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ARTICLE INFO ABSTRACT

Article history: Autophagy is a dynamic process involving the bulk degradation of cytoplasmic organelles
Received 30 May 2008 and proteins. Based on the function of “cellular recycling”, autophagy plays key roles in the
Received in revised form 17 September 2008 quality control of cellular components as well as supplying nutrients and materials for
Accepted 30 September 2008 ‘newly constructed structures in cells under metabolic stresses. The physiological relevance
of autophagy in tumor formation and progression is still controversial. The cytoprotective
. function of autophagy in cells subjected to starvation might enhance the prolonged sur-
vival of tumor cells that are often exposed to metabolic stresses in vivo. Meanwhile, a

tumor-suppressive function of autophagy has also been ‘suggested. Autophagy-related cell
Turmmior microenvironment death has been regarded as a primary mechanism for tumor suppression. In addition, the
Energy metabolism’ loss of autophagy induced genome instability and significant necrosis with inflammation in
Lc3 transplanted mouse tumor models, suggesting an additional function of autophagy in the
suppression of tumor formation and growth. Until .now, investigations supporting and
proving the above possibilities have not been fully completed using clinical samples and
equivalent animal models. Though monitoring and the interpretation of autophagy dyna-
mism in tumor tissues are still technically difficult, identifying the autophagic activity in
clinical samples might be necessary to clarify the pathophysiological relevance of autoph-
agy in tumor formation and progression as well as to develop new therapeutic strategies

based on the regulation of autophagy.

Keywords:
Autophagy

© 2008 E}sevier Ireland Ltd. All rights reserved.

1. Introduction - an overview of autophagy

Autophagy (from the Greek “auto”, meaning oneself,
and “phagy”, meaning to eat) refers to a process in which
cytoplasmic components are delivered to the lysosome
for bulk degradation. Three types of autophagy — macro-
autophagy, microautophagy and chaperone-mediated
autophagy (CMA) - have been identified. These processes
differ in the mode of delivery to lysosomes. Microauto-
phagy involves the direct sequestration of cytosolic com-
ponents by lysosomes. In CMA, a cytosolic and lysosomal
chaperone protein, hsc70, assists unfolded proteins to
translocate into lysosomes. In this review, we will focus
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on the most widely investigated process: macroautophagy
(herein referred to as autophagy) [1-5].

Autophagy is a conserved catabolic process that in-
volves the sequestration of organelles and lang-lived pro-
teins residing in the cytoplasm into a unique organelle,
the autophagosorme. As shown in Fig. 1, an isolation mem-
brane (also called a “phagophore”) which is a double mem-
brane consisting two parallel lipid bi-layers is formed and
elongated. Isolation membranes start sequestrating cyto-
plasmic constituents in the first step of autophagy. Once
the edges of the isolation membrane are fused, it becomes
a unique lipid bi-layer vesicular organelle, the autophago-
some. Sequestrated cytoplasmic components are com-
pletely engulfed by the autophagosome. Next, the
autophagosome undergo a maturation process, in which
the autophagosome fuses with early and late endosomes.
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Finally, maturated autophagosomes fuse with the lyso-
some. The engulfed components, as well as the inner mem-
brane of the autophagosome, are degraded by lysosomal
hydrolases such as cathepsins. Autophagic processes have
been well characterized in yeast, and more than 30
autophagy-related genes (ATG) that encode the proteins

executing autophagy have been identified in the field of

yeast genetics [6]. Similar autophagic machineries have
been observed in mammalian cells, and mammalian ortho-
logs for ATGs and other autophagy regulating molecules
have also been identified [7]. The detailed molecular
events involved in these processes are described in another
comprehensive review [8].

Compared with the ubiquitin-proteasome system,
which recognizes specific targets for degradation, autoph-
agy has been thought to engulf cytoplasmic constituents
non-selectively, Recently, selective sequestration targeting
specific organelles or invasive microbes has also attracted
attention [9]. '

A very concise description of the function of autophagy
is recycling; reducing waste and yielding resources. Dam-
aged organelles and misfolded proteins accumulate in
senescent cells or cells under various stresses, such as oxi-
dative stress and infection. The autophagic machinery de-
grades and reduces this cellular “garbage”. This function

is pamcularly effective in postmitotic cells, like neurons.

and cardiac myocytes, since these cells cannot dilute such
superfluous components by undergoing cell division. Basal
autophagy is constitutively observed in these postmitotic
"cells and may have an important function for the quality
control of cellular components [10]. On the other hand,
self-digested components provide nutrients and materials
for newly constricted cellular structures. The amino acids
and fatty acids generated by autophagic degradation aré
used by the tricarboxylic acid (TCA) cycle to produce ATP,
a main energy source for various cellular events. Methyi-
pyruvate, a membrane-permeable derivative of pyruvate
that serves as a substrate for the TCA cycle, restored ATP
production in autophagy-deficient cells. Furthermore, sup-
plementation with methylpyruvate rescued these cells
from metabalic stress-induced cell death [11].

Observations of clinical samples and animal and cellular
models have suggested a variety of physiological and path-
ological roles of autophagy, such as development, aging,
host defense system, neurodegenerative diseases, muscle
and cardiac diseases and cancer [12,13]. However, the rel-
evance of autophagy in tumor formation and progression is
still controversial. Although previous findings strongly
suggest that autophagy contributes to sustainable cell sur-
vival, anti-tumorigenic roles of autophagy have been also
mentioned. Here, we will summarize and discuss recent
studies of autophagy in cancer biology with the goal of
clarifying this issue.

2. Autophagy protects cancer cells from starvation

Cancer cells in solid tumors obtain their necessary
nutrients from blood flow. Aberrantly proliferating cancer
cells may have high bioenergetic demands and require
more nutrients than non-cancerous cells. Tumor angiogen-

esis is a reasonable way to increase blood flow. During the
initial phase of tumorigenesis, tumor vessels have not yet
been induced and the nutritional demands of tumor cells
are likely to surpass the supply from normal vasculature,
Moreover, even after tumor vessels have been established,
the oxygen tension and glucose concentration in locally
advanced tumors remain at a low level. This suggests that
the tumor microvasculature is functionally and structur-
ally immature to support sufficient blood flow [14-16].
Or, even once functionally and structurally adequate tumor
vessels were established, soon or later, the balance of sup-
ply and demand would be ruined by disorganized tumor
cell proliferation resulting in the disastrous dysfunction
of the tumor vessels. The reduction of functional blood
flow is significant in clinically hypovascular tumors such
as pancreatic cancers [17]. Under these conditions, cancer
cells are likely to encounter chronic ischemia leading to a
shortage of nutrients. Cancer cells might adapt themselves
to such a harsh microenvironment. In experimental cell
culture systems, several cancer cells were resistant to
nutrient-deprived conditions. For example, several pancre-
atic cancer- and colorectal cancer-derived cell lines
showed a survival rate of more than 50% after 48 h of cul-
ture in a medium completely lacking carbon and nitrogen
sources, Contrastingly, non-transformed fibroblasts were
completely abolished within a day under the same condi-
tions [18]. These findings suggest that cancer cells use
alternative metabolic processes for their survival under
starved conditions.

Metabolic stresses reportedly induce apoptosis [19]. In
many tumor cells, apoptosis is suppressed by the overex-
pression of anti-apoptotic molecules or by the lack of
pro-apoptotic molecules. Less apoptosis may explain the
limited death of cancer cells under metabolic stresses,
but the manner in which cancer cells obtain their neces-
sary nutrients remains a mystery. One possible solution
is that the cells digest their own components and obtain
amino acids as an alternative energy source. Autophagy
seems ideal for cancer cells to maintain energy homeosta-
sis in such an autonomous fashion. Autophagy is known to
be induced by different forms of metabolic stress, includ-
ing nutrient deprivation, growth factor deprivation, and
hypoxia [13,20]. Since these conditions are often observed
in physiological tumor microenvironments, autophagy is
likely activated in cancer cells.

We should also remind the apparent dlscrepancy be-
tween the tumor “cell” doubling time and the tumor “vol-
ume” doubling time. The potential tumor cell doubling
time estimated by in vivo measurement of S-phase dura-
tion was remarkably rapid in many solid tumors, a median
value of the order of 5 days. However, tumor volume dou-
bling time determined by radiological measurement of the
size of these tumors was much slower, months or years
[21,22]. It suggests that about half of the proliferating can-
cer cells are subsequently lost under tumor microenviron-
ment though many of them have already acquired antj-
apoptotic function. Is there any physiological relevance of
such dynamism of cell kinetics? A potential scenario is that
the vanishing cells serve nutritional sources for surround-
ing surviving cells. In this sense, inducing cell death and
supporting cell survival under metabolic stresses are not
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contradicting. Autophagy is also known to induce cell
death and possibly sacrifice some part of individual tumor
cell for supporting a prolonged survival and continuous
growth of other cells in the tumor mass.

Several experimental methods have been used to iden-
tify the activation of autophagy (Table 1) [23]. Measuring
the turnover of long-lived proteins provides a biochemical
clue to autophagy. Transmission electron microscopy re-
veals the ultrastructure characteristics of the autophago-
some. Autophagosome formation is also conveniently
monitored by following a phosphatidylethanolamine (PE)-
conjugated form of yeast Atg8 or mammalian LC3, one of

- the mammalian orthologs of Atg8. During autophagy, LC3
shifts from a soluble form to a membrane-bound form
(LC3-11) and is incorporated into the autophagosomal inner
membrane. The existence of autophagosome-incorporated
LC3-1I can be detected biochemically (immunoblotting
against LC3) or microscopically (immunocytochemistry
against LC3 or exogenously expressed, ﬂuorescently tagged
LC3).

The ultrastructure of autophagosoemes in tumor cells
has been observed in several experimental systems,
including a rat pancreatic cancer model [24]. A high poten-
tial for autophagic protein degradation was observed in an
undifferentiated colon cancer cell line, HT29, and other
transformed cells [25]. Nutrient deprivation-induced LC3-
Il turnover was observed in colorectal cancer-derived cell
lines that showed resistance to starvation [26]. In addition
to these findings in cultured cancer cells, the increased
expression of autophagy-related proteins, including BNIP3
and LC3, was observed specifically in colorectal and gastric
cancer epithelia in surgically-resected specimens [26,27].

Increasing evidence implies that autophagy has a cyto-
protective role in cancer cells under metabolic stress.
Transplanted epithelial tumors in which the Beclin 1 or
Atg5-alleles were deleted showed a reduction in autophagy
and an increase in cell death in regions exposed to meta-

Table 1
Recommanded methods for monitoring autophagy in hlgher eukaryotes [23].

bolic stress [28-30). Similarly, a cytoprotective function
of autophagy was observed in cultured cancer cells. The ge-
netic inactivation of autophagy by the suppression of ATG
expression using RNA interference or the constitutive acti-
vation of PI3K induced cell death in response to metabolic
stresses [28-30]. RNA interference of ATGS5, Beclin 1 and
ATG7 enhanced tamoxifen-induced apoptosis in tamoxi-
fen-resistant breast cancer cell lines {31]. ATG5 knock-
down also enhanced the effect of alkylating drug-induced
cell death [32]. The pharmacological inhibition of autoph-
agy also induced nutrient deprivation-induced cell death
[26]. Chloroquine, which interferes with lysosomal func-
tion, inhibited autophagy and suppressed Myc-induced
lymphomagenesis in a transgenic mouse model [32].
Though the above findings suggest that autophagy may
contribute to tumor cell survival and tumor formation, the
molecular mechanisms underlying the acquisition of vigor-
ous autophagic activity in cancer cells have remained un-
clear. Recently, Kroemer and his colleagues reported a
potential anti-autophagic function of cytoplasm-localizing
p53 [33]. They observed the degradation of p53 under met-

“abolic stresses followed by the induction of autophagy.

Contrastingly, the loss of p53 resulted in the consistent
activation of autophagy in a series of cell lines. While over-
expression of wild-type p53 reduced the aberrant auto-
phagosome formation, a mutant p53 protein which
harbors a codon 175 mutation (R175H), which is fre-
quently identified in clinical human cancers, did not affect
the higher basal autophagic activity of p53-null cells.
Though most of their observation was limited in the cul-
ture cell system, further studies which clarify its relevance
to tumor formation and progression are awaited.

3. Autophagy and tumor suppression

An opposite perspective was presented by a ,s'tudy
examining a Bcl-2-binding protein, Beclin 1. Levine and
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her colleagues first identified Beclin 1, a mammalian ortho-
log of ATGS, as a candidate tumor suppressor. Beclin 1
interacts with class III PI3-kinase, Vps34, and this interac-
tion was crucial for the induction of autophagy and sup-
pression of the growth of the xenografted breast cancer
cell lines [34-36]. Vps34 is also required for normal pro-

- tein trafficking pathways such as the delivery of proteases
from the trans-Golgi network to the lysosomes. Atg6
(Vsp30) was reportedly involved in the regulation of both
autophagy and endosomal membrane trafficking in yeast.
Whether mammalian Beclin 1 takes part in the membrane
trafficking is still controversial [34,35].

The hemiallelic loss of the Beclin 1 coding gene was ob-
served in 40-75% of sporadic human cancers in the breast,
ovary and prostate [37]. A gene-targeted mouse model of
Beclin 1 provided another clue [38,39]. The homozygous
deletion of Beclin 1 led to embryonic lethality. Meanwhile,
Beclin 1 heterozygous mutant mice showed decreased
autophagy and increased spontaneous tumors, including
lung and liver cancers and lymphomas. In these mice, no
loss of heterozygosity (LOH) was observed and the remain-
ing wild-type allele of Beclin 1 was intact. Furthermore,
Beclin 1 protein expression was reduced but not com-
pletely diminished in mouse tumors as well as human clin-
ical samples [36]. These findings suggest that Beclin 1is a
haplo-insufficient tumor-suppressor gene. The tumor-sup-
pressive function of Beclin 1 was reinforced by the rele-
vance of Beclin 1-associated proteins to tumor
suppression. UVRAG was initially identified from the cDNA
library, which partially rescued the UV sensitivity of a
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xeroderma pigmentosum (XP) cell line. The screening of
Beclin 1-binding proteins revealed that UVRAG was re-
cruited to the Beclin 1-class IlI PI3K complex. UVRAG acti-
vated Beclin 1 and induced autophagosome formation [40].
In addition, UVRAG is involved in autophagosome matura-
tion. UVRAG interacts with class C tethering proteins
(Vps11, Vps16, Vps18 and Vps33) resulting in activation
of a small GTPase, Rab7 which enhances the fusion of auto-
phagosomes to endosomes [41], As seen with Beclin 1, UV-
RAG is monoallelically mutated in human colorectal
cancers [40]. Bif-1 (also known as Endophilin B1) interacts
with Beclin 1 through UVRAG. Bif-1 activated class Il PI3K
and induced autophagy. Spontaneous tumor formation
was increased in Bif-1 deficient mice [42].

During investigations of autophagy in mammalian cells,
several signaling pathways have been revealed to regulate
autophagy. Interestingly, correlations between pro-auto-
phagic molecules and tumor suppressors and between
anti-autophagic molecules and oncogene products can be
pointed out (Fig. 1). The mammalian target of rapamycin
(mTOR) is a key molecule for regulating cancer cell prolifer-
ation. Rapamycin inhibits mTOR function followed by
autophagy induction [11,43]. Molecules known to suppress
mTOR, including PTEN and TSC, both of which are regarded
as tumor-suppressor gene products, induce autophagy
[44,45). Meanwhile, mTOR-activating molecules like class
I PI3K and Akt, which are frequently activated in various
cancer cells, inhibit autophagy [11,46). The involvement of
p53 in the activation of autophagy has also been suggested.
In contrast to the inhibitory effect of cytoplasmic p53 men-
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Fig. 1. Cellular events during autophagy (macroautophagy). In the first step of autophagy, the isolation membrane (phagophore) is elongated and
sequestrates the cytoplasmic constituents. Fusion of the edges of the isolation membrane forms an autophagosome, which contains the sequestrated
components. A lysosome then fuses with the autophagosome, and lysosomal hydrolases degrade the engulfed components along with the inner membrane
of the autophagosome. Mammalian homologues of ATG (autophagy-related genes) have been identified. Class I PI3K and mTOR signaling inhibits autophagy
activation, whereas tumor-suppressor proteins like p53 and PTEN induce autophagy. Rapamycin inhibits mTOR and induces autophagy. 3-Methyladenine,
chloroquine, bafilomycin A1, E64d and pepstatin A inhibit autophagy at different points. These small molecules are used to inhibit autophagy in

experimental model systems.
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tioned above, the transactivating function of nuclear p53
takes a role in the autophagy induction. DRAM is a direct
transcriptional target of p53, and its product localizes in
the lysosomal membrane. The activation of p53 induced
an increase in autophagy in a DRAM-dependent manner
[47]. p53 was also reported to affect autophagy via the sup-
pression of mTOR [45]. DAPK, death-associated protein ki-
nase, induces autophagy as well as apoptosis. The tumor-
suppressive function of DAPK has also been described, and
promoter hypermethylation of the DAPk locus has been re-
ported in several human cancers [48].

These findings suggest the likely relevance of autoph-
agy to tumor suppression. However, the above-mentioned
pro- and anti-autophagic molecules, like p53 and mTOR,
are pluripotent proteins that regulate cell proliferation
and death via various molecular events. The net contribu-
tion of autophagy to cell fate decisions during tumorigen-
esis should be carefully estimated, but this objective has
not yet been successfully accomplished.

4. Autophagy and cell death

Autophagy has attracted much attention in connection
with cell death. “Type 1I" or “autophagic” non-apoptotic
programmed cell death is morphologically defined by the
existence of autophagosomes [49]. Autophagic death has
been reported in cancer cells, especially those that have
been treated with chemotherapeutic or radiotherapeutic
agents [50]. This cytotoxic effect has been supposed to be
the main reason for the tumor-suppressive. function of
autophagy. Self-cannibalism, that is, the situation in which
excess autophagic catabolism exceeds the capacity for cel-

Metabolic

lular anabolism, is frequently argued as a potential mech-
anism for autophagic death. Though autophagy has been
regarded to degrade cytoplasmic constituents non-specifi-
cally, the specific autophagic degradation of target proteins
and organelles has also been reported. The specific degra-
dation of cytoprotective factors is another undeniable
mechanism of autophagic death [51]. However, experi-
mental evidence supporting these ideas has not yet been
obtained. Moreover, cytotoxic stimuli, such as oxidative
stress, induces both autophagy and cell death, but whether
autophagy is an active death-inducing mechanism (cell
death by autophagy) or a result of an unsuccessful effort
to prolong the survival of damaged cells (cell death with
autophagy) is difficult to distinguish.

Recent findings have raised a question about the rele-
vance of autophagic death to tumor suppression. The alle-
lic loss of Beclin 1 inhibited both basal and stress~induced
autophagy in immortalized baby mouse kidney epithelial

. cells. Metabolic stress-induced cell death was apparently

increased, suggesting loss of autophagy led impaired cyto-
protective function. Despite impairment in autophagy-
mediated cell survival, Beclin 1+/— cells were more tumor-
igenic than the wild-type control cells [28]. To make a
plausible explanation for these contradictory findings, the
loss of cytoprotection induces tumorigenesis, is still
challenging.,

5. Potential mechanisms for the tumor-suppressive
function of autophagy

Recently, White and colleagues have proposed interest-
ing hypotheses about the above issues (Fig. 2). Under meta-~
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Fig. 2. Both the gain and loss of autophagy are possibly involved in tumor formation and growth, The activation of autophagy supplies nutrients to tumor
cells under metabolic stress. On the other hand, the eradication of tumor cells by autophagy-related cell death is assumed to occur, and the loss of
autophagy may lead to tumor cell survival, A recent mouse model using transplanted autophagy-deficient tumor cells revealed that the loss of autophagy
induced DNA damage and inflammation, enhancing tumor formation and growth.
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bolic stress, Beclin 1+/— epithelial cells overexpressing anti-
apoptotic Bcl-2 showed an increase in DNA double strand
breaks, gene amplification, and chromosomal number dis-
order. They assumed that the loss of autophagy induces
DNA damage and chromosomal instability, followed by in-
creased tumor susceptibility [30]. The exact mechanisms
for how autophagy maintains genome stability remain un-
clear. One possibility is that cells lacking autophagy are un-
able to reduce damaged mitochondria and peroxisomes.
These damaged organelles are potential sources of reactive
oxygen species that induce genotoxic stress.

When the saine autophagy-deficient epithelial cells
were exposed to starvation, apparent necrotic cell death
was observed when apoptosis was inhibited. Furthermore,
significant inflammation was induced in the tumor tissues
in which autophagy-deficient cells were transplanted [28].
Necrosis is often associated with macrophage infiltration
in vivo, and tumor-associated macrophages enhance tumor
progression [52]. It is an interesting hypothesis that the
inflammation induced by a lack of autophagy may be cor-
related with tumor progression in vivo.

The above scenarios are not incompatible with the idea
that autophagy protects cancer cells from metabolic stress-
induced death, and these potential mechanisms are worthy
of further discussion to elucidate the physiological roles of
autophagy in tumorigenesis.

6. Perspective — remaining tasks

The relevance of autophagy to cancer remains a frus-
trating topic to discuss. It is necessary to understand the
consequences of the loss or gain of autophagy in the con-

text of the tumor microenvironment, Previously proposed

hypotheses for how autophagy contributes to tumor biol-
ogy, either pro- or anti-tumorigenic, are possible and inter-
esting, but most of them have arisen from artificial
experimental systems and no direct clinico-pathological
evidence supports these ideas. Evaluating autophagy in
clinical tumor samples has been difficult, mainly because
of the lack of appropriate markers for detecting active
autophagy. Autophagosome formation in tumor tissues
has been morphologically confirmed using electron
microscopy, but this method is not suitable for handling
a large number of specimens. Recently, anti-LC3 antibodies
for immunostaining have become available [26,53,54].
LC3-1I proteins. incorporated into autophagosome merm-
branes exhibit a punctuate cytoplasmic staining pattern
during active autophagy. LC3 immunostaining is an easier
method of evaluating autophagosome formation in con-
ventional formaldehyde-fixed surgically-resected speci-
mens. We applied polyclonal anti-LC3 antibody for the
immunostaining of colorectal cancer specimens. In over
90% of the cases, LC3 accumulated specifically in cancerous
epithelia but not in adjacent non-cancerous mucosa [26].
Similar cancer-specific accumulation of LC3 was observed
in pancreatic cancer. Interestingly, strong LC3 expression

in the peripheral area of cancer tissue was correlated with

a poor prognosis (Fig. 3) [55]. As we mentioned earlier,
both pancreatic and colorectal cancer-derived cell lines
are often resistant to the nutrient-starvation. It seems

more than coincidence that specific LC3 accumulation
was observed in the clinical samples of these tumors. Fur-
ther investigation using various cancer tissue samples may
reveal the contribution of the gain or loss of autophagy in
tumor formation and progression more clearly.

Autophagy is executed by dynamic and multiple cellu-
lar processes, including the formation of the autophago-
some, the delivery of cytoplasmic constituents to the
lysosome, and the digestion and recycling of these target
molecules and organelles. For the precise evaluation of
autophagic activity, the “autophagic flux” must be esti-
mated. For example, the accumulation of autophagosomes
reflects either an increase in autophagosome formation
(activation of autophagy) or a reduction in the degradation
of autophagosomes (inhibition of autophagy). To deter-
mine the flux, the rate of long-lived protein degradation
must be measured or the changes in appropriate autoph-
agy markers, such as the LC3-II protein level, must be as-
sessed with or without the arrest of autophagic flux at a
given point of blockage. Recently, Klionsky and 231 other
scientists published guidelines for the use and interpreta-
tion of assays for monitoring autophagy in higher eukary-
otes (Table 1) [23]. In these guidelines, the authors strongly
recommended the measurement of autophagic flux for
monitoring autophagy. Detecting autophagosome forma-
tion using steady state methods, including electron
microscopy or LC3 immunostaining, should be combined
with flux measurements, However, applying such dynamic
assays to clinical samples is often technically difficult,

The above-mentioned guidelines do not provide a full
resolution of the above difficulties. Further discussion
might be needed to establish standard methods for evalu-
ating autophagy in clinical samples. To assess autophagic
activity using steady state methods, not only one parame-
ter, but multiple autophagy-related molecules should be
applied. For example, while the loss of Beclin 1 implies a
reduction in autophagosome formation, this outcome
should be confirmed by a decrease in autophagosome-spe-
cific markers, such as LC3-ll. Mimicking in vivo events on
ex vivo systems may support the findings obtained in clin-
ical samples using steady state methods. In such cases, it
should be remembered that autophagy is induced under
complex microenvironments in cancer tissues. As men-
tioned previously, cancer cells are often exposed to chronic
ischemia. Under this situation, not only nutrients but also
oxygen, growth factors and other components provided
by blood flow might be decreased. Meanwhile, metabolites
and other components excreted from cancer cells may not
be properly removed from the cancer tissues. Cancer cells
are also directly and indirectly influenced by surrounding
stromal cells and extracellular matrices. Reconstituting
all these factors in an experimental cell culture system is
practically unfeasible, but the above restrictions should al-
ways be taken into account when evaluating the results
obtained from any model system.

To analyze autophagy function under more physiologi-
cal conditions, appropriate animal models are eagerly
needed. Xenografted and/or isografted animals in which
the transplanted transformed cells lacking autophagy-re-
lated genes are useful, but not perfect. Transplanted tu-
mars do not always reproduce the microenvironmental
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Fig. 3. Autophagosome formation in the surgically-resected specimens. (A) Autophagosome-incorporated LC3 protein was detected using GFP-LC3 fusion
protein in a cultured colorectal cancer cell line, SW480, during amino acid-deprivation, (B) Tumor cell-specific LC3 accumulation in colorectal cancer tissue
was detected using immunohistochemistry with anti-LC3 antibody and hematoxylin and eosin staining, (C) LC3 accumulation at the peripheral area of the
pancreatic cancer tissue, Nv: nerve cells in which LC3 is constitutively expressed. (inlet) Higher magnification of (B) and (C). LC3 proteins were localized in
the cytoplasm with irregular condensation. (D) The group with strongly positive expression of LC3 protein in the peripheral area of the pancreatic cancer
tissue had a significantly shorter survival time. (A) and (B) are quoted from Ref. [26], (C) and (D) are quoted from Ref. [55].

conditions of clinical tumors. Furthermore, such models do
not provide information regarding the initial steps of
tumorigenesis, in which autophagy might have critical
roles for pampering aberrantly proliferating cancer cells
without extrablood supply. Examining the effect of various
autophagy inhibitors in tumorigenic animals is another
way to evaluate the roles of autophagy in vivo. But it has
the drawback that these reagents are not completely
autophagy-specific [32]. Recently, several genetically engi-
neered mouse models targeting autophagy-related genes
have been reported [12]. However, these mice often show
embryonic or neonatal Jethality, hampering the long-term
observation of tumorigenesis in adult animals. Tissue-spe-
cific or inducible conditional knockout systems may be
useful for this purpose.

Whether the control of autophagy is useful for cancer
therapy and prevention is another important issue. Several

small molecules are known to activate or inhibit autoph-_

agy (Fig. 1) [56]. Inhibiting the class I PI3K-mTOR axis by
rapamycin induces autophagy. The inhibition of autophagy
can be achieved by targeting several points. A class IH PI3K
inhibitor (3-methyladenine), lysosomotropic alkalines
(chloroqume and 3-hydroxychloroquine), a lysosomal pro-
ton pump inhibitor (bafilomycin A1) and lysosomal en-
zyme inhibitors (E64d and pepstatin A) are available for
experimental use. Since the contribution of autophagy to
tumorigenesis is still controversial, we should carefully
consider the application of autophagy inhibitors or activa-
tors for therapeutic use, Increasing evidence emphasizes
the importance of basal autophagy for cellular quality con-
trol [57]. The disturbance of autophagy might result in
unexpected adverse effects, especially in postmitotic cells
in the central nervous system and cardiovascular system.
The specificity of such activators and inhibitors is another

issue to consider. The above-mentioned chemicals are not
autophagy-specific. Also, the targeted kinases (PI3K,
mTOR) or organelles (lysosome) have broad functions
other than autophagy regulation.

In the last decade, autophagy has appeared in the center
stage of cancer biology and is now attracting much atten-
tion in the development of new cancer therapeutics. As
mentioned above, a considerable number of issues remain
to be clarified. However, similar to its molecular process,
the research field of autophagy is very dynamic, Novel
strategies for monitoring autophagy and experimental
models are appearing, and various small molecules regu-
lating autophagic process will be available. Further investi-
gation will reveal the dynamism of metabolism in cancer
cells and tissues that is still behind the scene now. And it
will likely open up a new field of cancer biology. .
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Large areas of tumor are nutrient-starved and hypoxic due to a disorganized vascular system, Therefore,
we screened small molecules to identify cytotoxic agents that function preferentially in nutrient-starved
conditions. We found that efrapeptin F had preferential cytotoxicity to nutrient-deprived cells compared
with nutrient-sufficient cells. Because efrapeptin F acts as a mitochondrial complex V inhibitor, we exam-
ined whether inhibitors of complex |, I1, I, and V function as cytotoxic agents preferentially in nutrient-
deprived cells. Interestingly, these inhibitors showed preferential cytotoxicity to nutrient-deprived cells
and caused cell death under glucose-limiting conditions, irrespective of the presence or absence of amino
acids and/or serum. In addition, these inhibitors were preferentially cytotoxic to nutrient-deprived cells
even under hypoxic conditions. Further, efrapeptin F showed antitumor activity in vivo. These data indi-
cate that mitochondrial inhibitors show preferential cytotoxicity to cancer cells under glucose-limiting
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conditions, and these inhibitors offer a promising strategy for anticancer therapeutic.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Solid tumors have large areas starved for nutrients and oxygen
that arise from immature and irregular distribution of blood ves-
sels [1,2], In particular, hypovascular tumors such as pancreatic
cancers show an inherent ability to tolerate such severe growth
conditions, Certain human pancreatic cancer cell lines, including
PANC-1, AsPC-1, BXPC-3 and KP-3, exhibit marked environmental
tolerance and can survive for prolonged periods of time in nutri-
ent-deprived conditions [3]. Tolerance of these cancer cells to
nutrient starvation has been associated with the activity of protein
kinase B (PKB)/Akt. The PI3K-AKT-TOR signaling promotes cell pro-
liferation and inhibits apoptosis, In addition, activation of Akt has
been reported to stimulate cell survival, transformation, metastasis
and angiogenesis [4,5]. Kigamicin D, a novel compound discovered
from the culture broth of Amycolatopsis sp. ML630-mF1, blocks
activation of Akt and exhibits preferential cytotoxicity to cancer
cells under nutrient-deprived conditions compared to nutrient-
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Microbial Chemistry Research Center, 18-24 Miyamoto, Numazu, Shizucka 410-
0301, Japan. Fax: +81 55 922 6888,
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rich conditions {6-8]. AG1024 and 1-OMe-AG538, specific inhibi-
tors of insulin-like growth factor-1 receptor tyrosine kinase, are
also found to be cytotoxic to nutrient-deprived cells [9]. Therefore,
agents active in nutrient-deprived conditions could function as
anticancer agents.

Energy production is important for cell survival. The metabo-
lism within a solid tumor is markedly different from that of the
surrounding normal tissue [10-13]. Increased aerobic glycolysis
is uniquely observed in cancers, thereby cancer cells use elevated
amounts of glucose as a carbon source for anabolic reactions. How-
ever, part of the tumor is in a state of nutrient depletion. Tumor
cells respond to nutrient-deprived conditions and adapt their
metabolism to obtain amino acids. Autophagy is a catabolic pro-
cess by which cells supply amino acids from self-digested organ-
elles; cancer cells are likely to use autophagy to obtain amino
acids as alternative energy sources [14]. Thus, their metabolic shift
to the tumor microenvironment could represent a possible target
for antitumor therapy. In this study, we screened natural products
such as microbial metabolites to identify agents that preferentially
reduce the survival of nutrient-deprived cancer cells, The screen
identified efrapeptin F, which is produced by fungi and functions
as a cytotoxic agent preferentially against human pancreatic can-
cer cells in glucose-limiting conditions.
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Fig. 1. Effect of efrapeptin F and mitochondrial inhibitors on PANC-1 survival under nutrient-deprived conditions. (A) Structure of efrapeptin F. (B) Effect of efrapeptin F
and complex V inhibifors (leucinostatin A and oligomycin) on survival of PANC-1 cells in normal medium, DMEM (10% FBS){®) and nutrient-deprived medium, NDM (-} (O).
PANC-1 cells were incubated in DMEM (10% FBS) for 24 h. The cells were then washed with PBS and the medium was replaced with either fresh DMEM (10% FBS) or NDM ().
The indicated concentrations of efrapeptin F and complex V inhibitors were added to each well and the cells were incubated for 24 h. Cell viability was determined using
the MTT assay. (C) Effect of complex 1, Il and 1lf inhibitors on survival of PANC-1 cells in DMEM (10% FBS) (@) and NDM (=) (C). Rotenone and Piericidin Ay were used as
complex 1 inhibitors. Atpenin As was as complex Il inhibitors, Antimycin A, myxothiazol and stigmatellin were as complex Hi inhibitors, PANC-1 cells were incubated with
inhibitors in DMEM (10% FBS) or NDM (~) for 24 h. (D} Flow cytometric analysis of PANC-1 cells treated with each inhibitor. PANC-1 cells were incubated with 0.1 pmol/L of
rmitochondrial inhibitors in DMEM (10% FBS) or NDM (-) for 24 h. The cells were stained with annexin V-FITC and propidium iodide and then analyzed using a flow
cytometer.
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Materials and methods

Inhibitors. Efrapeptin F and Atpenin As were purified from

- microbial culture extracts supplied by Meiji Seika Kaisha in our

laboratory [15-18]. Rotenone and antimycin A were obtained from
Sigma-Aldrich (St. Louis, MO).

Cell lines and culture conditions. Human pancreatic cancer PANC-
1 cells and prostate cancer PC-3 cells were obtained from the
American Type Culture Collection (Rockville, MD). Cells were
grown at 37 °C with 5% CO, in Dulbeceo’s modified Eagle medium
(DMEM; Nissui, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS; Tissue Culture Biologicals, Tulare, CA), 100,000 UL
penicillin G, and 100 mg/L streptomycin. Nutrient starvation was
achieved by culturing cells in nutrient-deprived medium (NDM)
as previously described [9]. Briefly, the NDM composition was
265 mg/L CaClyH,0, 400mg/L KCl, 200mg/L MgSO47Hz0,
6400 mg/L NaCl, 163 mg/L NaH,PO,2H;0, 0.1 mg/L Fe(NOs)s-
9H,0, 5 mg/L phenol red, 100,000 U/L penicillin G, 100 mg/L strep-
tomycin, 25 mmol/L HEPES buffer (pH 7.4), and MEM vitamin solu-
tion (Invitrogen, Carlsbad, CA); the final pH was adjusted to 7.4
with 10% NaHCOs,

Preferential cytotoxicity in nutrient-deprived conditions. PANC-1
cells (2.5 x 107 cells/well) in 96-well plates were cultured in
DMEM (10% FBS) for 24 h. The cells were washed with PBS and
the medium was replaced with either fresh DMEM (10% FBS) or
NDM (-). Test samples were added to the well and cells were cul-
tured for 24 h. Furthermore, the medium was replaced with DMEM
(10% FBS) containing 0.5 mg/mL thiazoly} blue tetrazolium bro-
mide (MTT; Sigma-Aldrich) and incubated for 3 h to determine
cytotoxicity using the MTT assay [19]. Hypoxia was achieved by
culturing cells with a mixture of 1% O3, 5% CO, and 94% Na.

Measurement  of ~ cellular ATP  content. PANC-1 cells
(2.5 x 10% cells/well) in 96-well plates were cultured in DMEM
(10% FBS) for 24 h. The cells were washed with PBS and cultured
in fresh DMEM (10% FBS) or NDM (—) with 0.25 pmol/L rotenone,
0.27 pmol/L atpenin As, 0.10 pmol/L antimycin A or 0.06 pmol/L
efrapeptin F for 24 h. The ATP level in cells was determined using
the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Mad-
ison, WI). :

Flow cytometric analysis. PANC-1 cells (5% 10°) in 60-mm
dishes were incubated in DMEM (10% FBS) for 24 h. The cells were
washed with PBS and the medium was replaced with either fresh
DMEM (10% FBS) or’ NDM (-). Mitochondrial inhibitors
(0.1 pmol/L) were added to the well and the cells were cultured
for 24 h. The cells were incubated with annexin V-FITC and propi-
dium iodide according to an annexin V-FITC apoptosis detection kit
(Biovision Research Products, Mountain View, CA) and analyzed
using a flow cytometer (FACSCalibur; BD Biosciences, Franklin
Lakes, NJ). .

Animal experiments. Male severe combined immunodeficient
(SCID) mice, 6 weeks old, were purchased from Charles River Japan
(Yokohama, Japan) and maintained in a specific pathogen-free bar-
rier facility according to our institutional guidelines. PC-3 cells
(1 x 107) were subcutaneously injected into the SCID mouse in
the left lateral flank. Five days after inoculation, mice were divided
randomly into test groups (control n = 9, efrapeptin F-treatedn=7)
and efrapeptin F was intravenously administered twice weekly for
3 weeks to the efrapeptin F-treated group. Cisplatin was intrave-
nously administered once weekly for 3 weeks. Tumor volume

-

was estimated using the following formula: tumor volume
(mm?) = (length x width?)/2.

Statistical analysis. All data are representative of three indepen-
dent experiments with similar results. The statistical data are ex-
pressed as mean+SD using descriptive statistics. Statistical
analysis was done by using Student’s t-test.

Resylrs

Efrapeptin F is preferentially cytotoxic to cancer cells in nutrient-
deprived conditions

To identify cytotoxic agents that function preferentially on
nutrient-deprived cancer cells, we screened the cultured media
from various microorganisms. One extract of microbial cultured
media exhibited preferential cytotoxicity to PANC-1 cells in
nutrient-deprived medium (NDM (-)). The extract was subjected
to chromatography to obtain a pure compound. The NMR and MS
spectra data revealed its chemical structure to be efrapeptin F
(Fig. 1A) (15,16). Efrapeptin F exhibited preferential cytotoxicity
to PANC-1 cells in NDM (—), but not in nutrient-sufficient
medium (DMEM (10% FBS)) (Fig. 1B). The cytotoxic effect of
efrapeptin F on PANC-1 cells in NDM (=) (ICsp=0.052 pmol/L)
was more than 100 times stronger than in DMEM (10% FBS)
(ICso=>10 pmol/L).

Mitochondrial inhibitors are preferentially cytotoxic to cancer cells in
nutrient-deprived conditions

Efrapeptin F has been previously reported toactas an inhibitor of
mitochondrial F;Fg-ATPase (complex V) [17). Therefore, we exam-
ined whether mitochondrial complex V inhibitors function as cyto-
toxic agents preferentially on nutrient-deprived cells (Fig. 1B).
Interestingly, leucinostatin A and oligomycin (complex V inhibitors)
were more cytotoxic to PANC-1 cells in NDM (-) compared with
DMEM (10% FBS) [20,21]. In addition, rotenone and piericidin A,
(NADH-ubiquinone reductase (complex 1) inhibitors), atpenin As (a
succinate-ubiquinone reductase (complex 11) inhibitor), antimycin
A, stigmatellin and myxothiazol (ubiquinone-cytochrome ¢ (com-
plex 11} inhibitors) also were more cytotoxic to PANC-1 cells in
NDM (-) compare to DMEM (10% FBS) (Fig. 1C) [20-22]. These re-
sults clearly demonstrate that mitochondrial inhibitors exhibit pref-
erential cytotoxicity to nutrient-deprived PANC-1 cells. Efrapeptin F
(a complex V inhibitor), rotenone (a complex1 inhibitor), atpenin As
(a complex Il inhibitor), and antimycin A (a complex I inhibitor)
were selected for further study. The mode of cell death caused by
rmitochondrial inhibitorsin nutrient-deprived conditions was exam-
ined using annexin V-FITC and propidium iodide double staining and
flow cytometry. Mitochondrial inhibitors significantly increased the
early-apoptotic and late-apoptotic cells in nutrient-deprived condi-
tions, but not to nutrient-sufficient conditions (Fig. 1D). These re-
sults suggested that these inhibitors induce apoptosis in nutrient-
deprived cells.

Mitochondrial inhibitors are preferentially cytotoxic to cancer cells
only under glucose-limiting conditions

To determine what nutrient component was responsible for
cytotoxicity of mitochondrial inhibitors, we examined the effect

Fig. 2. Effect of mitochondrial inhibitors on PANC-1 survival under glucose-starved conditions and hypoxic conditions. (A) Effect of nutrient starvation on cytotoxicity of
mitochondrial inhibitors, PANC-1 cells were incubated with inhibitors in nutrient-deprived medium containing glucose, amino acids and]or dialyzed FBS for 24 h. (B) Effect of
glucose levels on cytotoxicity of mitochondrial inhibitors. PANC-1 cells were incubated with inhibitors in DMEM (10% dialyzed FBS) containing the indicated concentrations
of glucose for 24 h. (C) Effect of hypoxia on cytotoxicity of mitochondrial inhibitors. PANC-1 cells were incubated with inhibitors in DMEM (10% FBS) (@) or NDM [E3]{®)]

under 1% 0, for 24 h.
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Fig. 3. Effect of mitochondrial inhibitors on cellular ATP levels of PANC-1 cells
grown in nutrient-deprived medium. (A) Effect of nutrient starvation on PANC-1
cell growth, PANC-1 cells were incubated in DMEM (10% FBS) or NDM (-) for 24 h
and cell numbers were measured by cell counting. (B) Cellular ATP levels were
determined by the CellTiter-Glo Luminescent Cell Viability Assay after incubation in
DMEM (10% FBS) or NDM (-) for 24 h. (€) PANC-1 cells were incubated with
0.25 pmol/L, rotenone, .0.27 pmol/L atpenin As, 0.10 umol/L antimycin A and
0.06 umol/L efrapeptin F in DMEM (10% FBS) or NDM () for 24 h and cellular
ATP levels were determined. '

of these inhibitors on PANC-1 cell survival under various nutrient-
starved conditions (Fig. 2A), Mitochondrial inhibitors preferentially
induced cell death under glucose-deprived conditions, irrespective
of the presence or absence of amino acids and/or serum. We then
examined the effect of glucose levels on cytotoxicity of these inhib-
itors (Fig. 2B). The concentration of glucose in DMEM is 1000 mg/L.
Mitochondrial inhibitors did not induce cell death in the PANC-1
cells cultired with 1000 and 500 mg/L glucose, but in less than
100 mg/L glucose each inhibitor exhibited cytotoxicity, These re-
sults demonstrate clearly that glucose is the key component to
determine the sensitivity of cancer cells to mitochondrial
inhibitors.

Mitochondrial inhibitors are preferentially cytotoxic to nutrient-
deprived cells under hypoxic conditions

Because large areas of tumor are exposed not only to nutrient
starvation but also to hypoxic conditions, we examined preferen-
tial cytotoxicity of mitochondrial inhibitors to nutrient-deprived

cells in hypoxic conditions (Fig. 2C). These inhibitors were more "

cytotoxic to nutrient-deprived PANC-1 cells in 1% O, as well as
21% O,. Our results demonstrate that mitochondrial inhibitors
show preferentially cytotoxicity to nutrient-deprived cells not only
under normoxic conditions but also under hypoxic conditions.

Reduction of cellular ATP levels by mitochondrial inhibitors induces
preferential cell death to nutrient-deprived cells

To investigate why mitochondrial inhibitors exhibit preferential
cytotoxicity to nutrient-deprived cells, we examined the effect of
mitochondrial inhibitors on cellular ATP levels in nutrient-de-
prived cells. When PANC-1 cells were incubated in NDM (-) for
24 h, the cells grew less and the cellular ATP levels were markedly

Table 1

Growth inhibitory activity of efrapeptin F agains; 39 human cancer cell lines in the
JFCR39 panel.

Log Glso (pmol/L)
Breast HBC-4 -722
BSY-1 -6.73
HBC-5 -8.00
MCF-7 -8.00
MDA-MB-231 -5.94

Central nervous system U251 ~7.45
SF-268 -6.17
SF-295
SF-539
SNB-75
SNB-78

Colon HCC2998
KM-12
HT-29
HCT-15
HCT-116

Lung NCI-H23
NCI-H226
NCI-H522
NCI-H460
A549
DMS273
DMS114

Melanoma LOX-IMVI

Ovary OVCAR-3
OVCAR-4
OVCAR-5
OVCAR-8
SK-0V-3

Kidney RXF-631L
- ACHN
Stomach - st-4
MKN1
MKNT.
. MidN28
MKN45
: MKN74~ -
- Prostate DU-145 -~
- L . . PC-3
MG-MID® e
.- Delta® . .
(Rapgef.. .

Origin of cancer Cell line

* Log concentration of efrapeptin F for inhibition of cell growth at 50% compared
to control.

® Mean value of log Glso over all cell lines tested.

¢ The difference in log Glse value of the most sensitive cell and MG-MID value,

9 The difference in log Glso value of the most sensitive cell and the least sensitive
cell.

decreased (Fig. 3A and B). Since PANC-1 cells incubated in NDM (-)
for 24 h could hardly be stained by trypan blue, the cells were able
to survive in nutrient starvation in spite of lower ATP levels
(Fig. S1). When PANC-1 cells were exposed to mitochondrial inhib-
itors for 24 h, the amount of cellular ATP were slightly decreased in
DMEM (10% FBS), whereas in NDM (-) cellular ATP content de-
creased 100-fold compared to controls (Fig. 3C). These results indi-
cate that depletion of ATP exerts preferential cytotoxicity to
nutrient-starved cells.

Efrapeptin F inhibits tumor growth in vivo

PANC-1 cells are low tumorigenicity even in immunodeficient
mice. To explore the in vivo antitumor activity of mitochondrial
inhibitors, we examined the growth inhibitory activity of efrapep-
tin F against 39 human cancer cell lines of the JFCR39 panel (Ta-
ble 1) {23-25). Efrapeptin F exhibited potent growth inhibitory
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Fig. 4. Antitumor effect of efrapeptin F on PC-3 cells in SCID mice. PC-3 cells (1 % 107) were subcutaneously inoculated into SCID mice on day 0. Efrapeptin F was
administrated intrayenously twjce weekly for 3 weeks from day 5. (A) Tumor volumes. ¥ axis, tumor volume (mm?); X axis, time (day). (B) Tumor weight, The tumors were
excised on day 28, P<0.001; P<0.05, compared with control (Student’s t-test). (C) Body weight. Y axis, body weight (g); X axis, time (day). Points, mean values; bars, SD.

activity, and the mean value for log concentration for inhibition of
cell growth at 50% compared to control was —6.87 (135 pmol/L). In
particular, HBC-5, MCF-7, SF-295, NCI-H23, NCI-H522, DMS114,
OVCAR-8, MKN7, MKN28, MKN74 and PC-3 cells were sensitive
to efrapeptin F. Efrapeptin F showed preferential cytotoxicity to
PC-3 cells in nutrient-deprived conditions as well as to PANC-1
cells (Fig. S2). Therefore, xenograft models of PC-3 cells were used
to evaluate the in vivo antitumor activity of efrapeptin F. Efrapeptin
F was intravenously administered twice weekly for 3 weeks from
day 5 after the tumor inoculation. Efrapeptin F inhibited tumor
growth of the PC-3 xenograft (Fig. 4A and B). Efrapeptin F at
0.125 and 00625 mg/kg reduced tumor weight by 68% and 86%,
respectively (Tumor weight (g), control = 0.92 #0.17 (mean + SD),
0.125 mg/kg efrapeptin F=0.63+0.20, 0.0625 mg/kg efrapeptin
F=0.79 +0.20) (Fig. 4B). To assess toxicity, we measured the body
weight of the tumor-bearing mice (Fig. 4C). Their weight was not
reduced by administration of efrapeptin F at these doses. However,
among seven mice that were administrated efrapeptin F at a high
dose (125 pgfkg), only one mouse died at day 23. Remaining mice
survived until the end of the experiment without a decrease of
body weight -and anatomnically without toxic effects in critical
organs.

Discussion

Tumor microenvironment strongly affects tumor development
and progression. Many aspects of physiology that differentiate so-
lid tumors from normal tissues arise from differences in vascula-
ture. Disorganized vascular systems in tumors result in large
areas of tumor exposed to nutrient starvation and hypoxic condi-
tions. In addition, due to the unregulated growth of tumor cells
caused by genetic and epigenetic alterations, tumor cells prolifer-

ate more rapidly than normat cells and nutrient and oxygen de-
mands often exceed supply- [26-28]. In particular, highly
aggressive tumar cells such as pancreatic cancers that are rela-
tively hypovascular, are able to survive even in conditions of low
nutrients and low oxygen supply. Since chronic nutrient depriva-
tion seldom occurs in normal tissues, one strategy for anticancer
agent development is to taiget cancer cells growing in nutrient-de-
prived conditions. Thus, we screened to identify cytotoxic agents
that function preferentially in nutrient-deprived cancer cells,
Previous studies have shown that conventional chemotherapeu-
tic drugs and various small molecule inhibitors were only weakly.
cytotoxic to cancer cells in nutrient-deprived conditions {9]. In this
study, we found that the small molecule efrapeptin F, which is pro-
duced by some fungi showed preferential cytotoxicity to PANC-1
cells grown in nutrient-deprived conditions compared with cells
in nutrient-sufficient conditions. Because efrapeptin F inhibits the
mitochondrial complex V, we examined whether mitochondrial
complex V inhibitors such as leucinostatin A and oligomycin act
as cytotoxic agents preferentially on nutrient-deprived cells. Inter-
estingly, these inhibitors were more cytotoxic to PANC-1 cells in
NDM (~) compared to DMEM (10% FBS). In addition, mitochondrial
complex 1 inhibitors (rotenone and piericidin Ay), a complex Il
inhibitor (atpenin Ag), and complex IIl inhibitors (antimycin A,
stigmatellin and myxothiazol) also were more cytotoxic to PANC-
1 cells in NDM (). These results clearly demonstrate that mito-
chondrial inhibitors exhibit preferential cytotoxicity to nutrient-
deprived PANC-1 cells, suggesting that mitochondrial inhibitors
have unique and attractive characteristics in antitumor agent
development. These inhibitors induced cell death under glucose-
limiting conditions, irrespective of the presence or absence of ami-
no acids andjor serum. The glucose concentration in colon cancers
is only ~1 of 45 of typical plasma glucose concentration (1000 mg/L
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or 5.6 nmol/L) [13]. Mitochondrial inhibitors did not induce cell
death in 1000 mgfL glucose, but each inhibitors exhibited cytotox-
icity in less than 100 mg/L glucose levels. The cytotoxicity caused
by mitochondrial inhibitors depended on glucose levels in the cul-
ture medium and glucose was the key component to determine the
sensitivity of cancer cells to their inhibitors. However, it is unclear
how mitochondrial inhibitors exhibit preferential cytotoxicity to
nutrient-deprived cells. The cellular ATP level was markedly de-
creased in PANC-1 cells grown in nutrient starvation. Mitochondrial
inhibitors induced ATP depletion in nutrient-deprived cells at lower
concentrations of inhibitors compared with nutrient-sufficient
cells, thereby these inhibitors could exert preferential cytotoxicity
under nutrient-deprived conditions.

Large areas of tumor are exposed not only to nutrient starvation
but also hypoxic conditions. Therefore, we examined preferential
cytotoxicity of mitochondrial inhibitors to nutrient-deprived cells
in hypoxic conditions. Mitochondrial inhibitors showed preferen-
tial cytotoxicity to nutrient-deprived cells not only under hypoxic
conditions but also under normoxic conditions. Normal tissue uses
glycolysis to generate approximately 10% of the cellular ATP, with
mitochondria accounting for 90%. In tumor sections, however, over
50% of the cellular ATP is produced by glycolysis with the remain-
der being generated at the mitochondria [29]. In hypoxic condi-
tions (1% 0z), HIF-la was stabilized and accumulated in
nutrient-deprived PANC-1 cells, and the real-time PCR analysis re-
vealed that hexokinase 2 and glucose transporter-1 expression
were increased (data not shown). Despite PANC-1 cells grown in
nutrient-deprived and hypoxic conditions were represented acti~
vation of glycolysis and induction of glucose transporter-1, mito-
chondrial inhibitors exhibited strong cytotoxicity to these cells.
Therefore, ATP generation by mitochondria appeared to be essen-
tial for cell survival under hypoxic as well as normoxic conditions.

PANC-1 cells are low tumorigenicity evén in SCID mice. To
examine the in vivo antitumor activity of mitochondrial inhibitors,
we explored cancer cell lines that were more sensitive to efrapep-
tin F. The growth inhibitory activity of efrapeptin F against 39 hu-
man cancer cell lines of the JFCR39 panel revealed that human
prostate cancer PC-3 cells were highly sensitive to efrapeptin F.

" Thus, PC-3 cancer xenograft models were used to evaluate in vivo
antitumor activity, and efrapeptin F was found to induce regression
of PC-3 xenograft tumors. In this study, we demonstrated that
mitochondrial inhibitors showed preferential cytotoxicity to nutri-
ent-deprived cancer cells relative to nutrient-sufficient cells.
Therefore, the potent cytotoxicity of these inhibitors to cancer cells
deprived of nutrients (simulating a tumor microenvironment)
makes mitochondria a promising target for new drugs that may
be developed to treat a broad spectrum of malignant tumors,
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Chronic deprivation of nutrients is rare in normal tissues, however large areas of tumor are nutrient-
starved and hypoxic due to a disorganized vascular system. Some canters show an inherent ability to
tolerate severe growth conditions. Therefore, we screened. chemical compounds to identify cytotoxic
agents that function preferentially in nutrient-deprived conditions. We found that AG1024, a specific
inhibitor of insulin-like growth factor-1 receptor tyrosine kinase (IGF-1R), showed preferentjal cyto-

{g{w‘;{’dﬁ toxicity to human pancreatic cancer cells in nutrient-deprived conditions relative to cells in nutrd-
p GF::R kinase inhibitor ent-sufficient conditions. The cytotoxicity of 1-OMe-AG538 (another specific inhibitor of IGF-1R
AG1024 kinase) was also enhanced in nutrient-deprived cells. In addition, AG1024 and I-OMe-AG538 potently

inhibited IGF-1R activation to nutrient-deprived cells. In contrast, conventional chemotherapeutic
drugs, as well as inhibitors of PDGFR and EGFR kinases, elicited weak cytotoxicity. These data indicate
that nutrient-deprived human pancreatic cancer cells have increased sensitivity to inhibition of IGF-1R
activation. IGF-1R inhibitors offer a promising strategy for anticancer therapeutic approaches that are

Nutrient starvation
Pancreatic cancer

oriented toward tumor microenvironment.

© 2009 Elsevier Inc. All rights reserved.

Patients diagnosed with pancreatic cancer, an aggressive dis-
ease with the lowest 5-year survival rates of all cancers, develop
metastases rapidly and die within a short period of time after diag-
nosis [1,2]. Pancreatic cancer is largely resistant to almost all
known chemotherapeutic agents, including 5-fluorouracil, paclit-
axel and doxorubicin; surgery is the only current treatment modal-
ity that offers any prospect of potential cure, Clearly, there is a dire
need for new therapeutic alternatives that improve clinical out-
come for pancreatic cancer patients. .

Tumor microenvironment exerts an important influence on can-
cer physiology. The disorganized vascular system in a tumor often
results in large areas of tumor starved for nutrients and oxygen. Pan-
creatic cancers in'‘particular, which are characterized as hypovascu-
lar tumors, show an inherent ability to tolerate severe growth
conditions. Certain human pancreatic cancer cell lines, including
PANC-1, AsPC-1, BxPC-3 and KP-3, exhibit marked environmental
tolerance and can survive for prolonged periods of time in nutri-
ent-deprived conditions. Because tolerance of these cancer cells to
nutrient starvation has been associated with the activity of protein
kinase B (PKB)/Akt [3], it has been hypothesized that agents that
diminish such tolerance could function as anticancer agents [4-7].

Insulin-like growth factors-1 (IGF-1) and -2 (IGF-2) are involved
in the pathophysiology of a wide range of human neoplasias due to

* Corresponding author, Fax: +81 55 922 6388,
E-mail address: imomose@bikaken.or.jp (1. Momose).

0006-291X/$ - see front matter € 2009 Elsevier Inc. All rights reserved.
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the mitogenic and antiapoptotic properties mediated by their
type 1 receptor (IGF-1R) [8]. IGF-1R is a tetrameric transmem- -
brane receptor tyrosine kinase composed of two o and § sub-
units. The extracellular o subunit is responsible for ligand
binding, whereas the B subunit consists of a transmembrane do-
majn and an intracellular tyrosine kinase domain [9,10]. Ligand
binding activates the intrinsic receptor tyrosine kinase, resulting
in trans-B subunit autophosphorylation and stimulation of PI3K-
AXT-TOR and RAF-MAPK signaling pathways. In addition to cell
proliferation, activation of IGF-1R has been reported to stimulate
cell survival, transformation, metastasis and angiogenesis [11].
Targeted inhibition of IGF-1R signaling has been shown to result
in impressive anti-neoplastic activity in many in vitre and in vivo
models of common human cancers. IGF-1R small interfering
RNAs [12], anti-receptor antibodies [13,14], a IGF-1-like compet-
itive peptide antagonist [15], a dominant-negative IGF-1R [16-
18] and small-molecule IGF-1R tyrosine kinase inhibitors
[19,20] have all been found to interfere with cell growth and
proliferation. IGF-1R is therefore regarded as an attractive poten-
tial target in the development of new drugs to treat malignant
tumors.

In this study, we screened chemical compounds to identify
agents that preferentially reduce the survival of nutrient-deprived
human pancreatic cancer PANC-1 cells. The screen identified IGF-
1R inhibitors, which function as cytotoxic agents preferentially
on human pancreatic cancer cells in nutrient-deprived conditions.
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Materials and methods

Materials. Antibodies used in Western blotting included anti-
IGF-1RB (sc-713), anti-Frk 1 (5c-93) and anti-phospho-Erk (sc-
7383) from Santa Cruz Biotechnology (Santa Cruz, CA); anti-o-
tubulin (T5168) from Sigma-Aldrich (St. Louis, MO); and anti-Akt
(#9272), anti-phospho-Akt (Ser 473) (#9271), anti-phospho-Akt
(Thr 308) (#9275) and anti-phospho-IGE-1R (#3021) from Cell Sig-
naling Technology (Denvers, MA). Recombinant human IGF-1 was
from R&D Systems (Minneapolis, MN). AG1024, AG1296, AG1478
and [-OMe-AG538 were obtained from Calbiochem (Madison,
WI). Doxorubicin hydrochloride, fluorouracil, paclitaxel and mito-
mycin C were from Sigma. The SCADS inhibitor kit I consisting of
79 chemical inhibitors with ~60 different targets was kindly pro-
vided by the Screening Committee on Anticancer Drugs (Japan).

Cells and culture. Hurman pancreatic cancer cell lines PANC-1,
Capan-1, MIA Paca-2, BxPC-3 and PSN-1 were obtained from the
American Type Culture Collection (Rockville, MD). Cells were
grown at 37 °C with 5% CO; in Dulbecco’s modified Eagle medium
(DMEM; Nissui, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS; Tissue Culture Biologicals, Tulare, CA), 100,000 U/L
penicillin G, and 100 mg/L streptomycin. Nutrient starvation was
achieved by culturing the cells in nutrient-deprived medium
(NDM) as previously described [3-7]. Briefly, the composition of
the NDM was as follows: 265 mgfL CaCl,-H,0, 400 mg/L KCl,
200 mg/L MgS04-7H,0, 6400 mg/L NaCl, 163 mg/L NaH,P04.2H50,
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0.1 mg/L Fe(NO3)3-9H,0, 5 mg/L phenol red, 100,000 U/L penicillin
G, 100 mg/L streptomycin, 25 mmol/L HEPES buffer (pH 7.4), and
MEM vitamin solution (Invitorogen, Carlsbad, CA); the final pH
was adjusted to 7.4 with 10% NaHCOs.

Preferential cytotoxicity in nutrient-deprived conditions. PANC-1
cells (2.5 x 10 cellsjwell) in 96-well plates were cultured in
DMEM for 24 h. The cells were washed with PBS and the medium
was replaced with either fresh DMEM or NDM. Test samples were
added to the well and cells were cultured for 24 h. Cytotoxicity was
determined using the MTT assay [21].

Preparation of cell lysate and Western blotting. PANC-1 cells
(5 x 10°) in 35-mm dishes were incubated in DMEM for 24 h.
The cells were washed with PBS and the medium was replaced
with either fresh DMEM or NDM. AG1024 or -OMe-AG538 was
added to each dish and the cells were incubated for 1h prior to
stimulation with 50 ng/ml IGF-1 for 10 min. The cells were washed
twice with ice-cold PBS containing 100 pm NasV0, and then lysed
in a lysis buffer (20 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid, 150 mM Nacl, 1% Triton X-100, 10% glycerol, 1 mM
EDTA, 50 mM NaF, 50 mM B-glycerolphosphate, 1 mM NazVO,,
pH 7.5, and 25 pg/ml each of antipain, leupeptin, and pepstatin).
Equal amounts of protein extract were separated by SDS-poly-
acrylamide gel electrophoresis, transferred onto Immobilon polyvi-
nylidene difluoride membranes (Millipore, Bedford, MA) and
probed with anti-IGF-1R, anti-phospho-IGF-1R, anti-Akt, anti-
phospho-Akt (Thr 308), anti-phospho-Akt (Ser 473), anti-Erk 1,
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Fig. 1. Effect of AG1024 on survival of PANC-1 cells in nutrient-deprived conditions. (A) Structure of AG1024. (B) Effect of AG1024 on PANC-1 cell viability in normal medium,
DMEM (@) and nutrient-deprived medium, NDM {O), PANC-1 cells incubated in DMEM for 24 h. The cells were then washed with PBS and the medium was replaced with
either fresh DMEM or NDM. The indicated concentrations of AG1024 were added to each well and the cells were incubated for 24 h. Cell viability was determined using the
MTT assay. () Flow cytometric analysis of AG1024-treated PANC-1 cells, PANC-1 cells were cultured with 0.3 uM AG1024 in DMEM or NDM for 12 h. The cells were stained
with annexin V-FITC and propidium iodide according to instructions for the apoptosis detection kit and then analyzed using a flow cytometer. (D) Effect of conventional
anticancer drugs on survival of PANC-1 cells in nutrient-deprived conditions. PANC-1 cells were incubated with indicated concentrations of doxorubicin, 5-fluorouracit and

paclitaxel in DMEM (@) or NDM (O) for 24 h.
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Fig. 2. Effect of AG1024 on ICF-1R activation, PANC-1 cells incubated in DMEM for
24 h were washed with PBS and the medium was replaced with either fresh DMEM
or NDM. The cells were incubated with the indicated concentration of AG1024 for
1 h before stimulation with 50 ng/ml IGF-1 for 10 min. Cell lysates were resolved
using SDS-PAGE and transferred to membranes for western blotting with specific
antibodies. : :

anti-phospho-Erk, or anti-tubulin antibodies. Horseradish peroxi-
dase-linked anti-rabbit IgG or anti-mouse IgG antibodies were
used as secondary antibodies (GE Healthcare, Piscataway, NI).

The blots were developed using ECL reagent according to the man-
ufacturer’s instructions (GE healthcare).
Flow cytometric analysis. PANC-1 cells (5 x 10%) in 60~mm dishes

‘were incubated in DMEM for 24 h. The cells were washed with PBS

and the medium was replaced with either fresh DMEM or NDM.
AG1024 (0.3 pM) was then added and the cells were cultured for
12 h. The cells were incubated with annexin V-FITC and propidium
iodide using an annexin V-FITC apoptosis detection kit (Biovision
Research Products, Mountain View, CA) and analyzed using a flow
cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ).

Statistical analysis. All data are representative of three indepen-
dent experiments with similar results. The statistical data are ex-
pressed as mean £ SD using descriptive statistics.

Results

AG1024 is preferentially cytotoxic to human pancreatic cancer PANC-1
cells in nutrient-deprived conditions

To identify cytotoxic agents that function preferentially on
nutrient-deprived cells, we tested the cytotoxic effects of small-
molecule inhibitors in the SCADS inhibitors kit 1. As shown in Table
$1, a specific inhibitor of IGE-1R tyrosine kinase, termed AG1024,
was found to be cytotoxic to PANC-1 cells in nutrient-deprived
medium (NDM), but not in normal medium (DMEM). The structure
of AG1024 [22], otherwise known as 2-(3-bromo-5-t-butyl-4-
hydroxybenzylidene)malonitrile, is shown in Fig. 1A. To determine
the dose-response relationship of AG1024 cytotoxicity, PANC-1
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Fig. 3. Effect of I-OMe-AG538 on survival of nutrient-deprived PANC-1 cells, (A) Structure of 1-OMe-AG538. (B) Effect of 1-OMe-AG538 on PANC-1 cell viability in DMEM (@)
or NDM (O). PANC-1 cells were incubated with the indicated concentrations of I-OMe-AG538 in DMEM or NDM for 24 h. (C) Effect of I-OMe-AG538 on IGF-1R activation,
PANC-1 cells in DMEM or NDM were incubated with the indicated concentration of I-OMe-AG538 for 1 h before stimulation with 50 ng/ml IGF-1 for 10 min. Cell lysates were
resolved using SDS-PAGE and transferred to membranes for western blotting with specific antibodies.
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cells grown in NDM or DMEM were exposed ta increasing concen-
frations of AG1024 for 24h (Fig. 1B). The cytotoxic effect of
AG1024 was more than 100 times greater on nutrient-deprived
PANC-1 cells (NDM ICsq 0.055 pM) relative to cells in nutrient-suf-
ficient mediumn (DMEM ICso 21 uM). In DMEM, 0.3 pM AG1024 did
not induce any significant PANC-1 cell death as determined using
propidium iodide and annexin V staining and flow cytometry
(Fig. 1C)..In contrast, 34% of the cells grown in NDM and treated
with the same concentration of AG1024 showed propidium io-
dide-positivefannexin V-negative staining, We compared the cyto-
toxicity of AG1024 to that of several conventional anticancer drugs,
including doxorubicin, 5-fluorouracil and paclitaxel, in PANC-1
cells grown in NDM versus DMEM (Fig. 1D). The cytotoxicity of
doxorubicin, 5-fluorouracil and paclitaxel on PANC-1 cells grown
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Fig. 4. Effect of AG1024 and I-OMe-AG538 on various human pancreatic cancer cell
lines in nutrient-deprived conditions, Human pancreatic cancer cells were incu-
bated with-indicated concentrations of AG1024 or 1-OMe-AG538 in DMEM (@) or
NDM (O) for 24 h. AB, Capan-1; C,D, MIA Paca-2; EF, BXPC-3; G.H, PSN-1.

in either medium for 24 h was significantly weaker than AG1024.
These results demonstrate clearly that AG1024 exhibits preferen-
tial cytotoxicity to nutrient-deprived PANC-1 cells.

AG1024 inhibits activation of IGF-1R in nutrient-deprived PANC-1 cells

Because AG1024 is a specific inhibitor of IGF-1R kinase, we
examined the effect of AG1024 on IGF-1 1-mediated phosphoryla-
tien of IGE-1R in PANC-1 cells grown in different media (Fig. 2).
While addition of 0.3 MM AG1024 to PANC-1 cells grown in NDM
resulted in a complete inhibition of IGF-1R autophosphorylation,
phosphorylaﬁon of IGF-1R was only weakly inhibited in cells
grown in DMEM with 10-fold higher concentrations of AG1024
(3 pM). AG1024 alsa inhibited the phosphorylation of Akt (Thr
308), Akt (Ser 473) and Erk, which pormally occur as a result of
IGF-1R activation. These results demonstrate that AG1024 is a po-
tent inhibitor of IGF~1R activation in nutrlent—deprlved PANC-1
cells. .

1-OMe-AG538 is preferentiaily cytotox:c to nutrient-deprived PANC-1
cells

- In testing whether other IGF-1R inhibitors also functioned pref-
erentially in nutrient-deprived cells, we found that -OMe-AG538
[23] (another specific inhibitor of IGF-1R, Fig. 3A) also was more
cytotoxic to cells in nutrient-deprived medium relative to those
in nutrient-sufficient conditions (Fig. 3B). The effect of [-OMe-
AG538 on IGF-1R activation in nutrient-deprived cells was similar
to AG1024, in that it blocked phosphorylation of IGF-1R, Akt and
Erk (Fig. 3C). Our results demonstrate clearly that the IGF-1R inhib-
itors AG1024 and I-OMe-AG538 both inhibit IGF-1R-mediated sig-
naling and are preferentlally cytotoxic to nutrient-deprived PANC-
1 cells.

Inhibitors of IGF-1R show preferential cytotoxicity to various human
pancreatic cancer cells lines in nutrient-deprived conditions

To determine whether inhibitors of IGF-1R kinase exhibit pref-
erential cytotoxicity to other nutrjent-deprived human pancreatic
cancer cell lines, we examined the cytotoxic effects of AG1024
and 1-OMe-AG538 on Capan-1, MIA Paca-2, BxPC-3; and PSN cells
(Fig- 4). AG1024 and 1-OMe-AG538 were significantly more cyto-
toxic to all four human pancreatic cancer cell lines in NDM relative
to DMEM, indicating that the cytotoxicity of IGF-1R kinase inhibi-
tors is likely to occur in nutrient-deprived human pancreatic can-
cer cells, To understand the specificity of IGF-IR Kkinase
inhibitors, we also examined the cytotoxic effects of other repre-
sentative receptor tyrosine kinase inhibitors (Fig. $1). The cytotox-

~icities of AG1296 (a PDGFR kinase inhibitor) [24] and AG1478 and

PD168393 (EGFR kinase inhibitors) [25-27] were significantly re-
duced, relative to IGF-1R inhibitors, in both nutrient-deprived
and -fed PANC-1 cells. These results indicate that specific inhibi-
tion of IGF-1R kinase is important in promoting preferential cyto-
toxicity in nistrient-starved human pancreatic cancer cells.

. Discussion

Tumor microenvironment strongly influences tumor growth
and progression. Many aspects of physiology that differentiate so-
lid tumors from normal tissues arise from differences in vascula-
ture. Disorganized vascular systems in tumors result in large
areas of tumor exposed to nutrient starvation and hypoxic condi-
tions. In addition, due to the unregulated growth of tumor cells
caused by genetic and epigenetic alterations, ¢ells proliferate more
rapidly than normal cells and nutrient and oxygen demands often
exceeds supply [28-30]. Cancer cells, in particular highly aggres-



