene transcription and protein stability, and resistance of tumor cells to cisplatin chemotherapy [3-5]. P53 homolog p63 is a novel transcription factor implicated in regulation of genes involved in DNA damage response and chemotherapeutic stress in tumor cells [3-6]. Due to the two independent promoters, p63 gene encodes two types of protein isotypes, with the long transactivation (TA)-domain and with the short TA- domain [3, 6]. The latter is designated as ΔNp63α. Due to several alternative-splicing events p63 produces three isotypes with the various length of the carboxyl terminus (α, β and γ). ΔNp63α is the longest and is the most predominant isotype expressed in squamous cell carcinoma (SCC) cells [3-5].

	ΔNp63α is phosphorylated by the Ataxia-telangiectasia mutated (ATM)-dependent mechanism following cisplatin treatment, functioning as a pro-survival factor in SCC cells [4,5]. From the other hand, the ΔNp63α ability to activate ATM transcription thereby supports a feedback-regulatory mechanism [7]. However, whether this transcription factor needs to undergo phosphorylation in order to activate ATM transcription remains unclear. Moreover, ATM was shown to translocate to cytoplasm where it phosphorylates LKB1 kinase [8,9] subsequently leading to an autophagic process through an AMPK/mTOR signaling pathway [10-12]. Finally, cisplatin was shown to induce the phospho (p)-ΔNp63α-dependent regulation of the regulatory particle non-ATPase subunit (Rpn)-13 gene transcription thereby contributing to cell death pathway of tumor cells [13]. Here, we report that upon cisplatin exposure, SCC cells displayprotein complex formations between Rpn13, ΔNp63α or LKB1 leading to a proteasome-dependent degradation of p-ΔNp63α or LKB1 by binding to Rpn13 in turn leading to autophagic-related chemosensitivity or chemoresistance.
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	Figure 1. Schematic representation of ATM (2000 bp) promoter. Putative cognate sequences for transription factors are bolded, bordered and shadowed. Several p63 responsive elements (RE) were found in the ATM promoter sequence.

	Results

	P-ΔNp63α regulates the ATM transcription

	ΔNp63α was previously found to activate the ATM transcription in human keratinocytes [7]. This transcription factor was shown to induce the ATM transcription through the CCAAT element found in the human ATM promoter (Fig. 1). As shown in Figure 1, the ATM promoter contains a few p63 responsive elements (RE) along with E2F and NF-Y cognate sequences, where latter one specifically binds to the CCAAT element playing a critical role for p-ΔNp63α dependent regulation of transcription [5]. Although, previous report supports the ability of ΔNp63α to induce ATM transcription [7], it is unclear whether the ΔNp63α phosphorylation is needed for ATM transcriptional regulation. To access the role for p-ΔNp63α in the regulation of ATM expression under DNA damage, we employed the cellular model, isogenic SCC clones, which contain the genomic copy of wild type ΔNp6α or ΔNp63α-S385G. The latter protein displays an altered ability to be phosphorylated by ATM kinase upon cellular response to cisplatin treatment [4,5]. These clones were used as tools to examine the role for phosphorylation of ΔNp63α in transcriptional regulation of gene expression and in the cellular response to chemotherapeutic treatment allowing us to define novel gene targets involved in cisplatin-mediated resistance [4,5].

	Using ChIP analysis with antibodies to ΔNp63 and p-ΔNp63α, we found that cisplatin exposure led to an increase of the p-ΔNp63α binding to the ATM promoter in wild type ΔNp63α cells, while there is no such binding found in ΔNp63α-S385G cells (Fig. 2A). Furthermore, p-ΔNp63α binding was associated with the specific region of the ATM promoter containing NF-Y/ CCAAT element (Fig. 2A). There is no ΔNp63α binding was found in the non-specific region of the ATM promoter (Fig. 2A). The quantitative analysis of p-ΔNp63α binding by qPCR showed that the cisplatin treatment dramatically induced p-ΔNp63α binding to the ATM promoter (by ~14.5 ± 1.3 fold) in wild type ΔNp63α cells only (Suppl. Fig. S1).

	We further tested whether the ΔNp63α phosphorylation affects the ability of ΔNp63α to induce the ATM promoter-driven luciferase reporter. Wild type ΔNp63α cells and ΔNp63α-S385G cells were transfected with the promoter-less pGL3-Luc and pGL3-ATM (1259)-Luc plasmids followed by the exposure of cells to a con-trol medium or 10μg/ml cisplatin for 24h. We showed that the cisplatin treatment significantly increased the ATM promoter-driven luciferase activity in wild type ΔNp63α cells (by ~4.01 ± 0.34 fold), while no such effect (by ~1.06 ± 0.12) was observed in ΔNp63α-S385G cells upon cisplatin exposure (Fig. 2B). In addition, 100 ng of the ΔNp63α-FL expression construct and ΔNp63α-S385G-FL construct was introduced into ΔNp63α-S385G cells and wild type ΔNp63α cells, respectively (Fig. 2B). We observed that ΔNp63α-S385G-FL markedly attenuated the cisplatin-mediated activation of the luciferase activity (by ~1.28 ± 0.12 fold) in wild type ΔNp63α cells, while ΔNp63α-FL increased this activity (by ~2.39 ± 0.21) in ΔNp63α-S385G cells (Fig. 2B).
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	Figure 2. Binding of the p-ΔNp63α protein to the ATM promoter in vivo. Wild type ΔNp63α cells (left panels) and ΔNp63α-S385G cells (right panels) were exposed to a control medium and 10μg/ml cisplatin for 24h. (A) ChIP assay of a specific region of the ATM promoter with anti-p-ΔNp63a antibody and anti-DNp63 antibody. As negative controls, we used ChIP of the ATM promoter specific region with rabbit immunoglobulins (IgG) and ChIP of the ATM promoter non-specific region with anti-p-ΔNp63α antibody as indicated. (B) Luciferase reporter assay. Both types of cells were transfected with 100 ng of the promoter-less pGL3 plasmid or pGL3-ATM (1259bp) promoter plasmid along with 1 ng of the pRL-SV40 plasmid for 24h. Cells were also transfected with 100 ng of the ΔNp63α-FL (Flag) or ΔNp63α-S385G-FL expression cassettes, as indicated. Cells were exposed to control medium (Con) and 10 μg/ml cisplatin (CIS) for 24h. Luciferase reporter assays were conducted in triplicate (± SD are indicated, p<0.05) as described in the Materials and methods. Firefly luciferase activity values were normalized by Renilla luciferase values.

	P-ΔNp63α induces ATM-mediated LKB1-mTOR pathway

	Recent seminal report by Dr. Cheryl Walker' group clearly demonstrated the stress-dependent export of ATM from nucleus to cytoplasm subsequently leading to the LKB1 phosphorylation followed by tuberin (TSC2) activation and down-regulation of mTOR [8,9]. Since ΔNp63α induces ATM expression [7], we suggested the potential role for p-ΔNp63α in ATM regulation, ATM translocation to cytoplasm and ATM-dependent triggering of the LKB1-TSC2-mTOR pathway. We treated wild type ΔNp63α cells and ΔNp63α-S385G cells with a control medium and 10μg/ml cisplatin for 24h. We then found that the cisplatin exposure induced the ΔNp63α phosphorylation leading to reduction of ΔNp63α protein levels (Fig. 3A). At the same, the levels of cytoplasmic ATM and activated TSC2 were significantly increased, while mTOR protein levels were decreased in wild type wild type ΔNp63α cells upon cisplatin exposure (Fig. 3A, left panel). No such changes were observed in ΔNp63α-S385G cells (Fig. 3A, right panel). However, we showed that the LKB1 levels were decreased in ΔNp63α-S385G cells after cisplatin treatment suggesting the possibility for LKB1 to be degraded (Fig. 3A, right panel). To further examine this hypothesis, we exposed cells to lactacystin, the 26S proteasome inhibitor [13]. We thus found that the lactacystin treatment (25 mM for 12h) rescued ΔNp63α degradation in wild type ΔNp63α cells, and LKB1 degradation in ΔNp63α-S385G cells (Fig. 3B) suggesting the critical involvement of the 26S proteasome machinery.

	Rpn13 binding promotes a proteasome-dependent degradation of either p-ΔNp63α or LKB1

	A regulatory particle non-ATPase subunit (Rpn)-13 was shown to function as a 19S proteasome cap-associated protein, acting as an ubiquitin receptor recruiting the deubiquitinating enzyme UCH37 to the 26S proteasome [13-18]. We previously found that the cisplatin treatment induced Rpn13 transcription by p-ΔNp63α and subsequently increased the physical interaction of Rpn13, UCH37 and NOS2 proteins leading to an essential degradation of the latter through a proteasome-dependent mechanism in SCC cells [13].
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	Figure 3. Cisplatin induces the p-ΔNp63α and LKB1 protein levels in SCC cells. Wild type ΔNp63α cells and ΔNp63α-S385G cells were exposed to control media and 10μg/ml cisplatin for 24h. Protein levels were tested with indicated antibodies. Cytoplasmic (cyto) protein levels were tested with the anti-β-actin antibody. (A) No lactacystin treatment. (B) With lactacystin treatment.

	In this study, we examined whether the Rpn13-dependent mechanism is implicated in down-regulation of the ΔNp63α protein or LKB1 protein in SCC cells upon cisplatin exposure. First, we showed that the cisplatin treatment reduced the ΔNp63α protein level, while induced the ΔNp63α phosphorylation level in wild type ΔNp63α cells (Fig. 4A, left panel). At the same time, cisplatin up-regulated Rpn13 protein level in wild type ΔNp63α cells (Fig. 4A, left panel). However, ΔNp63α and Rpn13 levels were not changed in ΔNp63α-S385G cells after cisplatin exposure, while no p-ΔNp63α was detected (Fig. 4A, right panel). We further showed that the cisplatin exposure induced a complex formation between Rpn13, UCH13 and p-ΔNp63α proteins in wild type ΔNp63α cells (Fig. 4B, left panel), while no such complexes were observed in ΔNp63α-S385G cells (Fig. 4B, right panel). We next found that the cisplatin treatment led to a physical association between Rpn13, UCH37 and LKB1 proteins in ΔNp63α-S385G cells (Fig. 4C, right panel), while no similar protein complexes were detected in wild type ΔNp63α cells (Fig. 4C, left panel).
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	Figure 4. Cisplatin induces a protein complex formation between p-ΔNp63α and Rpn13 in wild type ΔNp63α cells and between Rpn13 and LKB1 in ΔNp63α-S385G cells. Wild type ΔNp63α cells and ΔNp63α-S385G cells were exposed to control media and 10μg/ml cisplatin for 24h. Immunoprecipitation (IP) was performed with indicated antibodies and the protein levels were tested with indicated antibodies. (A) Immunoblotting. (B) and (C) Immino-precipitation.

	P-ΔNp63α enhances the autophagic process in SCC through a LKB1-dependent pathway

	Accumulating evidence supports the notion that stress induces autophagic-related characteristics through the LKB1-AMPK-TSC-mTOR pathway [10-12]. We thus examined whether cisplatin treatment promotes the autophagy, and whether LKB1- or Rpn13- dependent mechanisms play any role in it. Microtubule-associated protein light chain 3 (LC3B), a mammalian homolog of yeast Atg8, has been used as a specific marker to monitor autophagy [19]. Upon induction of autophagy, the cytosolic form LC3B (LC3B-I) is conjugated to phosphatidylethanolamine (conversion into LC3B-II) and targeted to autophagic membranes.
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	Figure 5. Cisplatin induces the autophagic process through a LKB1 up-regulation. (A) Wild type ΔNp63α cells and ΔNp63α -S385G cells and (B) Sensitive (SCC-25) and resistant (SCC-25CP) squamous carcinoma cells were exposed to control media and 10μg/ml cisplatin for 24h. Cells were transiently transfected with scrambled siRNA, siRNA against Rpn13 or LKB1. Cells were grown up in the presence of lyzosomal protease inhibitors (10 μg/ml of both E64d and pepstatin A). Protein levels of autophagic markers were analyzed by immunoblotting with indicated antibodies. β-actin expression was used as a loading control. (C). Quantitative analysis of LC3B -I/II ratio. Immunoblots were scanned using PhosphorImager (Molecular Dynamics) and quantified by Image-Quant software version 3.3 (Molecular Dynamics). Values of LC3B-II were expressed as a portion of LC3B-I values defined as 1. The LC3B-II/LC3B-I ratios were plotted as bars using the Microsoft Excel software with standard deviations (± SD, p>0.05) resulting from three independent experiments and three individual measurements of each experiment. Black bars represent the set of wild type ΔNp63α/ΔNp63α-S385G cells, while grey bars represent a set of SCC-25/SCC-25CP cells.

	The S385G mutation shown to impair the ability for ΔNp63α to be phosphorylated by ATM in SCC cells upon cisplatin treatment is a superficial tool providing a suitable model system to investigate a potential relationship between ΔNp63α and ATM-dependent phosphorylation. Thus, we used this model to assess a role for ATM-dependent phosphorylation of the ΔNp63α in cisplatin chemoresistance of SCC cells. Wild type ΔNp63α cells and ΔNp63α-S385G cells were transiently transfected with scrambled siRNA, siRNA against Rpn13 or LKB1 for 24h and then exposed to control media or 10μg/ml cisplatin for 24h in the presence of 10μg/ml of lyzosomal protease inhibitors, E64d and pepstatin A, as recommended elsewhere [19]. By immunoblotting with an antibody against an autophagosome marker, LC3B-I (16 kDa) and its conversion variant LC3B-II (14 kDa), we observed the cisplatin-induced autophagy-related changes of LC3B expression in SCC cells (Fig. 5). We found that wild type ΔNp63α cells (which support the ΔNp63α phosphorylation in response to cisplatin) displayed a marked expression of LC3B-II, while siRNA against LKB1 dramatically reduced this effect. Interestingly, siRNA against Rpn13 had a minimal effect on the cisplatin-induced LC3B-II activation (Fig. 5A, left panel). From the other hand, cisplatin treatment failed to induce autophagic changes in LC3B expression in ΔNp63α-S385G cells (Fig. 5A, right panel). Intriguingly, siRNA against Rpn13 markedly increased the level of the LC3B-II autophagic marker in ΔNp63α-S385G cells (Fig. 5A, right panel) suggesting the Rnp13-dependent regulation of LKB1 protein levels in these cells.

	We also employed a set of SCC cells displaying sensitivity or resistance to cisplatin (SCC-25 and SCC-25CP, respectively) as reported elsewhere [20]. We first examined whether SCC-25 and SCC-25CP cells expressed ΔNp63α or p-ΔNp63α in response to cisplatin treatment. We found that after cisplatin exposure, resistant SCC-25CP cells, indeed, express far less of the p-ΔNp63α protein than their sensitive counterpart, SCC-25 (Suppl. Fig. S2). We further found that, in constrast to SCC-25 cells, cisplatin reduced the LKB1 protein levels in SCC-25CP cells (Suppl. Fig. S2) suggesting that the greater ratio between non-phosphorylated ΔNp63α and p-ΔNp63α might be an important factor contributing to LKB1 reduction and is likely to play a role in cisplatin resistance displayed by SCC-25CP cells.

	We further found that cisplatin induced the LC3B-II expression in sensitive SCC-25 cells, while siRNA against LKB1 significantly inhibited this expression, and siRNA against Rpn13 had only a minimal effect on the LC3B-II level reduction (Fig. 5B, left panel). In the case of resistant SCC-25CP cells, one could see no cisplatin-induced LC3B-II up-regulation, however siRNA against Rpn13 promoted a significant increase of this autophagic marker (Fig. 5B, right panel). The quantitative analysis of the LC3B-I/LC3B-II ratio (Fig. 5C) led us to the same conclusion. Using immunofluorescence analysis, we further examined the expression of LC3B-II isotype in SCC upon cisplatin exposure and observed the clustering (“punctuated appearance”) of the membrane-associated protein, MAP LC3α/β (LC3B), as previously described elsewhere [19,21]. We also observed that cisplatin-resistant cells showed much lesser autophagic-related levels of LC3B-II expression than cisplatin-sensitive cells (Fig. 6) suggesting the critical role for autophagy in tumor response to a chemotherapeutic treatment.
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	Figure 6. Immunofluorescence staining of LC3B expression in squamous carcinoma cells upon cisplatin exposure. Sets of wild type ΔNp63α/ΔNp63α-S385G cells and SCC-25/SCC-25CP cells were exposed to control media and 10μg/ml cisplatin for 24h. Cells were stained with a polyclonal antibody against MAP LC3α/β (1:100), and then photographed under fluorescent microscope.

	Discussion

	An optimal cellular response to DNA damage/stress (ionizing radiation, oxidative stress, chemotherapeutic drugs, UV radiation, nutrient deprivation, and hypoxia) requires repair of damage and coordination of critical cellular processes such as transcription, translation, metabolism, and control of cell survival through an apoptosis or autophagy [22-26].

	Emerging evidence supports the notion that the cisplatin-induced autophagy plays a central role in tumor cell resistance to platinum-based therapy [27-29]. A dose- and time-dependent induction of autophagy observed in tumor cells following cisplatin treatment is evidenced by up-regulation Beclin-1 and cisplatin-triggered activation of AMPK pathway leading to a subsequent suppression of mTOR activity [28]. Autophagy is also shown to delay apoptosis in renal tubular epithelial cells exposed to cisplatin cytotoxicity [30,31]. The switch from autophagy to apoptosis suggests that autophagy induction mediates a pre-apoptotic lag phase observed in renal tubular cells exposed to cisplatin supporting the idea that autophagy mounts an adaptive cell response that delays apoptosis and might contribute to a cisplatin resistance in other cellular systems including cancer [30,31].

	A few oncogenes (e.g. phosphatidylinositol 3-kinase, activated AKT1) inhibit autophagy, while numerous tumor suppressors (e.g. BH3-only proteins, death-associated protein kinase-1, PTEN, tuberous sclerosic complex 1 and 2, TSC1 and TSC2 and LKB1/STK11) induce autophagy [32]. As known guardians of genome integrity, p53 and p73, were shown to be involved in autophagic processes [24,25,33-37]. However, to date no evidences were reported that p63 plays a role in autophagic pathway.

	ATM is a biosensor that coordinates cellular response to various damaging signals to preserve genomic integrity [8,9,22,23]. ATM has been recently implicated in cellular response to elevated reactive oxygen species (ROS) and therefore involved in redox homeostasis [8,9,22]. The key reports of the Cheryl Walker' research team showed that the ATM import to cytoplasm activates the specific phosphorylation of LKB1 at the Threonine-366 position leading to subsequent TSC2 activation via the LKB1/AMPK metabolic pathway, and reduction of mTOR level, in turn promoting autophagy [8,9].

	Our previous observations showed that the cisplatin exposure induced the ATM-dependent phosphorylation of ΔNp63α resulting in the p(S385)-ΔNp63α modification and subsequently leading to a proteasome-dependent degradation of ΔNp63α in SCC cells [4]. Our later studies emphasized the p-ΔNp63α role in transcriptional regulation of numerous gene targets involved in tumor cell response to cisplatin, some of them with pro-apoptotic functions and some - with cell survival functions [5]. The complex response of the p-ΔNp63α dependent gene targets to cisplatin prompted us to continue the quest for the signaling pathways leading to cisplatin sensitivity or cisplatin resistance displayed by tumor cells [3-5]. Recent observations by the research groups of Ted Hupp and Borivoj Vojtesek defined ΔNp63α as a novel regulator of p53 activation through the ATM kinase transcription [7]. They further reported that the ΔNp63α protein interacts with the ATM promoter-derived CCAAT sequence [38], previously shown to be critical for the p-ΔNp63α transcription function in SCC upon cisplatin exposure [5]. Intriguingly, these investigators showed that DNp63α activates the ATM gene transcription, whereas TAp63α does not, highlighting an essential role for the TA2 domain in mediating ΔNp63α function [7].

	In this study, we found that p-ΔNp63α binds the ATM promoter, induces the ATM promoter activity and activates the ATM cytoplasmic accumulation. We further found that the p-ΔNp63α protein interacts with the Rpn13 protein leading to a proteasome-dependent degradation of p-ΔNp63α. Next, we observed that ATM triggers the LKB1-AMPK-tuberin pathway leading to a down-regulation of mTOR subsequently enhancing the cisplatin-dependent autophagy in wild type ΔNp63α cells upon cisplatin exposure. Using the SCC cells with an altered ability to support the ATM-dependent ΔNp63α phosphorylation, non-phosphorylated ΔNp63α failed forming protein complexes with Rpn13 and allowing the latter to bind and target LKB1 into a proteasome-dependent degradation pathway thereby modulating a cisplatin-induced autophagy. SCC cells with the innate resistant/impaired response to a cisplatin-induced cell death displayed a greater ratio of non-phosphorylated ΔNp63α/p-ΔNp63α than cells that are sensitive to cisplatin-induced cell death. Based on our findings so far, we suggest that the choice made by Rpn13 between p-ΔNp63α or LKB1 to be targeted for degradation is critical for cell death decision made by cancer cells in response to chemotherapy. The discovery that the ΔNp63 promoter is subject to both p53-mediated activation and repression by ΔNp63α [39], and that ATM-dependent phosphorylation mediates ΔNp63α degradation [4,5] suggests that activity of the damage-response ΔNp63α-ATM-p53 pathway is finely modulated by complex feedback mechanisms [7]. Further dissection of this pathway should provide molecular targets for combating cancer and ageing [7,9,40-44].

	Methods

	Cells and reagents.

	We have used the head and neck squamous carcinoma (SCC) stable cell lines expressing wild type ΔNp63α or ΔNp63α-S385G (with an altered ability to be phosphorylated by ATM kinase) as previously described [4,5]. We also used cisplatin-sensitive (SCC-25) and resistant (SCC-25CP) squamous carcinoma cell lines obtained from Dr. J.S. Lazo (Department of Pharmacology, University of Pittsburgh School of Medicine) as a result of the Material Transfer Agreement [20]. Cells were maintained in RPMI medium 1640, 10% fetal bovine serum. Cells were incubated with 10 μg/ml cisplatin, 25 μM of lactacystin β-lactone (Calbiochem) for indicated periods of time, as described elsewhere [13]. Cells were lysed in 50 mM Tris, pH 7.5, 100 mM NaCl, 2mM EDTA, 0.5% Triton X-100, 0.5% Brij-50, 1 mM PMSF, 0.5 mM NaF, 0.1 mM Na3VO4, 2X protease inhibitor cocktail, sonicated for 10 sec time intervals, and clarified for 30min at 15,000xg. Supernatants (total lysates) were used for immunoprecipitation and immunoblotting [4,5,13]. Control (scrambled) siRNA and Rpn13 siRNA (sc-72453) were obtained from Santa Cruz Biotechnology, while siRNA against LKB1 was purchased from Dharmacon [45]. SiRNAs (200 pmol/six-well plate) were transiently transfected into cells using FuGENE 6 (4 μL, Roche) for 24h and then after the 24h treatment with control media or 10μg/ml cisplatin.

	Isolation of cytoplasmic fraction.

	1-2 × 106 cells were resuspended in a hypotonic lysis buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA) with protease inhibitors (Sigma), Triton X-100 (0.6% final concentration) was then added and the nuclei were pelleted at 2,500-3,000xg for 10 min at 4°C. Supernatants served as cytoplasmic fractions [13].

	Antibodies.

	We used a rabbit polyclonal antibody against ΔNp63α (Ab-1, EMD Chemicals), a mouse monoclonal antibody against β-actin (Sigma), and rabbit polyclonal antibodies against UCH3 (ab38528), mTOR (ab2833) and Rpn13 (ab91567), and a mouse monoclonal antibody against ATM (2C11A1, ab78) were purchased from Abcam. We also obtained a mouse monoclonal antibody against Rpn13 (M01, clone 3C6, Abnova). A mouse monoclonal anti-LKB1 antibody (clone 27D10, ab3050) was obtained from Cell Signaling Technology. A custom rabbit polyclonal antibody against p ΔNp63α (ATM motif, residues 379-392) was previously described [4]. A polyclonal rabbit anti-phospho-tuberin antibody (TSC2-S1387, AP3338a; which represents the AMPK-dependent phosphorylation) was obtained from Abgent.

	Chromatin immunoprecipitation (ChIP).

	First, 5×106 cell equivalents of chromatin (2-2.5 kb in size) were immunoprecipitated (IP) with 10 μg of anti-p ΔNp63α antibody as described elsewhere [5,13]. After reversal of formaldehyde crosslinking, RNAase A and proteinase K treatments, IP-enriched DNAs were used for PCR amplification. PCR consisted of 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s using Taq DNA polymerase (Invitrogen). The following PCR primers were used for amplification of the ATM promoter: for the specific region, sense, (−920) 5'- TTCAGGGGTCCTAATTAAGT −3'(901), and antisense, (−570) 5'- TGATCAAAACCACAGCAGG-3' (−551) yielding the 350 bp PCR product, and for the non-specific region, sense, (−2000) 5'- TAGGGGTGATTCTGCCCTCC-3' (−1880) and antisense, (−1821) 5'- AATTATGAGGCCCAAAATG-3' (−1802) yielding the 199 bp PCR product. Binding of the endogenous p-ΔNp63α protein to the ATM promoter was also assessed by qPCR using the above-mentioned primers for the specific region of the ATM promoter as previously described [13]. ChIP-PCR values (relative units, RU) were normalized by the GAPDH values and those obtained from the control samples (cells treated with control medium) were designated as 1. Experiments were performed in triplicate.

	Luciferase reporter assay.

	We used the pGL3-ATM (S118526, SwitchGear Genomics) promoter-luciferase reporter plasmid (encompassing −1259 bp to +1 bp of the ATM promoter). A total of 5x104 cells/well in a 24-well plate were transfected with 100 ng of the pGL3 luciferase reporter constructs plus 1 ng of the Renilla luciferase plasmid pRL-SV40 (Promega) using FuGENE 6 (Roche) as previously described [3,13]. At 24h, cells were also treated with 10 μg/ml cisplatin or control medium and then after an additional 24h, luciferase assays were performed using the Dual luciferase reporter assay kit (Promega). For each experiment, the wells were transfected in triplicate and each well was assayed in triplicate by measuring the Firefly luciferase activity in a luminometer. Renilla luciferase activity was measured in the same tube [3,13]. The values for Firefly luciferase activity were normalized against the Renilla luciferase activity values for each transfected well. Resulting data were presented as relative luciferase units (RLU).

	Autophagy assay.

	Cells were transiently transfected with scrambled siRNA, siRNA against Rpn13 or LKB1. Cells were exposed to control medium or 10 μg/ml cisplatin for 24h in the presence of lyzosomal protease inhibitors (10μg/ml of both E64d and pepstatin A purchased from Sigma) as previously described [19]. Protein levels of LC3B-I and LC3B-II were tested with a rabbit polyclonal antibody against MAP LC3α/β (LC3B, L7453, Sigma Aldrich Co). Immunoblots were scanned using PhosphorImager (Molecular Dynamics) and quantified by ImageQuant software version 3.3 (Molecular Dynamics). Values of LC3B-II were expressed as a portion of LC3B-I values defined as 1. The LC3B-II/LC3B-I ratios were plotted as bars using the Microsoft Excel software with standard deviations (± SD) resulting from three independent experiments and three individual measurements of each experiment.

	Immunofluorescence microscopy.

	Cells were washed with ice-cold phosphate-buffered saline and after fixation with 4% paraformaldehyde for 10 min at room temperature, they were permeabilized with 50μg/ml digitonin for 5 min. Cells were then quenched in 0.1% sodium borohydride for 5 min, and blocked with 10% goat serum, 1% bovine serum albumin (BSA, Amersham Biosciences) at room temperature for 60 min. Cells were incubated overnight with the primary antibody against MAPLC3α/β diluted in 1% BSA at 4°C. After washing, the cells were incubated with the Cy3-conjugated anti-rabbit antibody (1:500, Jackson ImmunoResearch Laboratories Inc) diluted in 1% BSA for 1h. Finally, images were obtained using a Leica TCS-NT laser scanning microscope system and processed with Adobe Photoshop software [29-31].

	Statistical analysis.

	The data represent mean ± SD from three independent experiments and the statistical analysis was performed by Student's t test at a significance level of p<0.05 to <0.001.

	Supplementary Materials

	Supplemental Figure S1.

	Quantitative PCR analysis of the ChIP binding.Wild type ΔNp63α cells and ΔNp63α-S385G cells were treated with the control medium (CIS, −) or 10μg/ml cisplatin (CIS, +) for 24h. ChIP assay of ATM promoter was performed with antibodies against p-ΔNp63α (black) and ΔNp63α (grey). The quantitation of binding was monitored by qPCR using the following specific ATM promoter primers: sense, (−920) 5'- TTCAGGGGTCCTA-ATTAAGT −3'(901), and antisense, (−570) 5'- TGATCAAAACCACAGCAGG-3' (−551) yielding the 350 bp PCR product. ChIP-PCR values (relative units, RU) were normalized by the GAPDH values and those obtained from the control conditions (cells treated with control medium) were designated as 1. Experiments were performed in triplicate. Numerical values indicate the fold differences between control conditions and cisplatin treatment conditions.

	Supplemental Figure S2.

	Expression levels for ΔNp63α, p-ΔNp63α and LKB1 in SCC-25 cells and SCC-25CP cells upon cisplatin exposure.Cells were treated with the control medium (CIS, −) or 10μg/ml cisplatin (CIS, +) for 24h. Immunoblotting of total lysates was performed with indicated antibodies and loading level was monitored by the β-actin level.
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