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Genetics of renal cancer: focus on MTOR

Arindam P. Ghosh and Sunil Sudarshan

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 mTORCI1 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
mTORC?2 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 mTORCI] 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.

AGING, March 2016, Vol 8 No 3

Editorial

Given the central role of mTORCI1 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. mMTORC1 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
mTORCI1 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 mTORCI,
mTORC2 is emerging as a pivotal player in many
cancers. Defining mTORC2’s role in the cellular milieu
has been more challenging compared to mTORCI1
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 mTORC?2.
Our in vitro data suggests that these hyperactivating
mutations confer relative resistance to rapalog therapy
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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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Nuclear and cytoplasmic PTEN has distinct functions in tumor suppression
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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 collectively referred to as PTEN hamartoma tumor
syndromes (PHTS) [8, 9].

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

Biochemically, PTEN is a phosphatase that de-
phosphorylates phosphatidylinositol (3,4,5)-tri-

phosphate (PIP3;), the lipid product of class 1

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

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
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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 10g23.31 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

Oxidation

Ubiquitination

,,,,,, C71 C124
K13
1 15 22 * * 185 190

Phosphatase domain

Cytosolic localization signal

T366 S370

)

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 phosphatidy-
linositol [4,5]-bisphosphate [PIP,]-binding domain, a C-
terminal tail containing proline-glutamic acid-serine-
threonine sequences, and a PDZ-interaction motif) [11].
The PIP,-binding site and adjacent cytoplasmic
localization signal are located at the protein’s N-
terminal [12, 13].

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 PIP; at the plasma membrane recruits and
activates a subset of pleckstrin homology domain—
containing proteins to the cell membrane. These proteins

Phosphorylation

$229 T232 K.289 T319 71321

351

401-403

C

C2 domain C-tail PDZ
interacting

motif

$380,7382,T383,5385

&

Figure 1. PTEN gene and protein structures. The PTEN protein is composed of 403 amino acids and contains
an N-terminal PIP,-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 38
(GSK3pB) 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 PIP,-binding site and adjacent cytoplasmic localization
signal are located at the N-terminal. The N-terminal poly-basic region appears to selectively interact with PIP, and
contribute to the nuclear accumulation of PTEN. Ubiquitination of PTEN has also been found on K13 and K289.
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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 PIP;-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 v (PPARY) 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.
PPARy 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 PPARY 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-PB), nuclear factor of kappa
light polypeptide gene enhancer in B-cells (NF-xB),
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
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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-B 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].

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-B 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-kB 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].
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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, PPARy, C-repeat binding factor 1, and others, and
inhibited by NF-kB, proto-oncogene c-Jun, TGF-B, 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.
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Table 1. MiRNAs which downregulate PTEN expression in human cancers

miRNA Locus Expression status Tumor type Reference
MiR-21 17923.1 Upregulated Colorectal, bladder, and [112-114]
hepatocellular cancer
MiR-19a 13g31.3 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 14932.31 Upregulated Cervical cancer [120]
MiR-130b 22ql11.21 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) Upregulated Prostate cancer [113]
12q14.1(MIR26A2)
MiR-23b 9q22.32 Upregulated Prostate cancer [114]

Abbreviations: CLL, chronic lymphocytic leukemia.

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.

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 acti-

vity (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
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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).

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 3f [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 PIP;-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
GO0/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 RADS51 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-kB, 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 PIP; have been detected in the
nucleus [71], indicating that nuclear PI3K signaling
mediates PTEN’s antiapoptotic effect through nuclear
PIP; and nuclear AKT. Nevertheless, only limited
evidence suggests that nuclear PTEN has lipid
phosphatase functions, as the nuclear pool of PIP; is
insensitive to PTEN [72].
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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 PIP, to PIP;, thereby leading to AKT activation, which enhances cell growth, proliferation,
and survival. PTEN dephosphorylates PIP; 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).

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
y-secretase inhibitors, which derepress the constitutively
activated NOTCHI 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
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reported unexpectedly low frequencies of PTEN in primary DLBCL and found that a recurrently altered
mutations in DLBCL patients, ranging from 3% to 22% minimal common region containing PTEN was lost in
[79-83]. Lenz et al. performed gene expression profiling 11% GCB-DLBCL but not in other subtypes, suggesting

Table 2. Reported PTEN gene alterations in lymphoid malignancies

Alteration type  Exon Domain Disease Frequency, % Notes Ref
Cell lines
Del 39 PHOS, C2 DLBCL 28.6 (4/14) Delin 4 of 11 GCB- [85]
DLBCL
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 [85]

of 18 GCB-and 1 of 8

ABC-DLBCL
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, [84]
heterozygous Del in 8
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, [76]
heterozygous Del in 2
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 ymphoma; 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.
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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].

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 (P/K3CA) mutations
in the primary specimens or cell lines, suggesting that

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
pl110 subunit. Of particular interest, Class 1A PI3Ks
include three p110 isoforms (p110a, p110pB, and p11035),
are primarily responsible for phosphorylating PIP,.
PIK3CA, the gene encoding the pll10a isoform is
frequently mutated in various human cancers [88]. In
one study, 59% of cases with mutant P/K3CA 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 p110a and p110B may generate distinct pools of
PIP;. In response to stimuli, pl10a produces an acute
flux of PIP;, which is efficiently coupled to AKT
phosphorylation. In contrast, p110f has been proposed
to generate a basal level of PIP; with little effect on
AKT phosphorylation [90]. Moreover, cells with AKT
phosphorylation induced by PTEN loss were sensitive
to a p110B-specific inhibitor but not a pl110a inhibitor
both in vitro and in vivo [91, 92], which suggests that
the enhancement of basal PIP; 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 p110p
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 p110a or p110d isoforms. Accordingly,

loss of PTEN activates the PI3K/AKT pathway in clinical trials of isoform-specific inhibitors are
MCL. warranted.
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Table 3. Preclinical studies of targeted therapeutics in PTEN-deficient tumors

Inhibitor type Drug Study notes Ref
Class I-PI3K
Pan Buparlisib The drug elicited response in some PTEN-deficient tumors and [124]
(BKM120) induced cell death in DLBCL cell lines.
Pan SAR245408 The drug significantly inhibited tumor growth in a PTEN-deficient [109]
(XL147) prostate cancer model.
pl10a BYL719 The drug had antitumor activity in cell lines harboring PIK3CA [110]
mutations but not in PTEN-deficient solid tumors
pl10B AZD6482 The drug substantially inhibited tumor growth in PTEN-deficient [98]
(KIN-193) cancer models.
pl10B GSK2636771 PTEN-mutant EEC cell lines were resistant to the drug; the drug [93]
decreased cell viability only when combined with a p110a
selective inhibitor.
p110pB/0 AZD8186 The drug inhibited the growth of PTEN-deficient prostate tumors.  [102]
p1100/p CH5132799 The drug inhibited the growth of some PTEN-deficient tumors in [103]
vitro.
pl10y/d 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  [104]
not PTEN-positive GCB-DLBCL cells.

PI3K/HDAC CUDC-907 The drug inhibited growth in multiple cell lines; cell lines with [105]
PIK3CA or PTEN-mutation induced loss of PTEN were markedly
sensitive to the drug.

AKT MK-2206 The drug had antitumor activity in breast cancer cell lines with [106]
PTEN or PIK3CA mutations.

mTORCI1 Everolimus PTEN-deficient prostate cancer had greater sensitivity to the drug;  [107]

(RADO001) glioblastoma cell lines were resistant to the drug.
Temsirolimus Multiple PTEN-deficient cell lines were remarkably sensitive to [108]
(CCI-779) the drug.

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 PKCB inhibitor; A20, a MALT1 paracaspase
inhibitor; and MLN120B, an IKKB inhibitor. SYK inhibitors include fostamatinib and PRT062607. Idelalisib is a PI3K&-
specific inhibitor. MK-2206 is an AKT inhibitor. mTOR inhibitors include everolimus and temsirolimus.

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-«xB, 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 o) and CD79B
(immunoglobulin P)-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].
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Table 4. Preclinical studies of targeted therapeutics in PTEN-deficient tumors

Inhibitor
type

Drug

Patient population

Phase

Identifier

PI3K

PI3K/mTOR

AKT

GSK2636771

BKM120

BKM120

AZDS8186

BEZ235

BEZ235

MK-2206

MK-2206

Pazopanib +

everolimus

Trastuzumab

+RADO001

GDC-0068/ GDC-

0980 +abiraterone

Patients with advanced solid tumors with PTEN
deficiency

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

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

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

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
Patients with relapsed lymphoma or multiple
myeloma

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

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

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

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

Patients previously treated prostate cancer with

PTEN loss (currently in phase II)

1/2a

1b/2

12

1b/2

NCT01458067

NCTO01870726

NCTO01550380

NCTO01884285

NCTO01856101

NCT01742988

NCT01802320

NCTO01277757

NCT01430572

NCT00317720

NCT01485861
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Rapamycin Patients with advanced cancer and PI3K mutation 12 NCTO00877773
(Temsirolimus) and/or PTEN loss

Ipatasertib (GDC- Patients with PTEN-low metastatic TNBC 2 NCT02162719
0068) + paclitaxel

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

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-«xB activity in ABC-DLBCL, whereas in GCB-
DLBCL, PI3K pathway activation but not NF-kB
activity is required for survival. Briefly, the “chronic”
BCR signaling in ABC-DLBCL is characterized by the
many pathways involved with the CARDI1-mediated
activation of NF-«B 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.

In addition to PI3K pan-inhibition, several isoform-
selective PI3K inhibitors have been shown to repress
the viability of PTEN-deficient tumors. Notably, the
p110B-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 pll10pB-selective
inhibition, cell lines’ viability was decreased only when
p110B-selective inhibition was combined with p110a-
selective inhibition. Recent findings have highlighted that
there is a complex interplay between the Class I PI3K
isoforms, inhibition of either a or B single isoform might
be compensated by reactivation of another isoform at last
[99]. Furthermore, it has been proposed that the dual y/d
inhibitor CAL-130, specifically targeting pl110y and
p1106 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 p110y/5 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 PI3BK/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).

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 PIP; 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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Rapamycin in preventive (very low) doses

Roman V. Kondratov and Anna A. Kondratova

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 Bmall-/- 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
Bmall-/- mice from 8 to 12 months. Activity of
mTORCI1 in tissues of Bmall-/- was highly elevated,
thus, treatment with rapamycin extended their lifespan
mostly likely through suppression of mTOR signaling.

Editorial

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
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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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Editorial

Metformin and rapamycin are master-keys for understanding the relationship between cell senescent, aging and

cancer

Vladimir N. Anisimov

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]. mTORCI 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-la 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 mTORCI] 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

o mTORC1
Senescent mTORC2
CrmrD i

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 (lIS)
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
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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-B/NF-xB
[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 Fbxw?7 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
(Fbxw?7+/-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 Fbxw?7 loss toward tumor development.

INTRODUCTION The mammalian target of rapamycin, mTOR, is a
central component of several complex signaling

FBXW?7 is one of the most important human tumor networks that regulate cell growth, metabolism and

suppressor genes, which undergoes deletion and/or proliferation. ~mTOR  signaling is  frequently

mutation in cancers from a wide spectrum of human dysregulated in a number of human diseases including

tissues, such as breast, colon, endometrium, stomach, cancer, cardiovascular disease and ageing, and thus has

lung, ovary, pancreas, and prostate [1, 2]. The overall become an attractive target for therapeutic intervention.

frequency of point mutation of FBXW?7 in human We and others have recently shown that mTOR is a

cancers is about 6% [3]. The FBXW?7 gene is essential target of FBXW7 [19-21]. In this study, we investigated

for the ubiquitination of different oncoproteins, whether inhibition of mTOR signaling pathway by

including c-Myec [4, 5], c-Jun [6], cyclin E [7, 8], Notch rapamycin was able to prevent the tumor development

[9, 10], KIf5 [11, 12], Mcl-1 [13, 14], and Aurora-A resulted from loss of Fbxw7 in mice.

[15, 16]. Haploinsufficient loss of Fbxw?7 is observed in

most lymphomas in the mouse model, even those RESULTS

arising from Fbxw7/p53 double heterozygous mice [17].

Similar observations of heterozygous mutations were Fbxw7-dependent inhibition of mTOR by radiation

subsequently made in human tumors [18]. These

findings suggest that loss of only one copy of the gene Our previous study has shown that Fbxw7 can be

can generate a substantial biological impact. transcriptionally activated by p53 upon DNA damage
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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-Sérp
(Ser240 and Ser244), Sérp, and B-Actin. (A) Detection of mTOR and its downstream signaling in
HCT116 wild type and FBXW?7-/- 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
FBXW?7+/- mice that were collected at different time points after single dose of 4Gy X-ray radiation.

[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-sé6rp)
(Fig. 1A). We also observed a significant increase in
mTOR and p-mTOR level in HCT116 FBXW?7-/- 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 Fbxw?7 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
FBXW?7-dependent.

Temporal rapamycin treatment delays
tumorigenesis in Fbxw7/p53 double heterozygous
(Fbxw7+/-p53+/-) mice, mnot 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-sérp (Fig. 2A), suggesting that
the kinase activity of mTOR was inhibited in the
rapamycin-treated mice in comparison to the placebo-
treated mice.

In order to investigate whether rapamycin can prevent
mice from Fbxw?7 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
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temporal rapamycin treatment is ineffective in p353+/-
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 pS3+/- 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
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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 p353+/- 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-sé6rp levels than these from
placebo treated p53+/- mice (p<0.001) (Fig. 3B),
suggesting mTOR activity is elevated when loss of one
copy of Fbxw?7, and this elevation is inhibited by mTOR
inhibitor, rapamycin. Presumably such inhibition by
rapamycin subsequently suppresses the contribution of
Fbxw7 loss to tumor development.
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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-sérp (Ser240 and Ser244) level in spleen when mice treated with
rapamycin. No change was found in total sérp. 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.
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Thymic lymphoma from p53+/- mice
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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-Sérp (Ser240 and Ser244), Sérp, Pten, and B-
Actin. (B) Quantitative analysis of the total sérp and p-sérp 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].

www.impactaging.com

114

AGING, February 2013, Vol. 5 No.2



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 Fbxw?7 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 Fbhxw7 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 pS3+/- 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,
Myec, 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 Fbhxw?7 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.
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Rapamycin was measured by liquid chromatography-
tandem mass spectrometry (LC/MS/MS). The standard
curve range for rapamycin was Ing/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 (20ul) was diluted with 20ul of water and then
40ul of 70% acetonitrile was added. 20ul of internal
standard, rapamycin-d3 (10ng/ml), was added to each
sample. 100ul 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
Sul 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 x 50 mm, 5 pm
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), 10uM 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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SUPPLEMENRATY DATA

Supplementary Table S1. Number of mice in different genotype and treatment groups

Gender
Genotype Treatment group Male Female Total
p53+/-Fbxw7+/- Rapamycin 15 15 30
Placebo 15 15 30
pS53+/-Foxw7+/+ Rapamycin 14 15 29
Placebo 14 14 28
gw- I ; m?::(g)zs) Supplementary Figure S1. Rapamycin levels in blood were measured
= by liquid chromatography-tandem mass spectrometry (LC/MS/MS) at
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Supplementary Figure S2. Tumor spectrum in placebo "8_
or rapamycin treated Foxw7+/- p53+/- or p53+/- mice.
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Supplementary Figure S3. Immunohistochemical staining of Pten in tumor from
placebo or rapamycin treated Fbxw7+/- p53+/- mice.
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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

than for younger individuals [3]. Numerous studies
Age is by far the biggest independent risk factor for a demonstrate that age retarding interventions reduce
wide range of intrinsic diseases [1], including most cancer by decreasing incidence and/or severity
types of cancer [2]. The age-adjusted cancer mortality (Reviewed in [4]). Diet restriction (DR) has a long
rate for persons over 65 years of age is 15-times greater history of retarding cancer [5] and most of the other
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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.

mTORCI1 (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 mTORCI1 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 heterogenecous 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,

RbI. Rbl regulates cell cycle checkpoints for
differentiation and in response to stress and is important
for genome maintenance [18]. RbI"" 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 RbI™~ 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 RbI™" 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 Rb/"~ mice
and 3.4 for males and 4.6 ng/ml for females for RbI™
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).

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
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(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.

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 of
RbI"" 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 RbI"" 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 RbI™"
(Table 1).

animals

Male and female RbI"" littermates of the RbI"" 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 Rb/"" mice had died
and the effects of eRapa were evident, the RbI™"
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 experi-
ments [16, 17], lifespan was extended more in females
than in males (Table 2) in wild type (WT) littermates.
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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

Table 3. Pathology of Rb1*" mice at necropsy

Eudragit eRapa
Tumor Incidence
Pituitary 97.5% (40) 100%" (39)
Thyroid 90.0% (40) 66.7%"° (39)
Thyroid with lung metastases 37.5% (40) 28.2%° (39)
Thyroid with adrenal metastases 2.5% (40) 7.7%" (39)
Adrenal 30.0% (40) 23.1%° (39)

a, p=0.9858, b, p=0.0112; ¢, p =0.3859; d, p=0.5472, e, p =0.4925
Two tailed, unpaired t test, GraphPad Prism.

eRapa effects on tumor incidence at the end of life

At necropsy, RbI"™" 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 RbI"" 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.

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]. RbI-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-treated Rb 1/ " 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 RbI"" mice develop. An initial cohort was
used to identify the best timeframe for MRI scans. For
this, 6 female RbI™" mice (3 per group) and 10 RbI™"
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.
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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.

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 Rb/™" mice had detectable
tumors identified during two separate MRI imaging
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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.

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
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DISCUSSION

In mice, pRbl 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
RbI"" mice but did not affect growth of Rb1 " tumors
[20]. In contrast to DR, chronic eRapa treatment did not
affect body weight of RbI™" 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
RbI'" model. It will be interesting to determine if pRbl
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 Rb/ - pituitary
tumor development and growth in RbI"" 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
RbI"" 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
RADOO1 treatment in a rat model of transplanted
neuroendocrine tumors, which the authors attributed to
alternations in tissue immune microenvironment [25].
Since RADO0O1 treatment was started subsequent to
tumor implantation, it might be interesting to test this
model in a prevention rather than treatment setting.

Two reports have linked pRbl 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 Rbh/ family (Rbl, Rbll and
RbI2) 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
RbI™" mice by eRapa is also consistent with a recent
report showing that mTOR inhibition partially
alleviated tumor development in an Rb™":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 RbI"" mice by eRapa could be
due the prevention of the production and/or secretion of
hormones or deleterious bioactive factors.

RbI is known to have an important role in somatic
growth regulation, since increased RB/ dose reduced
animal size [37]. Determining if there is a link between
RbI (a negative regulator of growth) and mTORCI1 (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 pRbl will have decreased mTOR activity
and be long lived through prevention, delay or a
reduction in severity of age-related diseases.
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Here we show that eRapa extends the life span for
RbI"" 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,
mTORCT1 inhibition and DR likely use different modes
for life span extension.

METHODS

Mice and life span. Mice (strain B6.12952(Cg)-
Rb1™™ ) 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 puL of 250 pg/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 pL 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 pg/ml
was used to spike the calibrators.

Calibrator and unknown whole blood samples (100 pL)
were mixed with 10 pL of 0.5 pg/mL. ASCO (internal
standard), and 300 pL 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
pL 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 p)
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
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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 RbI'" 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 um, 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, 20, 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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SUPPLEMENTARY DATA

Table S1. Age (weeks) at treatment initiation
RbI™ RbI™
Diet Start Range  #Mice % # Mice %
7-8 7 7.2 11 112
8-9 49 50.5 47 48.0
9-10 40 403 39 48.0
12 1 1.0 1 1.0
Average 8.9 8.8
Youngest 7.0 7.0
Oldest 12.0 12.0
A. B.
Rapamycin Blood Levels Rb1*/- Rapamycin Blood Levels Rb1*/+
121 12+
g 104 n g 10+ iy
> >
5 B . 5 °s -
I -
= 1 - °
S 2 c 27 %o o
L4 [ TT L XY YY) LI T L
0 T T 0 T T
Males Females Males Females
Avg. Avg. Avg. Avg.
3.875 ng/ml 3.795 ng/ml 3.380 ng/ml 4.553 ng/ml

Figure S1. Rapamycin levels were quantified as described in Methods. The concentration of
rapamycin was expressed as ng/ml of whole blood.
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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 yH2AX 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
YH2AX 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 AWm, 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
AWm) 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 yH2AX
expression, mitochondrial activity (ROS, AWm) and mTOR signaling provides an adequate gamut of cell responses to
evaluate effectiveness of gero-suppressive agents.

INTRODUCTION deleterious lesions. DSBs can be repaired either by the

homologous recombination or nonhomologous DNA-
The cumulative DNA damage caused by reactive end joining (NHEJ) mechanism. Recombinatorial repair
oxygen species (ROS), by-products of oxidative which uses newly replicated DNA as a template restores
phosphorylation, for long time has been considered to DNA rather faithfully. It can take place however when
be a key factor contributing both to cell aging as well as cells have already the template, namely during late-S
predisposing to neoplastic transformation [1-12]. and G, phase. In the cells that lack a template (G,
Oxidative DNA damage generates significant number of early-S) DNA repair relies on the NHEJ which is error-
DNA double-strand breaks (DSBs), the potentially prone due to a possibility of a deletion or rearrangement
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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
(YH2AX) 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 A¥m. 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 yYH2AX. Consistent with our prior
findings [52-54] the expression YH2AX in S and G,M
cells is distinctly higher than in the cells of G; 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 YH2AX in all
phases of the cell cycle. In most treated cells, however,
the decline in the mean expression YH2AX was
somewhat more pronounced in the S- compared to G -
or G;M- 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 G,M which would indicate partial cells
arrest in G, phase 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 YH2AX
whereas the treatment for 48 h had similar effect as for
24 h (data not shown).

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 YH2AX 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-S6" in S- and G,M-
compared to Gi- 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).
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Figure 1. Effect of exposure of TK6 cells to different presumed anti-aging drugs on the level of
constitutive expression of yH2AX. Exponentially growing TK6 cells were untreated (Ctrl) or treated
with the respective agents for 24 h at concentrations as shown. Expression of yH2AX 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.

2dG, 2mM MF, 1mM

RAP, 50nM BRB, 60 uM
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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-SGP) in all (G1+S+G,M) cells of the respective cultures.
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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-S6". Compared
with cells exposed for 4 h (Fig. 1) the effect of MF,
even at the lower concentration (50 uM), 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 uM MF nor RSV had an
effect on the cell cycle progression. However, exposure
to 0.1 uM RAP (similar to 50 nM, see Fig. 1) resulted in
about 50% decrease in frequency of S and GoM cells
(insets, marked by arrows).

Ctrl MF, 50uM MF, 0.2mM MF, 0.5mM RAP, 0.1uM RSV, 1uM
o
©
@
o 1
o

DNA content

E L
> I
Q |
[$) | |
©
(@)

RP-S6P

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-S6' in all
cells of the respective cultures. Insets show cellular DNA content histograms of cells in these cultures.

Ctrl (EtOH) Ctrl (DMSO)  MF, 0.2 mM

MF, 1.0 mM BRB, 60 uM Vit D3, 10 nM RSV, 1 uM

S6 Ribosomal proteinP

MDNA content

Figure 4. Reduction of the level of constitutive expression of RP-S6" 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-S6” immunofluorescence
integrated over the nuclei (reporting expression of RP-S6" in the cytoplasm located over and below the nucleus);
bottom panels present RP-S6" immunofluorescence integrated over the cytoplasm aside of the nucleus. The percent
decrease in expression of RP-S6' 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.
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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-S6" 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).
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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 yH2AX (left panel) and RP-S6" (right
panel). Exponentially growing cells, were treated with the respective agents at concentrations as
shown in Figs. 1 and 2, RP-S6” 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 (yH2AX) or over cytoplasm (PR-SGP).
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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-S6". 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-S

6

was detected immunocytochemically and cellular fluorescence measured by flow cytometry. The bar
graphs present the mean values (+SD) of RP-S6" immunofluorescence for G,, S and G,M cell
subpopulations identified by differences in DNA content (intensity of DAPI fluorescence).
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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 YH2AX 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
yH2AX and RB-S6" 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-S6" in
mitogenically stimulated human lymphocytes, in all
phases of the cell cycle, while the effect of ASA on

these cells was minimal (Fig. 6).

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-S6" by 95%,78 and
70%, respectively. RAP, BRB and 2dG were also quite
effective in lowering the level of 4EBP1”, by 52%, 51%
and 51%.
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Figure 7. Effect of the studied gero-preventive agents on constitutive level of expression of mTOR-
Ser2448°, RP-56-Ser235/236" and 4EBP1-Ser65° 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).
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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 H,DCF-DA and
their fluorescence intensity was measured by flow cytometry. The cell-permeant non-fluorescent H,DCF-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.

Table 1. Effect of the studied gero-preventive agents on constitutive level of expression of mTOR-
Ser2448°, RP-S6-Ser235/236" and 4EBP1-Ser65” and their corresponding unphosphorylated forms,

detected by western blotting (Fig. 7)

Agent Ctrl 2dG MF RAP BRB Vit. D3 RSV ASA
mTOR" 1.00 0.73 0.76 0.89 0.99 0.96 1.51 0.75
m-TOR 1.00 1.45 2.25 141 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-S6" 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
4EBP1” 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
4EBPI1, 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).
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Figure 9. Effect of the studied gero-preventive agents on the mitochondrial transmembrane
potential (AWm). 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.

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 H,DCF-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.

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.

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 YH2AX expression
as well as constitutive level of phosphorylation of ribo-

somal S6 protein (RP-S6"). 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
4EBPI1. The latter protein is also considered to be a
critical regulator of translation and cell size determinant
[105-108].

Analysis of the mTOR vs. mTOR", RP-S6 vs. RP-S6"
and 4EBP1 vs. 4EBP1" revealed 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 mTOR'/mTOR, RP-S6'/RP-S6
and 4EBI1"/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 mTOR"/mTOR, RP-S6"/RP-
S6 and 4EB1"/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.
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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 YH2AX 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 Ilevel 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
YyH2AX 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 (A¥m). 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 G,M- than in G- 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 YH2AX expression,
(i1) mitochondria activity (ROS, A¥m) 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
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Culture Collection (ATCC CCL-185, Manassas, VA).
Human peripheral blood lymphocytes were obtained by
venipuncture from healthy volunteers and isolated by
density gradient centrifugation. AS549 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 10> 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 °C for up to 3 days until staining.

Immunocytochemical Detection of yYH2AX and RP-S6".
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) YH2AX mAb
(Biolegend, San Diego, CA) and/or with a 1: 200
dilution of phosphospecific (Ser235/236) RP-S6 Ab
(Epitomics, Burlingame, CA) at 4°C 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 pug/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 AYm. Untreated cells as well as the gero-

protective agents drugs-treated TK6 cells were
incubated 60 min  with 10 uM  2.7-
dihydrodichlorofluorescein-  diacetate (H,DCF-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 H,DCF-DA is converted
to the strongly fluorescent derivative DCF [97].
Mitochondrial potential A¥Ym was assessed by exposure
of cells in tissue culture to 1 pM rhodamine 123 (Rh-
123; Invitrogen/Molecular Probes) for 30 min prior to
measurement of their fluorescence.

Analysis of Cellular Fluorescence. 4549 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.
TKo6cells and Ilymphocytes: 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
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dithiothreitol (DTT) and 10 pl/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 pg 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-
Ser2448", total mTOR, RP-S6-Ser235/236", Total RB-
S6, and 4EBP1-Ser65” 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 counter intuitively mimicking the effects of energy
sensor adenosine monophosphate (AMP)-activated depletion (e.g., dietary restriction), despite disrupting
protein kinase (AMPK), a critical suppressor of the AMP biosynthesis [23, 24]. AMPK, the cellular fuel
mTOR gerogene [1-17], has been once again gauge whose activity becomes significantly increased in
highlighted as a conserved life span modulator linking long-lived flies, detects such energy imbalances to
bioenergetics, metabolism, and longevity [12-22]. What causally channel longevity effects resulting from
is certainly surprising is the proximate causation genetically impaired de novo AMP synthesis. While the
through which AMPK activation has now been shown expression of a dominant-negative form of AMPK
to enable its pro-longevity effects. When searching for prevented the lifespan increases driven by heterozygous
mutations capable of disrupting energy balance in mutations in AMP Dbiosynthetic enzymes, animals
metabolically active tissues and slowing aging in the engineered to specifically exhibit AMPK gain-of-
fruit fly Drosophila melanogaster, Stenesen and function in metabolic tissues also had lifespan increases
colleagues [23] recently found that the inactivation of equivalent to those observed in long-lived fly mutants.
genes coding for enzymes involved in the de novo Therefore, enhanced AMPK activity appears to be
synthesis of the purine nucleotide AMP demonstrated sufficient to fully recapitulate the ability of AMP
the strongest pro-longevity effects. Interestingly, biosynthesis pathway mutations to increase the
mutations in AMP biosynthetic enzymes capable of AMP:ATP ratio and longevity.

significantly extending the Drosophila lifespan

impacted cellular bioenergetics by unexpectedly In the novel scenario illustrated by Stenesen and
increasing the AMP:ATP and ADP:ATP ratios, thus colleagues [23], it reasonably follows that small
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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).

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 mnovo 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 defects and craniofacial hypoplasia
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[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
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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.

ATP

Cancer Protection

Figure 1. De novo biosynthesis of purine nucleotide at the crossroads
of aging and cancer: A new target for the gerosuppressant metformin.
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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 cellular energy status. When nutrients and growth
factors are abundant, mTOR promotes protein synthesis,
Rapamycin (or Sirolimus) is a macrolide antibiotic that ribosome  biogenesis, angiogenesis, cell cycle
was first isolated from Streptomyces hydroscopicus and progression and cytoskeleton re-organization (reviewed
was initially utilized as an antifungal agent [1, 2]. Under in [3]-5)).
the name of Rapamune, it is now used as an
immunosuppressant to prevent organ rejection after Recent data demonstrated that rapamycin extends life
transplantation. Rapamycin inhibits the nutrient-sensing span in various model organisms including mammals
mTOR (mammalian Target of Rapamycin), a conserved [4-6]. The life-long administration of rapamycin
protein Kkinase that controls cellular growth and inhibits age-related weight gain, decreases aging rate
metabolism. The mTOR signaling pathway is activated and increases lifespan of inbred [7] and genetically
by nutrients, growth factors, hormones, cytokines, and heterogeneous [6] mice. Previous data has
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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/Kkg.
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 (Cnax), 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 Ty;
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).

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 C57BI/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.

Table 1. Pharmacokinetic parameters of unformulated rapamycin and Rapatar in C57BI/6J mice.
Abbreviations: C, — the peak concentration; T,,., — time taken to reach peak concentration; AUC —
area under the curve; F — absolute bioavailability.

Units Rapamycin, 1V Rapatar, PO 4mg/kg
0.4mg/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
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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/BI/6) 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. C57BI/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.
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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 test whether life-long administration of Rapatar
causes in vivo toxicity, we administered it to wild type
C57BI/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”
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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).

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 expe-

riment (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 Advanced Sarcoma Leukemia Tumorfree
Lymphoma Lymphoma
Rapatar 7 (35%) 6 (30%) 6 (30%) 1 (5%) 1 (5%)
PBS 4 (23%) 10 (58%) 3 (17%) 1 (6%) 0
PBS PBS R
101 day-old 134 day-old SR
e
Rapatar i Rapatar §
281 day-old &5 231 day-old

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).
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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.

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.

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
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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. C57BI/6J mice were obtained from Jackson
Laboratory. p53-/- mice on C57BI/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 C57BI/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 Axiolmager Al 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.
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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 (pS3+/-) 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

www.impactaging.com

709

AGING, October 2012, Vol.4 No.10



demonstrate that carcinogenesis was significantly
delayed in rapamycin-treated mice compared to control
mice.

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).

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.
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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
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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.

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].
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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 (30x21x10 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 pm 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
um 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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