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Autophagy promotes tumor cell survival and restricts necrosis,
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Summary

Defective apoptosis renders immortalized epithelial cells highly tumorigenic, but how this is impacted by other common
tumor mutations is not known. In apoptosis-defective cells, inhibition of autophagy by AKT activation or by allelic disruption
of beclinl confers sensitivity to metabolic stress by inhibiting an autophagy-dependent survival pathway. While autophagy
acts to buffer metabolic stress, the combined impairment of apoptosis and autophagy promotes necrotic cell death in vitro
and in vivo. Thus, inhibiting autophagy under conditions of nutrient limitation can restore cell death to apoptosis-refractory
tumors, but this necrosis is associated with inflammation and accelerated tumor growth. Thus, autophagy may function in
tumor suppression by mitigating metabolic stress and, in concert with apoptosis, by preventing death by necrosis.

Introduction

Defects in type | programmed cell death or apoptosis perturb
development, promote tumorigenesis, and impair chemother-
apy, suggesting that diversion to an alternative cell death path-
way such as autophagy or necrosis in these circumstances may
be therapeutically beneficial. Apoptosis is a well-defined pro-
cess of cellular dismantling that leads to cell corpses that are
engulfed by phagocytosis in the absence of an inflammatory
response and is a means for cell elimination in development
(Adams, 2003; Danial and Korsmeyer, 2004). BCL-2 family pro-
teins are key regulators of apoptosis that are represented by
antiapoptotic proteins, such as BCL-2, and proapoptotic BAX
and BAK, which regulate the efflux of proapoptotic molecules

from mitochondria and other organelles. Deficiency in BAX
and BAK or expression of BCL-2 blocks apoptosis, and this fail-
ure to execute apoptotic cell death effects development and
promotes tumorigenesis. As BCL-2 has no additional tumor-
promoting function in the absence of BAX and BAK, inhibition
of the BAX/BAK apoptotic pathway is the means by which
BCL-2 enables tumor growth (Degenhardt et al., 2002a; Nelson
et al., 2004; Tan et al., 2005).

Autophagy, or type Il programmed cell death, is a catabolic
process whereby cells self-digest intracellular organelles; how-
ever, when allowed to go to completion, autophagy is a means
of achieving cell death (Edinger and Thompson, 2003; Levine,
2005). Autophagy is an evolutionarily conserved, genetically
controlled process that results in the targeting of cellular

SIGNIFICANCE

While the role of apoptosis in tumor suppression is well known, the importance of other forms of cell death, autophagy and necrosis,
is only recently becoming realized. Autophagy is a catabolic process initiated by starvation, whereby cells self-digest intracellular
organelles as a mechanism of cell survival or cell death. Mice with an allelic loss of the essential autophagy regulator beclinl are tumor
prone, although the mechanism involved is not known. Alternatively, necrosis results in cell lysis and in cancer is associated with poor
prognosis. We show that autophagy promotes cell survival in solid tumors and that coordinate inactivation of apoptosis and autophagy
promotes necrosis and tumor progression associated with inflammation.
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proteins and organelles to lysosomes for degradation. This may
serve to regulate normal turnover of organelles and to remove
those with compromised function to maintain homeostasis.
However, autophagy can also be considered a temporary sur-
vival mechanism during periods of starvation where self-diges-
tion provides an alternative energy source and also may facili-
tate the disposal of unfolded proteins under stress conditions
(Kamatsu et al., 2005; Kuma et al., 2004). Autophagy is con-
trolled by mTOR downstream of PI-3 kinase/AKT, which regu-
lates cell growth and protein synthesis in response to nutrient
and growth factor availability. The catabolic function provided
by autophagy is thereby suppressed when the external nutrient
supply is adequate to support cellular metabolism. Defects in
autophagy profoundly perturb development, and although hap-
loinsufficiency in the essential autophagy gene beclinl pro-
motes tumorigenesis, the mechanism is not known (Liang
et al, 1999; Qu et al., 2003; Yue et al., 2003).

A third means to achieve cell death is by necrosis, which usu-
ally is associated with physical insults, failure of osmotic regula-
tion, ATP depletion, HMGB1 release, cell lysis, and an inflamma-
tory response that may facilitate wound healing (Kanduc et al.,
2002; Majno and Joris, 1995; Nelson and White, 2004; Proskur-
yakov and Konoplyannikov, 2003; Zeh and Lotze, 2005; Zong
and Thompson, 2006). Although necrotic cell death is not con-
sidered to be under genetic control, regulators of ATP availabil-
ity such as poly-ADP-ribose polymerase determine the propen-
sity for necrosis and may link necrosis to metabolic function.
Finally, necrosis is a common feature of human tumors and is
associated with poor prognosis; however, the cause of necrosis
and its effects on tumor growth are not known.

We have identified an oncogene-activated pathway for ne-
crotic cell death in response to metabolic (ischemic) stress.
This pathway to necrosis requires inhibition of the primary default
mechanism of cell death, apoptosis, and occurs by inhibition
of an autophagy-dependent survival mechanism that sustains
normal cell function and viability during energy deprivation.
Thus, coordinate genetic inactivation of apoptosis and auto-
phagy enables death by necrosis, suggesting that a functional
relationship exists among different death pathways to limit
necrosis. Indeed, necrosis produces an inflammatory response
that is associated with enhanced tumor growth. Thus, necrotic
cell death can be genetically controlled, and there are functional
interactions between the three cell death mechanisms. Under-
standing how different forms of cell death are controlled, are
interdependent, and impact the tumor microenvironment may
yield insight into their role in cancer and into the development
of effective therapies.

Results

AKT promotes epithelial tumorigenesis in the presence
and absence of a functional apoptotic pathway

To determine the role of the AKT pathway in epithelial tumori-
genesis and the functional relationship with apoptosis, immor-
talized baby mouse kidney epithelial (iBMK) cells that express
BAX/BAK (W2) or that are BAX/BAK-deficient (D3) (Degenhardt
et al., 2002b) were engineered to stably express either a consti-
tutively active form of AKT (myr-AKT) or RAS (H-ras"*?). Several
RAS- and AKT-expressing stable clones were derived from both
W2 and D3 parental iBMK cell lines, along with vector controls.
All express E1A and p53DD, whereas BAX and BAK are

expressed only in W2 (Figure 1A; data not shown; Tan et al.,
2005). To assess the tumorigenic capacity of W2 and D3 cells
expressing either activated RAS or AKT, cells were injected sub-
cutaneously into nude mice.

The vector control W2 cells (W2 3.1.2, 5, and 6) were poorly tu-
morigenic with clonal tumor growth occurring beyond 3 months
postinjection (Figure 1B) (Degenhardt et al., 2002a; Nelson et al.,
2004; Tan et al., 2005). Failure of W2 cells to establish tumors
efficiently in vivo is attributed to ischemic conditions following
implantation in vivo that result in BIM-dependent, BAX/BAK-
mediated apoptosis that largely eliminates W2 cells (Nelson
etal., 2004; Tan et al., 2005). In contrast, RAS rendered W2 cells
highly tumorigenic, with tumors forming within 16 days, remark-
ably faster than BAX/BAK-deficient D3 cells (Figure 1B), where
an apoptotic block enables tumor growth within 30-60 days
(Degenhardt et al., 2002a; Nelson et al., 2004; Tan et al., 2005).
Interestingly, RAS enhanced D3 tumor growth, indicating a tu-
mor-promoting function independent of apoptosis regulation
(Figure 1B). AKT promoted W2 tumor growth, although less so
than RAS (Figure 1B). In contrast, AKT dramatically enhanced
D3 tumor growth to nearly that of RAS (Figure 1B). Although
AKT promotes cell survival, AKT-mediated acceleration of tumor
growth in BAX/BAK-deficient cells indicates a tumor-promoting
activity independent of apoptosis inhibition. Indeed, AKT syner-
gizes with antiapoptotic BCL-x, to promote leukemogenesis
(Karnauskas et al., 2003) and has prominent roles in regulating
cell growth and metabolism that contribute to tumorigenesis
(Hanada et al., 2004). Given the importance of the PI3 kinase/
AKT pathway in human tumorigenesis, it was of interest to iden-
tify the apoptosis-independent function of AKT that enhanced
solid tumor growth observed here.

AKT promotes tumor necrosis associated with metabolic
stress when apoptosis is disabled
To examine the mechanism of enhanced tumor growth by AKT,
tumors were examined histologically by hematoxylin and eosin
(H&E) and immunohistochemistry (IHC). Late-forming tumors
derived from W2 cells are invasive carcinomas with a high mi-
totic rate (P-H3 staining), isolated areas of necrosis, and scat-
tered active caspase-3-positive apoptotic cells (Figure 1C;
Figure S1in the Supplemental Data available with this article on-
line) (Nelson et al., 2004). D3 tumors are invasive carcinomas
with a high mitotic rate and prevalent polyploid tumor giant cells
(Figure 1C; Figure S1) (Degenhardt et al., 2002a; Nelson et al.,
2004). Isolated necrotic areas are found, but no apoptosis oc-
curs, as indicated by an absence of active caspase-3 (Figure S1)
(Nelson et al., 2004). Evidence suggests that ischemic condi-
tions in the tumor microenvironment result in mitotic slippage
or adaptation to generate ploidy abnormalities in tumor cells
that are preserved by an apoptotic defect (Nelson et al., 2004).
AKT enabled W2 cells to form carcinomas with a high mitotic
rate without tumor giant cells (Figure 1C; Figure S1). Surpris-
ingly, and in contrast to the D3 tumors, D3 AKT tumors (and
also D3 RAS) were largely necrotic. Viable D3 AKT tumor cells
were apparent in a striking growth pattern surrounding blood
vessels in layers approximately ten cells deep (Figure 1C). Radi-
ating outward from the regions of viable tumor was a layer of
necrotic cells typified by condensed disk-shaped nuclei and eo-
sinophilic (pink) cytoplasm, which were followed by areas of cell
debris with possible infiltrating host cells (see below) (Figure 1C).
In contrast to D3 tumors that were nearly entirely composed of
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Figure 1. AKT and RAS promote tumor growth in both wild-type and apoptosis-defective genetic backgrounds

A: Western blots showing protein expression in the W2 and D3 derived vector control and AKT-expressing iBMK cell lines.

B: Tumor growth kinetics of BMK cell lines. W2 vector controls (blue) compared to W2 derivatives expressing RAS (yellow). W2 vector control (blue) compared
to W2 derivatives expressing myr-AKT (green). BAX/BAK-deficient D3 (red) and W2 plus RAS (yellow) are included for comparison. Addition of RAS to BAX/BAK-
deficient D3 cells accelerates tumor growth as depicted by D3 (red) and D3 plus RAS (yellow). AKT promotes tumor growth of apoptosis-defective D3 cells as
depicted by D3 AKT cells (purple). W2 (blue), W2 plus AKT (green), D3 and D3 vector controls (red), and W2 plus RAS (yellow) are shown for comparison.

C: H&E staining of W2, W2 AKT, D3, and D3 AKT tumorsillustrating tumor giant cells (TGC), necrosis (N), necrotic cells (NC), blood vessels (BV), and healthy tumor
(TUMOR). Boxes indicate location of magnified areas.

D: Hypoxyprobe staining (Nelson et al., 2004) of D3 AKT and D3 tumors indicating hypoxic conditions associated with necrotic regions in D3 AKT tumors.

E: H&E staining of W2 BCL-2 tumors and W2 BCL-2 AKT tumors (Nelson et al., 2004) illustrating the pronounced necrosis (N) induced by AKT activation indepen-
dent of the means of apoptosis inhibition.
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viable tumor cells, roughly half the volume of D3 AKT and D3
RAS tumors was necrotic. Furthermore, hypoxic conditions
localized to necrotic areas of D3 AKT tumors, neither of which
were present in D3 tumors (Figure 1D), suggesting that necrosis
in vivo was associated with metabolic stress.

IHC for active caspase-3 (Nelson et al., 2004) indicated scant
evidence of apoptosis in D3, D3 AKT, and D3 RAS tumors, al-
though necrotic areas of D3 AKT and D3 RAS tumors showed
active caspase-3 positive cells of undetermined origin, possibly
tumor or infiltrating host cells (Figure S1). W2 (Nelson et al.,
2004), W2 AKT, and W2 RAS tumors displayed active cas-
pase-3 scattered throughout tumor tissue (Figure S1). Further-
more, AKT activation in tumors where apoptosis was inhibited
by BCL-2 were necrotic, indicating that promotion of necrosis
was independent of the means of apoptosis inactivation (Fig-
ure 1E). Thus, activation of AKT or RAS stimulated tumor growth
but also activated cell death by necrosis specifically in tumors
possessing an apoptotic defect and in association with metabolic
stress. Finally, the necrotic tumor phenotype was not merely
a reflection of rapid growth, as RAF activation (RAF-CAAX) sim-
ilarly promoted D3 tumor growth but without necrosis (data not
shown). This suggests that AKT activation can profoundly sensi-
tize apoptosis-defective tumors to necrotic cell death.

AKT activation in apoptosis-defective cells stimulates
necrosis in response to metabolic stress in vitro
To test the hypothesis that metabolic stress in tumors in vivo
was the stimulus for not only apoptotic cell death in W2 cells,
but also necrotic cell death in D3 AKT cells, iBMK cell lines
were subjected to ischemia in vitro. W2, W2 AKT, D3, and D3
AKT iBMK cell lines were either untreated or incubated in a
1% oxygen gas mixture and no glucose that simulates ischemic
conditions in the tumor microenvironment (Nelson et al., 2004),
and cells were analyzed by flow cytometry. While all four cell line
genotypes displayed a normal cell cycle profile when untreated,
apoptotic cell death occurred, indicated by the increase in the
sub-G1 population in treated W2 and W2 AKT cells and activa-
tion of caspase-3 (Figures 2A and 2B). Although AKT can block
apoptosis, this does not occur in ischemia, since AKT requires
glucose to inhibit apoptosis (Gottlob et al., 2001; Plas et al.,
2001). In contrast, apoptosis-defective D3 cells remained viable
in ischemia, and cells accumulated at G2/M and beyond (Fig-
ure 2A) (Nelson et al., 2004) without activating caspase-3 (Fig-
ure 2B). D3 AKT cells, however, lost viability in ischemia due to
cellular disintegration without stimulation of caspase-3 activa-
tion (Figures 2A and 2B). The dramatic induction of cell death
by AKT in D3 cells required both glucose and oxygen deprivation,
as deprivation of either alone was substantially less effective.
This was also observed by trypan blue staining in multiple inde-
pendent cell lines (data not shown). Electron microscopy (EM)
under normal and ischemic conditions revealed apoptotic mor-
phology inischemic W2 and W2 AKT cells, and necrosis of ische-
mic D3 AKT cells as indicated by vacuolated cytoplasm (Fig-
ure 2C) coincident with release of the necrotic marker HMGB1
(Scaffidietal., 2002) from nuclei (Figure 2D). Thus, cell death trig-
gered by AKT activation in BAX/BAK-deficient cells under meta-
bolic stress resembles necrosis and not apoptosis, which sensi-
tized these normally death-resistant cells to cell death.
Strikingly, D3 cells under ischemia displayed a highly unusual
ultrastructural morphology consisting of the accumulation of
double membrane vesicles containing cytoplasmic organelles

indicative of autophagy (Figure 2C) while retaining nuclear
HMGBL1 (Figure 2D). Autophagy can be a method of cell death
if allowed to proceed to completion; however, it is also a mecha-
nism for prolonging survival in response to nutrient depletion by
permitting the utilization of a cell-internal energy source. This
suggested that cells apoptose in response to ischemia, but
that defective apoptosis permits sustained autophagy possibly
to support survival that may be compromised by AKT activation.

AKT inhibits autophagy-mediated survival in ischemia
To quantitate the level of autophagy induced by ischemia in D3
compared to D3 AKT cells, cytosol to membrane translocation
of the autophagy marker EGFP-LC3 was monitored (Mizushima
et al., 2004; Tanida et al., 2004). Both D3 and D3 AKT cells
displayed predominantly diffuse EGFP-LC3 localization under
normal growth conditions (Figure 3A). In ischemia there was
a dramatic shift in the distribution of EGFP-LC3 from diffuse to
punctate localization, indicative of lipidation and membrane
translocation in D3 cells that was substantially delayed in D3
AKT cells (Figures 3A and 3B). By 48 hr of ischemia, the percent-
age of translocated EGFP-LC3 in D3 AKT cells approximated
that in D3 cells (Figure 3B), but by that time the viability of D3
AKT cells was less than 10% compared to 90% in D3 cells (Fig-
ure 2A; data not shown). Similar results were obtained by exam-
ining lipidation of endogenous LC3 (data not shown). Thus, in
the background of an apoptosis defect, AKT activation impairs
autophagy induction in response to metabolic stress, potentially
eliminating a survival mechanism resulting in necrosis.
Autophagy was also induced by ischemia prior to apoptosis
in W2 cells (from 3% to 57% at 6 hr of ischemia), and impaired
induction of autophagy was observed in W2 AKT cells (from
10% to 20% at 6 hr of ischemia). In apoptosis-competent cells,
starvation induces both autophagy and apoptosis; however,
W2 and W2 AKT undergo apoptosis at equal rates (Figure 2A),
suggesting that the induction of autophagy does not delay or
prevent apoptosis and that apoptosis prevails over autophagy.
In contrast to normal cells (cardiac cells under neonatal starva-
tion, for example) where autophagy may delay or prevent apo-
ptosis, oncogene activation predisposes cancer cells to apo-
ptosis that may not allow survival by autophagy.

Knockdown of autophagy promotes sensitivity

to metabolic stress

To test if autophagy is the mechanism used by D3 cells to sur-
vive ischemia, the expression of the essential autophagy gene
beclinl was knocked down using RNAI, and the impact on cell
viability under ischemic conditions was determined. RNAi effec-
tively reduced Beclinl protein levels relative to the LaminA/C
control (Figure 3C), reduced autophagy induction in ischemia
(Figure 3D), and impaired survival in ischemia (Figure 3E). Similar
results were obtained using RNAI targeting a different sequence
in beclinl or another essential autophagy gene, atg5 (Figure S2).
Thus, autophagy enables survival of iBMK cells to metabolic
stress when apoptosis is inactivated.

To address if autophagy is generally required for epithelial
cancer cells to survive metabolic stress, HelLa cells were engi-
neered with an apoptosis defect through BCL-x, or BCL-2 ex-
pression, and Beclinl was inhibited using RNAi. Knockdown
of Beclinl (Figure 3F) significantly reduced autophagy in meta-
bolically stressed cells with (HeLa) or without (HeLa BCL-x_ or
BCL-2) the capacity for apoptosis (Figure 3G). As in D3 cells,
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Figure 2. Ischemia induces autophagy in BAX/BAK-deficient iBMK cells that is diverted to necrosis by AKT activation

A: Flow cytometry of W2, W2 AKT, D3, and D3 AKT cells treated with ischemia in vitro for the indicated number of hours. Arrows indicate the positions of 2N/G1
(left) and 4N/G2/M (right) DNA content.

B: Induction of caspase-3 activation in W2 and W2 AKT but not in D3 or D3 AKT cells in response to ischemia in vitro. Western blot of cell extracts indicates p17
active caspase-3 band (arrows) and nonspecific band (*).

C: EM of untreated and ischemic (48 hr) W2, W2 AKT, D3, and D3 AKT cells from A. Note the apoptotic morphology of W2 and W2 AKT cells, the autophagy
morphology of D3 cells (arrows indicate membranous organelle-like accumulations within vacuoles), and the necrotic morphology with vacuolated cyto-
plasm of D3 AKT cells. Insets represent progressive and distinctive endpoints indicative of autophagy (D3), or necrosis displaying a completely condensed
nucleus (D3 AKT).

D: Loss of nuclear HMGBL1 staining in necrotic D3 AKT (arrows) but not D3 cells in ischemia (48 hr) as a marker of necrosis.

knockdown of Beclinl reduced survival in HeLa cells expressing had no effect on the viability of HeLa cells with an intact apop-
BCL-x,_ or BCL-2 under ischemic conditions in comparison to totic response (Figure 3H). Therefore, the response of epithelial
the LaminA/C RNAI controls. In contrast, Beclinl knockdown cancer cells to metabolic stress is apoptosis, which, when
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Figure 3. Ischemia induces autophagy in apoptosis-defective cells that when inhibited by AKT promotes cell death by necrosis

A: BAX/BAK-deficient D3 cells without and with AKT expressing the autophagy marker EGFP-LC3 were untreated or placed underischemic conditions for 24 hr.
EGFP-LC3 displayed diffuse intracellular localization under normal growth conditions, and membrane translocation (punctate localization) indicative of
autophagy was observed in ischemic D3 cells, which was substantially inhibited in D3 AKT cells.

B: Quantitation of EGFP-LC3 translocation in untreated and ischemic D3 and D3 AKT cells (representative of three independent experiments). Note that,
although the D3 AKT cells treated with ischemia have a high proportion of cells with translocated LC3 by 2 days in ischemia, viability is low.

C: Western blot showing knockdown of Beclinl in D3 cells relative to the LaminA/C control at 24, 48, and 72 hr posttransfection under normal culture condi-
tions; hours posttransfection correspond to 0, 24, and 48 hr of ischemia in D and E.

D: Reduction of autophagy in D3 cells by Beclinl RNAi from C assessed by EGFP-LC3 translocation.

E: Knockdown of Beclinl impairs survival of D3 cells to metabolic stress. Viability of D3 cells from C and D was assessed at 0, 24, and 48 hr of ischemia.

F: Western blot time course of Beclinl knockdown by RNAi relative to the LaminA/C control under normal culture conditions in HeLa vector control cells and
Hela cells expressing BCL-x, or BCL-2.

G: Knockdown of Beclinl in HelLa cells impairs autophagy induction by ischemia. Quantitation of EGFP-LC3 translocation in untreated (0 hr) and ischemic
treated (24 and 48 hr) HelLa vector controls or HelLa cells expressing BCL-x, or BCL-2 following Beclinl or LaminA/C knockdown for 24 hr by RNA..

H: Knockdown of Beclinl in HelLa cells expressing BCL-x, or BCL-2 under ischemic conditions induces cell death. Viability of HeLa cells without or with BCL-x,_ or
BCL-2 in response to ischemia with or without knockdown of Beclinl by RNAI is described in E and F.

I: Model for functional ordering and regulation of death pathways leading to necrosis. Values represent the mean 6 standard deviation forn R 3.

Error bars represent 6one standard deviation.

disabled by BAX/BAK deficiency or by BCL-x, or BCL-2 expres- autophagy, or necrosis. To begin to compare the result of these

sion, permits survival by autophagy. AKT activation, which in-
hibits autophagy (Arico et al., 2001) (Figure 2), or direct downre-
gulation of Beclinl blocks this survival pathway, stimulating
necrotic cell death (Figure 3l). This reliance on autophagy for
maintenance of cellular functions during metabolic stress may
be further exacerbated by dependency on glycolytic metabo-
lism conferred by AKT.

Necrosis is distinct from apoptosis and is a less

efficient means of cell death

The data above illustrate that genetic determinants establish
whether cells respond to metabolic stress with apoptosis,

three distinct responses to the same stimulus, multifield time-
lapse microscopy was used to follow cell fates over 5 days in
ischemia in vitro. W2 (Figures 4A and 4B) and W2 AKT (data
not shown) underwent classic apoptosis between 24 and 72 hr
characterized by an abrupt morphologic change (within 10 min)
with membrane blebbing that was completed in under an hour.
This is characteristic of apoptosis and consistent with the
apoptotic nuclear morphology and caspase-3 activation (Fig-
ures 2A and 2B). Cell division in ischemia was limited to less
than one prior to the onset of apoptosis (Figure 4A). In contrast,
ischemia caused D3 AKT cells to undergo violent cytoplasmic
vesicle movement (cytoplasmic boiling) and to become refractile
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and lyse within 48 hr by a process that was clearly distinguished
from apoptosis (Figures 4A and 4B). Cell division in ischemic D3
AKT cells was rare, with less than 10% of the cell population di-
viding prior to the onset of necrosis (Figure 4A). Remarkably, D3
cells surviving ischemia by autophagy continued to proliferate for
72 hr, undergoing several cell divisions, after which proliferation
and cell motility slowed to give way to progressive cellular con-
densation (condensation phase) culminating by 5 days (Figures
4A and 4B). However, following condensation, these condensed
cells were not dead, as restoration of nutrients and oxygen re-
sults in reversal of this process and resumption of proliferation
for the majority of cells (Figure 4A).

To compare the efficiency and extent of the different forms of
cell death, W2, W2 AKT, D3, and D3 AKT cells were incubated
under ischemic conditions for 3, 5, and 7 days, after which
they were returned to normal growth conditions and evaluated
for clonogenic survival. Both W2 and W2 AKT cells were killed
rapidly and efficiently with survival of less than 1 in 10° cells fol-
lowing 5 days of ischemia, whereas D3 cells remained nearly
completely viable even after 7 days in ischemia (Figure 4C).
While D3 AKT cells displayed impaired clonogenic survival as

a 53 ?S.Thrs
b el

Figure 4. Distinct morphological features of
apoptosis, necrosis, and autophagy in ischemia

A: ldentical frames from 5 day time-lapse videos
of the indicated cell lines in ischemia (1003). No
morphological changes were apparent in W2 or
D3AKT cells beyond 72 and 48 hr, respectively
(data not shown). Boxed cells and inset (en-
larged) show D3 AKT cells undergoing lysis. At
112 hr of ischemia, D3 cells were returned to nor-
mal culture conditions and photographed 120 hr
later to document recovery. A representative
frame of the recovery of D3 cells is shown.

B: Representative individual cells from A were fol-
lowed for the indicated times beginning immedi-
ately prior to any signs of altered morphology in
ischemia beginning at 13.5 hr for W2, 16.6 hr for
D3 AKT, and 52.6 hr for D3.

C: Impact of different modes of cell death on
clonogenic survival. W2, W2 AKT, D3, and D3
AKT cells were treated with ischemia for 3, 5,
and 7 days, and the potential for clonogenic
growth was determined following return to nor-
mal growth conditions (one of two replicates).
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expected, necrotic cell death was less efficient and much
more asynchronous than apoptosis and resulted in gradual
10?- to 103-fold impairment in clonogenic survival (Figure 4C).

Autophagy in tumors localizes to the center

prior to acquisition of a blood supply

To determine when and where autophagy occurred during tu-
morigenesis, tumors generated from D3 cells stably expressing
EGFP-LC3 were examined for membrane translocation at 1, 3,
and 15 days following implantation in vivo. At days 1 (Figure 5A)
and 3 (data not shown), EGFP-LC3 localization was diffuse only
at the perimeter and was punctate, indicative of autophagy in
the center of the tumor mass. Angiogenesis does not occur prior
to day 3, and tumors are hypoxic, particularly in interior regions
(Nelson et al., 2004). In contrast, at day 15, by which time D3 tu-
mors have established a blood supply and are no longer hypoxic
(Nelson et al., 2004), the localization of EGFP-LC3 was diffuse,
with only scattered rare cells displaying punctate localization
(Figure 5B). Thus, autophagy localizes to unvascularized, meta-
bolic stressed regions of tumors. Further conformation of the
spatial and temporal occurrence of autophagy in tumors awaits
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Figure 5. Autophagy in tumors localizes to regions of metabolic stress prior to angiogenesis

Tumors were established from D3 cells stably expressing EGFP-LC3 and monitored for membrane translocation indicative of autophagy atdays 1 (A) and 15 (B)
following implantation. Following excision, tumors were processed for histology (frozen sections) to preserve EGFP-LC3 fluorescence (Mizushima et al., 2004);
a section through the entire tumor at day 1 and 1/4 of the tumor at day 15 is shown by H&E (magnification 403), and a panorama across the tumor is shown
forfluorescence (magnification 6003), asindicated. “E” and “C” indicate individualimages from the tumor edge and center, respectively, enlarged to high-
light the differential localization of EGFP-LC3 at day 1 that is diffuse at the tumor periphery and punctate in the center. Due to the compactness of the cellsin
the tumor, punctations may represent more than one autophagosome. Day 15 tumors have recruited a blood supply and display diffuse EGFP-LC3 localiza-

tion throughout the tumor.

+/+ +/2

a similar analysis of the beclin1™" and beclinl

below).

tumors (see

Role of beclinl in oncogene-activated necrosis

To directly address the contribution of autophagy inhibition by
AKT to induction of necrosis and stimulation of tumorigenesis,
iBMK cells with allelic loss of the essential autophagy gene
beclinl were generated and examined. All beclin1? and
beclin1*"* iBMK cell lines expressed E1A and p53DD, and re-
duced Beclinl expression was observed as expected in
beclin1*/2 cell lines (Figure 6A). beclin1** and beclin1*/2 iBMK
cells were engineered without and with an apoptosis defect
(BCL-2 expression, Figure 6A) to document the impact of a
reduced capacity for autophagy on survival and method of
cell death.

Reduced constitutive autophagy was apparent in beclinl
cells (196) compared to beclinl*™* cells (3.5%) even under nor-
mal growth conditions as measured by EGFP-LC3 transloca-
tion. As with W2 cells, ischemia efficiently induced autophagy
in beclin1*'* cells prior to apoptosis (59% at 6 hr of ischemia),
and allelic loss of beclinl impaired autophagy (18% at 6 hr of
ischemia) without altering the time course of apoptosis (Fig-
ure 6D). BCL-2 expression blocked apoptosis (Figure 6D), and

+/2

beclinl haploinsufficiency diminished constitutive autophagy
and its induction in ischemia (Figures 6B and 6C). Autophagy
induction levels in the BCL-2-expressing cells were robust and
similar to BAK/BAK-deficient cells, suggesting that inhibition
of Beclinl by BCL-2 (Pattingre et al., 2005; Shimizu et al.,
2004) is not a significant factor in these circumstances.
Multiple independent BCL-2-expressing beclin1** and
beclin1*2 iBMK cell lines, and representative beclin1** and
beclin1™? cell lines without BCL-2, were incubated in ischemia,
and viability was assessed. Both wild-type and beclin1*/2 cells
were readily killed over the course of 2 days as expected,
whereas wild-type cells expressing BCL-2 were markedly resis-
tant, with the number of viable cells increasing in the first 24 hr
(Figure 6D). Little effect of beclinl haploinsufficiency was appar-
ent in cells with an apoptotic response. In the background of an
apoptosis defect, however, beclinl haploinsufficiency dimin-
ished the survival advantage provided by BCL-2 (Figure 6D).
These findings are consistent with the restoration of cell death
in ischemic D3 and HeLa BCL-x, and BCL-2 cells, where
Beclinl and autophagy were compromised by RNAI (Figure 3).
To extend these observations, beclin1** and beclin1*2 iBMK
cell lines expressing BCL-2 (WB-13 and BLNB-12, respectively)
were examined over the course of 3 days by time-lapse

+/+
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Figure 6. beclinl haploinsufficiency impairs survival in ischemia in an apoptosis-defective background

A: Western blot analysis of Beclin1, BCL-2, E1A, p53DD, and actin in beclin1*/* and beclin1*/2 iBMK cell lines with and without BCL-2 expression.

B: beclinl haploinsufficiency impairs autophagy. beclin1** and beclin1*/2 iBMK cells expressing BCL-2 (WB-3 and BLNB-12) were transfected with the EGFP-
LC3 expression vector and at 24 hr posttransfection were subjected to 0 and 24 hr of ischemia and were monitored for membrane translocation by fluores-
cence microscopy. Representative fields are shown.

C: Quantitation of EGFP-LC3 translocation (% autophagy) in WB-3 and BLNB-12 in B following 0, 1, 2, and 3 days in ischemia.

D: beclin1 haploinsufficiency impairs viability in ischemia only when apoptosis is inhibited. beclin1*/* and beclin1*/2 iBMKs with and without BCL-2 were incu-
bated in ischemic conditions, and viability was assessed by trypan blue staining at the indicated times.

E: Time course of morphological alterations due to beclinl haploinsufficiency in iBMK cells expressing BCL-2 (WB-13 and BLNB-12). beclin1*/* cells expressing
BCL-2 proliferate, followed by cellular condensation, whereas beclin1*/Z cells expressing BCL-2 display diminished capacity to sustain proliferation and show
accelerated necrosis.

F: EM (50003) of beclin1** BCL-2 (WB-13) and beclin1*/2 BCL-2 (BLNB-12) following 7 days in ischemia. Note the condensed morphology of WB-13 and the
vacuolated and necrotic morphology of BLNB-12.
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Figure 7. beclinl haploinsufficiency promotes epithelial tumorigenesis

A: Tumor growth kinetics of two beclin1*/* (W4-2, W4-1) and two beclin1*/2 (BCLN34-3, BCLN4-1) iBMK cell lines.

B: Tumor growth kinetics of two beclin1*/*, BCL-2-expressing (WB-10, WB-13) and two beclin1*/2, BCL-2-expressing (BLNB-4, BCLNB-13) iBMK cell lines.

C: Histology of two beclin1*/*, BCL-2 (left) and two beclin1*/2, BCL-2 (right) tumors. One out of eight beclin1*/*, BCL-2 tumors and six out of eight beclin1*/2,
BCL-2 tumors showed evidence of necrosis (N). All tumors were between 500 and 1000 mm?® at the time of histological analysis.

microscopy. BCL-2 protected wild-type cells from cell death by
ischemia (Figures 6D and 6E) similarly to D3 cells (Figures 4A
and 4C), which otherwise show substantially reduced viability
by 48 hr (Figures 2 and 4). BCL-2 expression in wild-type cells
allowed 1 to 2 rounds of cell division in the first 24 hr in ischemia
(Figures 6D and 6E). Cellular condensation commenced on day
2 and continued through day 3, with the majority of the cells re-
taining viability (Figures 6D and 6E). In contrast, the ability of
BCL-2 to provide protection from ischemia was diminished
in the beclin1*/2 cells. Cell division in ischemic conditions was
halted rapidly, with only one in five cells dividing in the first 24
hr, followed by cell death resembling necrosis (Figures 6D and
6E). EM revealed condensed but healthy morphology of
beclin1*"* BCL-2 cells, but vacuolated and necrotic morphology
of beclin1*/2 BCL-2 cells by 7 days in ischemia (Figure 6F), in-
dicative of failed organelle integrity (Figure 6F). Thus, in the
background of a defect in apoptosis, autophagy can temporarily
sustain homeostasis under conditions of metabolic stress. Cells
that are defective for autophagy, however, lack this capacity to
insulate themselves from fluctuations in external nutrient avail-
ability, which renders them vulnerable to metabolic stress.

Autophagy deficiency promotes tumor

growth and necrosis

Haploinsufficiency in beclinl impairs autophagy and promotes
tumorigenesis in mice, and beclinl is monoallelically deleted in
many breast, prostate, and ovarian tumors, indicating a role for
autophagy in tumor suppression (Edinger and Thompson,
2003; Liang et al., 1999; Qu et al., 2003; Yue et al., 2003). Dis-
abling both apoptosis and autophagy in stressed cells may be
a formula for induction of necrotic cell death, but whether this is
related to the mechanism by which beclinl haploinsufficiency
promotes tumorigenesis is not known. To test the roles of defec-
tive apoptosis and autophagy on tumorigenesis, beclin1** and
beclin1*/? iBMK cells without and with BCL-2 were evaluated
for tumor growth. beclin1** iBMK cells formed tumors only
with prolonged latency (greater than 2 months) (Figure 7A) as ex-
pected and consistent with clonal emergence (Degenhardt et al.,
2002a; Nelson et al., 2004; Tan et al., 2005). Allelic loss of beclinl
slightly accelerated tumor growth compared to beclin1*/* cells,

but tumor growth still took 2 months (Figure 7A), consistent
with a modest increase in the frequency of clonal emergence.
BCL-2 accelerated tumor growth, which was accelerated even
further by allelic loss of beclinl (Figure 7B). Thus, defective
autophagy stimulates tumor growth and synergizes with defec-
tive apoptosis to promote tumorigenesis. beclin1*2 BCL-2
tumor growth was still substantially slower than that of the D3
AKT tumors (Figure 1B), suggesting that inhibition of autophagy
by AKT contributes to tumorigenesis but that other AKT functions
also play a role in promoting tumor growth. Finally, tumor histol-
ogy revealed a greater prevalence of necrosis in BCL-2-express-
ing beclin1*"2 compared to beclin1*"* tumors (Figure 7C), consis-
tent with the possibility that altering the mode of cell death from
apoptosis or autophagy to necrosis can impact tumor growth.
Beclinl haploinsufficient tumors, however, were not as necrotic
as tumors with activated AKT, indicating that altered metabolism
or growth conferred by AKT may further promote necrosis.

Tumor necrosis stimulates an inflammatory response

Oncogene-activated necrosis in vivo is associated with en-
hanced tumor growth. To begin to address the possibility that
there is a differential immune response to nonnecrotic and ne-
crotic tumors that may influence tumor growth, D3 and D3
AKT tumors were evaluated for evidence of macrophage infiltra-
tion (Mac3 IHC). D3 tumors showed few macrophages, whereas
the D3 AKT tumors displayed massive macrophage infiltration
throughout all necrotic areas up to the border of healthy tumor
tissue (Figure 8A); thus, tumor necrosis is associated with mac-
rophage infiltration. Macrophages and other cells constituting
an inflammatory infiltrate produce cytokines and chemokines
that impact cell proliferation, angiogenesis, and recruitment of
other immune effector cells to the site of a wound, infection, or
tumor. Indeed, strong p50 NF-kB IHC staining (both nuclear
and cytoplasmic) was observed throughout D3 AKT healthy tu-
mor tissue that was less apparent in D3 tumors (Figure 8B). Fur-
thermore, higher activity of the cytokine and NF-kB-responsive
IL-6 promoter-LUC reporter was observed in D3 AKT tumors
compared to D3 tumors in vivo (Figure 8C). Thus, oncogene-ac-
tivated tumor necrosis stimulates the innate immune response
that has the potential to impact tumor growth (Figure 8D).
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Figure 8. Tumor necrosis is associated with macrophage infiltration and cytokine and chemokine production

A: The macrophage marker Mac3 staining of D3 (B4) and D3 AKT (D5) tumors by IHC with brown staining indicating reactivity in necrotic areas (1003, insets
4003). Note the high level of reactivity in necrotic areas of D3 AKT tumors and the near absence of staining in D3 tumors.

B: IHC for p50 NF-kB as in A demonstrating enhanced staining in D3 AKT tumors.

C:Invivo tumor necrosis is associated with enhanced activity of the cytokine-responsive IL6 promoter. Tumors were generated subcutaneously by injecting D3
or D3AKT cells stably expressing a luciferase reporter gene under the control of three NF-kB DNA binding motifs from the IL6 promoter and monitored for in vivo
promoter activation. To compare the relative luminescence signals in D3 and D3 AKT tumors, the total photon values were normalized to basal luminescence
activity at day 2 postinjection and compared to that after tumor growth where tumor sizes were comparable: day 15 for D3 AKT with an average tumor vol-
ume of 88.9 mm?, day 29 for D3 with an average tumor volume of 82.2 mm?®. The graph represents relative IL6-LUC activity from five individual tumors of each

genotype with the mean indicated by the bar.
D: Model for hierarchy of death pathways and impact on tumor growth.

Discussion

Metabolic stress is a common occurrence in human tumors that
can potently induce cell death by apoptosis; however, in tumor
cells possessing an apoptotic defect this results instead in in-
duction of autophagy, which supports survival. Catabolism and
elimination of damaged organelles by autophagy may serve to
maintain normal cellular function under conditions of fluctuating
oxygen and nutrient supply. Autophagy may thereby be benefi-
cial as a buffer to short-term interruptions in nutrient availability.

The PI3-kinase/AKT pathway stimulates cell growth in re-
sponse to nutrients in part through activating mTOR, which pro-
motes protein synthesis while inhibiting autophagy (Guertin and
Sabatini, 2005). Constitutive activation of this PI3-kinase/AKT/
mTOR signaling may render cells susceptible to metabolic ca-
tastrophe upon nutrient limitation by increasing energy demand
and promoting inefficient energy production (glycolysis) while
curtailing the ability to use autophagy. Constitutive activation
of AKT is a common event in oncogenesis that deregulates
cell growth and uncouples nutrient availability from proper

downregulation of metabolism. The combined inactivation of
apoptosis and activation of AKT results in induction of necrotic
cell death under starvation conditions, demonstrating a level
of genetic control governing the propensity for necrosis.

Association of necrosis, inflammation,

and tumorigenesis

In tumors, as is the case for physical injury, necrosis is associ-
ated with inflammation. With physical injury, inflammation is
part of wound healing, where cellular infiltration and chemokine
and cytokine production function to stimulate proliferation,
tissue remodeling, and angiogenesis to facilitate repair. The in-
flammatory response to stress-mediated, oncogene-activated
necrosis in tumors, by analogy to a wound healing response,
may stimulate angiogenesis and tumor cell proliferation (Balkwill
et al., 2005; Balkwill and Coussens, 2004; Vakkila and Lotze,
2004; Zeh and Lotze, 2005). Local activation of an innate immune
response in tumors in the absence of T cells as described here
may serve to promote tumor progression but may facilitate tumor
regression by recruiting a T cell response. However, recent
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evidence also suggests that tumor-associated inflammation can
enhance tumor progression in an immune competent host (Balk-
will and Coussens, 2004; Greten et al., 2004; Pikarsky et al.,
2004). How inflammation alters the tumor microenvironment
and modulates tumorigenesis requires further investigation.

Apoptosis may be the preferred means of cell death for epi-
thelial cells upon damage or stress, as cell elimination occurs
without inflammation. If apoptosis fails, autophagy can sustain
viability in the short term and possibly lead to cell death in the
long term without inflammation. Inhibition of autophagy in tu-
mors with a defective apoptotic response under conditions of
metabolic stress is an effective means of diverting normally
death-refractory cells to an alternate necrotic cell death path-
way. This suggests that apoptosis and autophagy function to
limit necrosis. Thus, autophagy may be therapeutically targeted
for tumors with defects in apoptosis; however, stimulation of ne-
crosis and activation of an inflammatory response may impact
tumor growth. Alternatively, exploitation of autophagy as a
means to cell death selectively in tumor cells represents another
attractive therapeutic strategy.

Genetic determinants of necrosis

Activation of necrotic cell death in apoptosis-defective epithelial
cells by AKT and ischemia demonstrates a link between the cell’s
metabolic state, stress responses, and the function of BCL-2
family members. This suggests that necrotic cell death can be
genetically determined, oncogene activated, and triggered by
an inability to adapt to metabolic stress. Indeed, PARP defi-
ciency mitigates necrotic cell death by delaying ATP consump-
tion in response to alkylating agents (Zong et al., 2004). Although
the BCL-2 family is known for apoptosis regulation, our evidence
suggests that by blocking apoptosis they also may delay necro-
sis by allowing autophagy. Cells can thereby undergo apoptosis,
necrosis, or autophagy depending on their genetic makeup and
the physiological conditions. This may be important for prevent-
ing inflammation by implementing apoptosis, and essential for
surviving periods of intermittent nutrient limitation through au-
tophagy, but may facilitate wound healing in the case of necrosis.
Thus, necrosis may be a regulated process functionally interde-
pendent on apoptosis and autophagy.

Establishing the genetic determinants regulating necrotic cell
death is likely to be essential for successful cancer treatment
(Nelson and White, 2004) and preventing degenerative diseases
(Driscoll and Gerstbrein, 2003). Indeed, the metabolic state of
tumor cells, specifically stimulation of aerobic glycolysis by
AKT (Elstrom et al., 2004), promotes necrotic cell death in re-
sponse to DNA alkylating agents that may be the basis for their
successful use in chemotherapy regimens (Zong et al., 2004).
Exploitation of the altered metabolic state of tumors (Warburg,
1956) either through the dependency on glycolysis or autophagy
may be therapeutically advantageous.

Autophagy allows temporary survival to metabolic stress

beclinl haploinsufficiency promotes tumorigenesis in mice
and is found with high frequency in human breast, ovarian,
and prostate cancers (Liang et al., 1999; Qu et al., 2003; Yue
et al., 2003); however, the molecular basis by which a reduced
capacity for autophagy promotes tumorigenesis is unknown.
Our data suggest that beclinl haploinsufficiency may have the
largest impact on cells that also possess an apoptotic defect,
which prevents an apoptotic response to starvation, allowing

survival by autophagy. One striking observation was the initial
uninterrupted proliferation of the BAX/BAK-deficient or BCL-2-
expressing iBMK cells in ischemia (Figures 4A, 6D, and 6E).
This was contrasted by cessation of cell division, failure of or-
ganelle integrity, and facilitation of necrosis in the apoptosis-
defective cells with either activated AKT or allelic loss of beclinl
where autophagy was compromised. This suggests that defec-
tive apoptosis reveals the capacity for autophagy to temporarily
sustain normal cell function in situations of fluctuating nutrient
availability. Autophagy may thereby mitigate the potentially
damaging impact of repetitious cycles of metabolic stress as a
tumor suppression mechanism.

Impact of deficient autophagy on tumorigenesis

The ability of allelic loss of beclinl to cooperate with RB, p53,
and apoptosis defects to promote tumorigenesis (Figure 7B)
suggests that deficient autophagy functions in a separate path-
way. This is consistent with autophagy being downstream of
mTOR, and with the loss of autophagy contributing to the tu-
mor-promoting activity of AKT. It is important to consider that
the failure of tumor cells to buffer metabolic stress may promote
tumorigenesis in multiple ways, of which preventing cellular
damage and altering the tumor microenvironment by promoting
necrosis may only be part of the mechanism. It will be interesting
to determine if allelic loss of beclinl increases genomic instabil-
ity induced by metabolic stress in cells with a defect in apoptosis
(Nelson et al., 2004). Alternatively, prolonged metabolic stress
may lead to autophagic cell death as a tumor suppression
mechanism, the failure of which may promote tumorigenesis
through enhanced survival of damaged cells.

Experimental procedures

Generation of cell lines

To obtain independent beclin1** and beclin1*2 iBMK cell lines, beclin1*/2
mice were intercrossed, and primary kidney epithelial cells from 5-day-old
pups were immortalized by E1A and dominant-negative p53 (p53DD) expres-
sion and propagated and genotyped as previously described (Degenhardt
et al.,, 2002b; Yue et al., 2003). iBMK cells expressing human BCL-2, H-
ras, RAF-CAAX, myr-AKT, and the vector controls were derived by electro-
poration with pcDNA3.1-hBCL-2 (Kasof et al., 1998), pcDNAl.H-rasV12
(Lin et al., 1995), pcDNA3.RAF-CAAX (provided by Dr. Peter Sabbatini,
UCSF, San Francisco, CA), pcDNA3.Myr-AKT (Plas et al., 2001), or vector
(W2, pcDNA3.1; D3, pcDNA3.1zeo, Invitrogen, Carlsbad, CA), followed by
selection (W2, geneticin; D3, zeocin). Tumor formation by subcutaneous
injection in nude mice was described previously (Degenhardt et al., 2002a)
(see Supplemental Data). HeLa cells and those expressing human BCL-x,
or BCL-2 were derived by electroporation with vector (ocDNA3.1, Invitrogen),
pcDNA3.1-h-BCL-x, (Han et al., 1998), or pcDNA3.1-hBCL-2 (Kasof et al.,
1998), respectively, followed by selection with geneticin and verification of
protein expression and function.

Western blotting, IHC, immunofluorescence, and EM

The following antibodies were used: anti-Beclinl (Santa Cruz, Santa Cruz,
CA); anti-ATG5 (Mizushima et al., 2001); anti-BAX and -BAK (Upstate Bio-
technology, Lake Placid, NY); anti-BCL-2 (Santa Cruz); anti-p53 (Ab-1);
anti-E1A and -actin (Oncogene, Cambridge, MA); anti-HMGB1 (ABCAM,
Cambridge, MA); anti-p50 (Santa Cruz); and anti-Mac3 (BD Pharmingen).
Western blotting and IHC were performed as previously described (Nelson
et al., 2004). Cells were examined by EM using a JEOL 1200EX electron
microscope.

In vitro ischemia
Cells were placed in glucose-free DMEM (Invitrogen) containing 10% FBS
and incubated with a defined gas mixture containing 1% oxygen, 5% CO,,
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and 94% N, (AirGas, Piscataway, NJ) (Nelson et al., 2004). Viability was as-
sessed by trypan blue exclusion, and EGFP-LC3 translocation was quanti-
tated by determining the number of transfected cells displaying any indica-
tion of punctate (rather than diffuse) fluorescence out of a population of
300 cells. Determination of DNA content by FACS analysis of propidium
iodide-stained cells was performed using a Cytomics FC 500 (Beckman
Coulter). Multifield time-lapse was performed as described in the Supple-
mental Data.

RNA interference

Cells were transfected with annealed, purified, and desalted double-
stranded siRNA (30 my/3 3 10° cells) using the Amaxa nucleofection system
(kit vV, program G-16). siRNA targeted against beclinl (5> AACUUGCUUUAC
UCUCUCUAUCA-39 (Shimizu et al., 2004) (Figure S2) or (5%CAGUUUGGCA
CAAUCAAUAUU-39 (Hoyer-Hansen et al., 2005) (Figure 3), murine atg5 (5%
AAGAUCCUGGACCGGUCACC-39 (Shimizu et al., 2004), and LaminA/C
were obtained from Dharmacon Research (Lafayette, CO).

In vivo luciferase reporter assays

Tumors were monitored for in vivo promoter activation by using an IVIS
in vivo luminescence imaging System (Xenogen Corp., Alameda, CA) by
intraperitoneal injection with D-luciferin potassium salt (Xenogen Corp.)
approximately 15 min prior to imaging using an IACUC-approved protocol.
Luminescence bio-photonic quantitation (photons/cm?/s) was analyzed
using Living Image Software (Xenogen Corp.). The total photon values
were normalized to basal luminescence activity at day 2 postinjection and
compared to that after tumor growth where tumor sizes were comparable.

Supplemental data

The Supplemental Data include Supplemental Experimental Procedures and
two supplemental figures and can be found with this article online at http://
www.cancercell.org/cgi/content/full/10/1/51/DC1/.
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