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Abstract
Novel functions for autophagy during Ras transformation
by

Rebecca Lock

Autophagy is a highly regulated catabolic process that degrades cytosolic
organelles and macromolecules. Deregulation of the autophagic process has
been linked to the development of several pathologies, including cancer, where it
is associated with both pro- and anti-tumor functions. Although multiple studies
have provided mechanistic insight into how autophagy suppresses
tumorigenesis, the mechanisms explaining a pro-tumor role for autophagy have
been limited to its capacity to promote tumor cell viability in response to stress.
We hypothesized that autophagy contributes to additional cellular processes that
support oncogenic transformation, and here we identify previously unrecognized
pro-tumor functions for autophagy in the context of oncogenic Ras.

Using autophagy deficient cells, generated through genetic deletion or
RNAi-mediated depletion of critical autophagy genes, we have identified a unique
function for autophagy in supporting Ras-mediated anchorage-independent
growth and proliferation. Furthermore, in the context of constitutively active Ras
autophagy facilitates an enhanced rate of glycolysis, which supports robust
anchorage-independent growth. Using a three-dimensional epithelial culture

model, we demonstrate a requirement for autophagy in facilitating tumor cell
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invasion and motility in Ras transformed cells. This reduction in invasive capacity
correlates with a partial restoration in cell-cell junctional integrity and polarized
secretion of basement membrane proteins. In addition, autophagy supports Ras-
driven mesenchymal differentiation and the production of multiple secreted
factors required for cell migration and invasion. Overall, these data reveal
multiple tumor-promoting functions for autophagy during Ras transformation.
Based on our findings we propose that in addition to its widely established
function in promoting tumor cell survival, autophagy facilitates a larger repertoire

of pro-tumor activities that support cancer progression and metastasis.

viii



Table of Contents

[ L= [To= 1 (] o ili
ACKNOWIBAGMENTS. .. et e e e e e v
N 1 1 = Vo Vii
LISE Of FIQUIES. .. ettt e e e e e e e e e X
1Y 1o T 10170 1

Chapter 1: Autophagy facilitates glycolysis during Ras-mediated oncogenic

traNSTOrMAatioON ... .o 19
Chapter 2: Autophagy supports cell invasion driven by oncogenic Ras ............ 55
9 ST 1 1S o] 89



List of Figures

Figure 1. Overview of the autophagiC ProCeSS.........c.ouiiieiiiiiiie e e e 18

Figure 2-1. Oncogenic Ras does not suppress ECM detachment-induced
= LU (0] 0] 0 F= 1o | 45

Figure 2-2. Effects of ECM detachment on MAPK and mTORCL1 signaling in Ras
transformed CellS. ... 46

Figure 2-3. Decreased anchorage-independent growth in autophagy deficient
MEFS expressing H-Ras ... ... oo oo e 47

Figure 2-4. Effects of ATG knockdown on adhesion independent transformation
in MDA-MB-231 cells and H-Ras"** MCF10A cells......................occee., 48

Figure 2-5. Bcl-2 inhibition of apoptosis is not sufficient to restore anchorage-

independent growth in autophagy deficient cells...............ccooooiii . 49
Figure 2-6. Reduced proliferation upon autophagy inhibition in H-Ras"*

expressing MEFs and MDA-MB-231 cells.........cooiiiiiii e 50
Figure 2-7. De novo protein synthesis following ECM detachment.................. 51
Figure 2-8. Reduced glucose metabolism in autophagy deficient MEFs.......... 52
Figure 2-9: Reduced glucose metabolism in autophagy deficient cells............53

Figure 2-10. The proliferation and transformation of autophagy competent cells
is more sensitive to diminished glucose availability than autophagy deficient

Figure 3-1. Autophagy is required for the elaboration of invasive protrusions
mediated by H-Ras" 2 in 3D CUUIE..........cooeeeiie e 79



Figure 3-2. ATG knockdown inhibits Ras-driven invasion in 3D culture............ 80

V12

Figure 3-3. Autophagy inhibition in H-Ras"“ cells restores basement membrane

integrity and restricts ECM proteolysis in 3D culture..............c.cooovieients 81

Figure 3-4. Autophagy inhibition in MCF10A H-Ras"*? structures does not

promote apoptosis or proliferative arrest.............oocoviiiiiiiiiiii 82

V12

Figure 3-5. Autophagy knockdown in H-Ras"** MCF10A cells does not enhance

cell death iN 3D CUIUIE. ... e e e e e e e e e e e e e e e e, 83

Figure 3-6. ATG knockdown diminishes the motility of cells expressing

ONCOGENIC RAS. ...ttt e e e e e e e e e e e e e a s 84

Figure 3-7. ATG depletion in H-Ras"*?> MCF10A cells alters differentiation and

restores cell-cell junctions iIN 3D culture...........ccoiiiiiiiii i, 85

Figure 3-8. ATG depletion in H-Ras"'> MCF10A alters differentiation............. 86

Figure 3-9. ATG knockdown in H-Ras"*? cells inhibits the production of pro-

invasive secreted factors, including interleukin 6 (IL6).................cccoeeenee. 87

Figure 3-10. Wnt5a and MMP2 are reduced following autophagy inhibition in 3D

(o0 || (U =TT 88

Figure 4. Potential pro-tumor functions for autophagy in mutant Ras tumors...107

Xi



Introduction



Macroautophagy (hereafter referred to as autophagy) is a tightly regulated
catabolic process that degrades long-lived cytosolic proteins and organelles.
The process is initiated by the formation of a double membrane structure termed
a phagophore or isolation membrane. The isolation membrane then expands,
engulfing cytosolic constituents and eventually fuses to form an intact double
membrane vesicle called an autophagosome. The final step in the process is the
delivery and fusion of the autophagosome with the lysomal compartment
resulting in the degradation of the enclosed cargo as well as the inner
autophagosomal membrane (Figure 1) (Levine and Klionsky, 2004; Mizushima,
2007; Ohsumi, 2001). The autophagic process is controlled by a large set of
genes that are highly conserved from yeast to humans, termed autophagy genes
(ATGSs), and include genes that mediate two ubiquitin-like reactions that promote
the expansion of the isolation membrane (Figure 1). The first reaction involves
the conjugation of Atgl2 to Atg5 and the second covalently links LC3 (the
mammalian homologue of yeast Atg8) to a lipid, phosphatidylethanolamine (PE).
Both reactions are catalyzed by the same EL1 like enzyme, Atg7 (Ohsumi, 2001).
Importantly, genetic deletion of Atg5, Atg7, Atg3, or Atgl2 (unpublished data) is
sufficient to prevent conjugation of LC3 to PE and the formation of a mature
autophagosome. Thus, targeting any of these genes individually by RNA
interference or through genetic deletion is sufficient to inhibit the autophagic

process.



Autophagy mediates cellular homeostasis and promotes survival in
response to environmental stress

In nutrient replete conditions a baseline level of autophagy, or basal
autophagy, provides a necessary housekeeping function by sequestering and
degrading long-lived proteins and damage organelles (Baehrecke, 2005). This
homeostatic role for autophagy is most prominently revealed in mice with tissue
specific deletions of autophagy genes in the nervous system and liver. Mice
deficient in either Atg5 or Atg7 in the central nervous system succumb to
spontaneous neurodegeneration and genetic deletion of Atg7 in hepatocytes
results in cellular swelling and hepatomegaly. At the cellular level, autophagy
deficient neurons and hepatocytes display an accumulation in ubiquitin-positive
protein aggregates and deformed mitochondria, indicating basal autophagy is
critical for the clearance of cytosolic proteins and in maintaining proper organelle
turnover (Hara et al., 2006; Komatsu et al., 2006; Komatsu et al., 2005).

Exposure to a wide range of environmental stressors, such as, nutrient
deprivation, growth factor withdrawal, ischemia, and extracellular matrix
detachment, stimulates an increase in autophagy levels (Baehrecke, 2005;
Levine and Klionsky, 2004). The increase in autophagy that occurs in response
to environmental stress is regulated by signaling pathways that sense nutrient,
growth factor, and energy levels and converge on the mTORC1 complex, the
master regulator of cell growth. mTORC1 associates with and negatively
regulates the activity of the ULK1-Atg13-FIP200 complex, which is involved in the
earliest steps of autophagy induction (Jung et al.,, 2010). Thus, through
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MTORCL1 the major energy and growth sensing signaling pathways are linked to
the regulation of autophagy, the major catabolic process within the cell.
Numerous studies have revealed that inhibition of autophagy in cells
exposed to environmental stress results in reduced cell viability, highlighting its
importance as a major stress response pathway (Degenhardt et al., 2006; Lum et
al., 2005a; Onodera and Ohsumi, 2005). It is thought that the increase in
autophagy that occurs in response to environmental stress promotes short-term
cellular viability through the repurposing of autophagic degradation products into
metabolic pathways in the cell. In fact, the decreased viability of autophagy
deficient cells in response to stress can be partially rescued by the addition of
exogenous metabolites, suggesting autophagy may in fact boost metabolic
programs during times of stress (Lum et al., 2005a; Qu et al., 2007). Although
these results suggest the by-products from autophagic degradation are important
in supporting certain metabolic functions, there is no direct evidence this occurs
or knowledge of the specific metabolic pathways that are affected by alterations

in autophagy levels.

Role of autophagy during tumorigenesis
Autophagy and tumor suppression

Due to its critical role in maintaining cellular homeostasis and promoting
viability in response to stress it is not surprising that alterations in autophagy
have been associated with several human diseases, including cancer where it
has both tumor suppressive and tumor promoting functions (Chen and Debnath,
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2010). Autophagy was initially proposed to function as a tumor suppressor based
on genetic studies of BECN1, the mammalian orthologue of yeast ATG6. BECN1
is located in a tumor susceptibility locus that is monoallelically deleted in a high
percentage of human epithelial cancers (Aita et al.,, 1999; Liang et al., 1999).
Furthermore, mice lacking a single copy of Becnl (Becnl+/-) display increased
rates of spontaneous tumor development (Aita et al., 1999; Liang et al., 1999; Qu
et al., 2003; Yue et al., 2003). However, it was unclear from these initial studies
whether the enhanced rate of spontaneous tumorigenesis in Beclin+/- mice was
in fact the result of decreased autophagy as Beclin 1 also functions in a second
protein complex involved in endocytosis (Itakura et al., 2008). More recent
studies have confirmed a role for autophagy in tumor suppression through the
finding that mice with systemic mosaic deletion of Atg5 or hepatic-specific
deletion of Atg7 develop spontaneous liver tumors (Inami et al., 2011; Takamura
et al., 2011).

In addition, based on the findings that several oncogenes and tumor
suppressor genes have been shown to inhibit and activate autophagy,
respectively, it has been speculated that autophagy levels might be reduced in
tumor cells harboring these genetic lesions (Kondo et al., 2005). Specifically,
components of the class | PI3K signaling pathway have been shown to inhibit
autophagy and several tumor suppressors including PTEN, LKB1, and TSC1/2
have been shown to enhance autophagy (Arico et al., 2001; Kondo et al., 2005;
Petiot et al., 2000). All the major regulators described above are thought either
to restrict or enhance autophagy through their downstream effects on mTORC1
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activity. Although these pathways have been shown to influence tumor growth
and autophagy, there is no evidence that regulation of autophagy influences their
oncogenic or tumor suppressive functions.

Multiple mechanisms have been uncovered that explain autophagy’s
function in tumor suppression. A large body of work from Eileen White and
colleagues has indicated a role for autophagy in preventing genomic instability.
Beclin+/- and Atg5-/- cells display increased levels of DNA damage and genomic
instability following exposure to metabolic stress, and these cells display
enhanced tumorigenicity in immunodeficient mice (Karantza-Wadsworth et al.,
2007; Mathew et al., 2007). In support of a role for autophagy in maintaining
genome integrity, hepatic adenomas that arise in atg5 or atg7 deficient tumors
also stain positive for markers of genomic damage (Inami et al., 2011; Takamura
et al., 2011). These studies raise the hypothesis that a decreased rate of
autophagy could enhance DNA damage particularly in cells exposed to
environmental stress resulting in an increased mutation rate. One potential
mechanism contributing to the increase in DNA damage that occurs in autophagy
deficient cells is the accumulation of p62/SQSTM1, an autophagy specific
substrate. Overexpression of p62 in Beclin+/- or Atg5 deficient cells increases
the levels of reactive oxygen species, enhances genome damage, and results in
enhanced xenograft tumor growth (Mathew et al., 2009). Furthermore, the
genetic deletion of p62 in combination with Atg7 deletion in the liver reduces the

growth of liver adenomas (Takamura et al., 2011).



In addition to protecting cells against DNA damage, autophagy facilitates
oncogene-induced senescence suggesting an alternative mechanism of
autophagy-mediated tumor suppression. In response to oncogene-induced
senescence the transcription of several autophagy genes is enhanced and this
correlates with an increase in autophagy levels. Suppression of autophagy
through the RNAiI-mediated depletion of autophagy genes limits the induction of
senescence in response to acute oncogenic Ras activation and suppresses the

production of senescence-associated cytokines (Young et al., 2009).

Autophagy as a pro-tumorigenic factor

In contrast to the above described role for autophagy in tumor
suppression, growing evidence indicates autophagy may promote tumorigenesis
by supporting the viability of tumor cells that encounter environmental stress and
in response to chemotherapeutic treatments (Hippert et al., 2006). As a tumor
expands and outgrows its supporting vasculature, many cells within the tumor
are deprived of nutrients and oxygen. Enhanced levels of autophagy have been
observed in poorly vascularized tumor regions and loss of autophagy is
associated with increased levels of necrosis when apoptosis is inhibited
(Degenhardt et al., 2006). Furthermore, several studies indicate that autophagy
is activated and promotes cell survival in both normal and cancer cells in
response to glucose starvation and ischemia (Degenhardt et al., 2006; DiPaola et

al., 2008; Lum et al., 2005b).



In addition, our previous studies indicate a pro-survival function for
autophagy during extracellular matrix (ECM). We have shown that autophagy is
increased in cells detached from extracellular matrix and in cells located in the
luminal space of 3-dimensional acini, which lack contact with the basement
membrane (Debnath et al., 2002; Fung et al., 2008). Inhibiting autophagy
enhances apoptosis and increases the rate of luminal clearance indicating
autophagy protects cells from detachment-induced cell death (anoikis) (Frisch
and Francis, 1994; Fung et al.,, 2008). Since the ability to overcome anoikis is
viewed as a critical hurdle in tumor development, one can hypothesize that
detachment-induced autophagy enables the viability and fitness of tumor cells
deprived of contact with extracellular matrix.

Several chemotherapeutic agents have been shown to activate
autophagy, including tamoxifen, y-irradiation, and rapamycin and induction of
autophagy in response to chemotherapeutic treatment likely serves as an
adaptive response to aid tumor cell survival. Combined treatment of
chemotherapeutics and autophagy inhibitors (typically through administration of
chloroquine, a lysosomal inhibitor) has been tested in multiple tumor types and

often results in enhanced tumor cell death (Chen and Debnath, 2010).

Using constitutive Ras activation as system to uncover novel functions for
autophagy
The studies summarized above indicate tumor cells are able to enhance

and utilize the autophagic process to respond to environmental stress and
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chemotherapeutic agents. However, prior to the work presented here little was
known about the mechanisms mediating autophagy’s cell intrinsic pro-tumor
functions beyond its role in promoting cell survival in response to stress. In
particular it was unknown how autophagy, a critical homeostatic pathway
proposed to sustain core metabolic functions, contributes to oncogenic
transformation. We speculated that autophagy might have additional functions in
the context of a strong oncogenic insult as these mutations impose additional
cellular stress and coordinately alter diverse cellular programs that support
transformation and decided to examine this hypothesis in the context of
oncogenic Ras.

The Ras proteins are members of a family of small GTPases critical for
mediating cellular responses following activation by upstream extracellular
signals, such as growth factors. Oncogenic mutations in Ras, which result in
constitutive activation and loss in sensitivity to upstream cues, are found in
approximately 30% of human cancers and are highly prevalent in several
carcinomas, including lung, pancreas, and colon (Schubbert et al., 2007).
Notably, oncogenic Ras drives diverse cellular programs-proliferation, cell
survival, migration, invasion and alterations in differentiation-that support tumor
initiation as well as progression and metastasis.

Recent studies have begun to highlight the importance of the metabolic
switch to aerobic glycolysis (termed the “Warburg effect”) that takes place in
cancer cells as a critical driver of tumorigenesis (Vander Heiden et al., 2009).
Oncogenic Ras has been found to promote glycolysis through transcriptional
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alterations in multiple metabolic genes, and this switch to an enhanced glycolytic
phenotype is critical for its capacity to support growth and proliferation during
oncogenic transformation (Chiaradonna et al., 2006). Two proteins that mitigate
cell stress, Octl and Hsfl, have been demonstrated to facilitate tumorigenesis
through the enhancement of glucose metabolism (Dai et al., 2007; Shakya et al.,
2009). These studies broach important interconnections between stress
pathways and cancer cell metabolism. Surprisingly, although autophagy is
similarly viewed as a salvage mechanism that affords basic components to
sustain core metabolic functions during starvation or stress, the relationship
between autophagy and metabolism was previously unclear.

The studies described begin to address functions for autophagy during
tumor initiation and primary tumor development. However, few studies have
addressed a role for autophagy during tumor progression and mounting evidence
suggests a minimal level of autophagy is essential for metastasis. Loss of the
second allele of Becnl is not observed in mouse tumors, which strikingly
resembles the haploinsufficiency found in human patients (Qu et al., 2003). In
addition, although deletion of Atg7 or Atg5 in the liver results in spontaneous
tumorigenesis, the hepatic adenomas that arise fail to exhibit any invasive
behavior or distant metastasis (Inami et al., 2011; Takamura et al., 2011).
Furthermore, deletion of FIP200, a gene involved in the initial steps of
autophagosome induction, in a polyoma middle T (MMTV-PyMT) driven
transgenic breast cancer model suppresses lung metastasis raising the intriguing
possibility that autophagy impacts additional cell biological processes that
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influence the later stages of tumor progression (Wei et al., 2011). In addition to
supporting changes in metabolism, oncogenic Ras has been shown to drive
cellular programs, including invasion, migration and mesenchymal differentiation
that are associated with enhanced tumor progression and metastasis (Shin et al.,
2010; Thiery, 2003).

Here, we delineate a requirement for autophagy in facilitating diverse pro-
tumor functions downstream of oncogenic Ras. We find that in cells ectopically
expressing oncogenic H-Ras as well as human cancer cell lines harboring
endogenous K-Ras mutations, autophagy is induced following extracellular
matrix detachment. Inhibiting autophagy due to the genetic deletion or RNAI-
mediated depletion of multiple autophagy genes attenuates Ras-mediated
adhesion-independent transformation and proliferation, and also reduces
glycolytic capacity. Furthermore, in contrast to autophagy competent cells, both
proliferation and transformation in autophagy deficient cells expressing
oncogenic Ras are insensitive to reductions in glucose availability.

Using a three-dimensional culture system, we demonstrate that autophagy
inhibition restricts Ras-driven cell invasion and restores several aspects of
normal epithelial architecture, including the polarized deposition of basement
membrane and cell-cell junctional integrity. Autophagy inhibition in oncogenic
Ras expressing cells significantly diminishes in vitro cell motility and reverses
certain aspects of Ras-driven mesenchymal differentiation. We find that
autophagy facilitates the production of multiple secreted factors that promote cell
migration and invasion during oncogenic Ras transformation, including
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interleukin-6, matrix metalloproteinase 2 and Wnt5a. Overall, these results point
to a broader role for autophagy in supporting Ras-driven anchorage-independent
growth, glycolysis, and invasion suggesting unique mechanisms by which

autophagy may promote Ras-driven tumorigenesis.
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FIGURE LEGEND

Figure 1. Overview of the autophagic process.

The autophagic process begins with the formation of a double membrane
structure termed the “isolation membrane”. The autophagic membrane then
expands and eventually fuses resulting in the engulfment of cytosolic proteins
and organells. Autophagic vesicles then fuse with the lysosome where the
contents of the autophagosome and the inner membrane are degraded. The
expansion of the isolation membrane requires two ubiquitin-like conjugation

systems, which are highly conserved from yeast to humans.
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Chapter 1
Autophagy facilitates glycolysis during

Ras-mediated oncogenic transformation
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Oncogenic Ras does not suppress ECM detachment-induced autophagy.
Several studies demonstrate that constitutive activation of Ras suppresses
autophagy induction while others indicate that Ras/MAPK pathway activation can
enhance autophagy during nutrient starvation (Berry and Baehrecke, 2007,
Furuta et al., 2004; Pattingre et al., 2003). Given these paradoxical results, we
first sought to clarify how oncogenic Ras modulates autophagy upon loss of cell-
matrix contact, a cardinal stress during adhesion-independent transformation.
We generated stable pools of MCF10A human mammary epithelial cells

expressing oncogenic H-Ras (H-Ras"'*

) as well as control cells expressing an
empty vector (BABE) (Figure 2-1A, left). We then tested autophagy levels
following substratum detachment by plating cells on poly-HEMA coated plates to
prevent cell-matrix adhesion. As previously reported, in BABE control cells, we
observed an increase in the lysosomal turnover of phosphotidylethanolamine
(PE) lipidated LC3/ATG8 (LC3-1l), commonly termed autophagic flux, following
matrix detachment. (Figure 1A, right). (Fung et al., 2008). Furthermore, MCF10A
cells expressing H-Ras'*? displayed an increase in LC3-Il induction and
lysosomal turnover following matrix detachment. (Figure 2-1A, right). To further

V12 transformed MCF10A cells, we

verify autophagosome induction in H-Ras
stably expressed GFP-LC3 in H-Ras"*? and vector control cells, and assessed
autophagosome formation (punctate GFP-LC3) using fluorescence microscopy.
Following detachment, we observed robust induction of GFP-LC3 puncta in both
empty vector and RasV12 expressing MCF10A cells in comparison to attached

controls (Figure 2-1B). Because detached epithelial cells exhibit extensive
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clustering, we were unable to precisely enumerate puncta per cell; nonetheless,
we consistently observed similar levels of punctate GFP-LC3 in H-Ras'*
transformed MCF10A compared to BABE controls.

V12 on detachment-induced

We next evaluated the effects of H-Ras
autophagy in immortalized mouse embryonic fibroblasts (MEFs) (Figure 2-1C).
Remarkably, both H-Ras"*? and control fibroblasts exhibited a high baseline level
of LC3-Il when grown in attached conditions; upon suspension, LC3-Il levels

decreased dramatically in the H-Ras"*?

expressing MEFs and to a lesser extent,
in vector controls during suspension. Upon addition of E/P, LC3-Il levels
increased following detachment in both cell types, indicating that both control and
RasV12 fibroblasts exhibit LC3-II turnover during matrix detachment (Figure 2-
1C, center). To more conclusively validate these results, we assessed the
degradation of p62 (SQSTM), a scaffold protein specifically degraded by
autophagy, following detachment (Figure 2-1C, right). In both vector control and
H-Ras"*? transformed MEFs, we observed significantly reduced p62 levels
following 24h of suspension. In contrast, p62 levels remained elevated in both

control and H-Ras"*?

transformed atg5-/- MEFs, supporting that the degradation
of p62 during substratum detachment requires an intact autophagy pathway.

To extend these results, we evaluated detachment-induced autophagy in
epithelial cancer cell lines that naturally harbor oncogenic Ras mutations. In
three different carcinoma lines that possess activating KRas mutations, MDA-
MB-231 breast carcinoma cells, HCT116 colon carcinoma cells, and PANC-1

pancreatic carcinoma cells, both LC3-Il induction and turnover increased upon
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substratum detachment (Figure 2-1D). In parallel, we examined autophagosome
formation (GFP-LC3 puncta) following suspension. Similar to MCF 10A cells, all
three carcinoma cell lines displayed an increase in GFP-LC3 puncta following 24
h matrix detachment (Figure 2-1E). Altogether, our results support the robust
induction of autophagy in both epithelial and fibroblast cells expressing H-Ras"*?
as well as in cancer cell lines harboring activating KRas mutations following
matrix detachment; hence, Ras activation does not suppress autophagy during
ECM detachment.

We next assessed whether constitutive Ras activation was sufficient to
maintain activation of downstream signaling pathways following ECM
detachment. We first tested if oncogenic activation of Ras sustained activation of
the MAPK pathway by examining levels of phosphorylated ERK. Both MCF10A
cells and mouse fibroblasts (expressing empty vector) displayed a reduction in
phosphorylated ERK1/2 levels following 24h ECM detachment. In contrast, the

V12 transformed

phosphorylation of ERK1/2 remained elevated in both H-Ras
MCF10As and MEFs during ECM detachment (Figure 2-2A-B). ERK1/2
phosphorylation was similarly maintained in MDA-MB-231 cells and HCT 116;
remarkably, in PANC-1 cells ERK1/2 phosphorylation was increased in matrix-
detached cells when compared to attached controls. (Figure 2-2C).

Sustained activation of mTORC1, the archetypal negative regulator of
autophagy, has been proposed to mediate autophagy inhibition downstream of
oncogenic Ras (Furuta et al., 2004; Maiuri et al., 2009). Thus, we measured

mTORCL1 activation in H-Ras"*? transformed cells following ECM detachment by
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assessing the phosphorylation status of ribosomal protein S6, a downstream
MTOR target. Upon detachment, S6 phosphorylation decreased sharply in
control MCF10A cells, supporting reduced activation of the mTORCL1 pathway.

V12_transformed

Notably, S6 phosphorylation was partially decreased in H-Ras
cells following 24h suspension (Figure 2-2D). In fibroblasts, both control and H-
Ras''*transformed MCF10A cells demonstrated decreased levels of
phosphorylated S6 during suspension (Figure 2-2E). Similarly, in KRas mutant
cancer cells, S6 phosphorylation was reduced following ECM detachment (Figure
2-2F). Because we observed a partial decrease in S6 phosphorylation during

ECM detachment, particularly in H-Ras"*?

MCF10A cells, we treated suspended
cells with rapamycin to assess whether robust inhibition of mMTORC1 was able to
further enhance detachment-induced autophagy. Upon rapamycin treatment, we
were unable to detect S6 phosphorylation in H-Ras"'> MCF10A cells following
24h suspension; however, we did not observe any further increase in LC3-II
induction or turnover upon rapamycin treatment (Figure 2-2G). This result
supports that autophagy can be potently induced in H-Ras''? MCF10A cells

following extracellular matrix detachment without complete suppression of

MTORC1 activity.

Reduced H-Ras"'*? driven soft agar transformation in autophagy deficient
MEFs.

Because autophagy was robustly induced in Ras-transformed cells upon
loss of cell-matrix contact, we next interrogated the functional contribution of
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autophagy to H-Ras'*? driven anchorage-independent growth. For these
experiments, we initially tested how the genetic deletion of three critical
autophagy regulators, atg5, atg7, and atg3, individually influence anchorage-
independent transformation by oncogenic Ras. All three proteins are essential
components of the ubiquitin-like conjugation pathways that control the early step
of autophagosome formation; thus, the genetic deletion of any of these ATGs is
sufficient to completely inhibit autophagy (Komatsu et al., 2005; Kuma et al.,
2004; Ohsumi, 2001; Sou et al., 2008). We first compared the ability of atgs5+/+

and atg5-/- MEFs transformed with H-Ras"*?

to form colonies in soft agar. H-
Ras"'? transformed atg5-/- MEFs displayed an approximate 4-fold decrease in
colony formation compared to wild-type autophagy-competent controls (Figure 2-
3A); importantly, both atg5+/+ and atg5-/- cells expressed equivalent levels of H-
Ras"*? (Figure 2-1C, left).

To verify that these differences directly resulted from autophagy inhibition
upon ATGS5 deletion, we constituted atg5-/- cells with either wild-type mouse
ATG5 or ATG5 K130R, a lysine mutant unable to conjugate to ATG12 and
therefore unable to induce autophagy. Rescue of H-Ras"*? atg5-/- MEFs with
wild-type ATGS restored ATG5-ATG12 complex levels whereas expression of
ATG5 K130R did not (Figure 2-3B). This rescue of H-Ras"*? atg5-/- MEFs with
wild-type ATG5 restored autophagy induction, indicated by the production of
LC3-Il in attached conditions and following suspension. In contrast, both H-
Ras"'? atg5-/- MEFs, as well as those expressing ATG5 K130R, were unable to
induce autophagy during suspension (Figure 2-3B). Furthermore, the rescue of
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H-Ras"*? transformed atg5-/- MEFs with wild-type ATG5, but not ATG5 K130R,
was able to restore soft agar colony formation (Figure 2-3C), further supporting
that autophagy competence functionally contributes to Ras-driven transformation.

V12

Similarly, soft agar transformation mediated by H-Ras"“ was also abrogated in

atg7-/- and atg3-/- cells. Colony formation was reduced almost four-fold in H-
Ras"*? atg7-/- MEFs compared to wild-type controls (Figure 2-3D), and H-Ras"*?
atg3-/- MEFs displayed the most profound defect in soft agar colony formation,
almost 8 fold, compared to wild-type controls (Figure 2-3E). These results
support that the elimination of autophagy in mouse fibroblasts, achieved via the

genetic deletion of multiple ATGs, potently inhibits the transformation potential of

H-Ras"*?.

Reduced soft agar transformation upon ATG knockdown in Ras-
transformed epithelial cells.

We next determined if the acute reduction of autophagy in the context of
preexisting oncogenic Ras activation was similarly able to inhibit adhesion-
independent transformation. First, we stably expressed two independent shRNAs
against ATG7 (shATG7-1 and shATG7-2) as well as a hairpin directed against
ATG12 (shATG12-1) in MDA-MB-231 cells. Analysis of target protein levels by
western blot revealed high level knockdown of ATG7 with both shATG7-1 and 2
and reduction of the ATG5-ATG12 complex in ShATG12-1 expressing MDA-MB-
231 cells (Figure 2-4A). Of these three hairpins, shATG7-2 gave the most robust
reduction in autophagy; based on immunoblotting for LC3-Il (data not shown).
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MDA-MB-231 cells expressing this shRNA exhibited an approximately 50%
decrease in both basal and detachment-induced autophagy (Figure 2-4B).
Furthermore, the expression of all three of these shATGs in MDA-MB-231 cells
resulted in a significant decrease in soft agar colony formation, ranging from
approximately 50%-90% depending on the shRNA used (Figure 2-4C).

In parallel, we generated stable pools of H-Ras'** MCF10A cells
expressing shRNA against ATG7 (shATG7-2). These cells demonstrated potent
ATG7 knockdown and decreased LC3-1l in both attached and detached
conditions (Figure 2-4D). Colony formation in H-Ras'*> MCF10A cultures
expressing shATG7-2 was reduced by approximately 50% when compared to
ShCNT expressing cells (Figure 2-4E); suggesting ATG7 knockdown was

sufficient to partially suppress H-Ras"*

induced soft agar growth in MCF10A
cells. Hence, consistent with our data in ATG-deficient fibroblasts, epithelial cells
with oncogenic Ras displayed a reduction in soft agar colony formation following
RNAi-mediated knockdown of ATGs. Furthermore, it is important to note that
although we were able to achieve high levels of ATG knockdown, such
perturbations produced partial reductions in autophagic capacity, up to 50% of
control. Nonetheless, such levels of autophagy reduction resulted in robust

decreases in soft agar colony formation, pointing to a critical role for autophagy in

Ras-mediated anchorage-independent transformation.
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Effects of autophagy inhibition on detachment-induced apoptosis (anoikis)
in Ras-transformed cells.

Because our previous work indicates that detachment-induced autophagy
protects nontransformed MCF10A cells from anoikis, we hypothesized that
autophagy may similarly promote the survival of Ras-transformed cells deprived
of cell-matrix contact (Fung et al., 2008). To test this prediction, H-Ras"*? atg5+/+
and atg5-/- MEFs were either grown attached or suspended for 24-48h and
protein lysates were immunoblotted for cleaved caspase-3. Although previous
work indicates that fibroblasts do not undergo anoikis, we found that cleaved

V12

caspase-3 did indeed increase in H-Ras'*“ autophagy-competent fibroblasts

upon ECM detachment. Furthermore, compared to wild type controls, the levels

V12

of cleaved caspase-3 in H-Ras"*“ atg5-/- MEFs following suspension were

higher.  This corroborates that autophagy deficiency leads to increased

detachment-induced apoptosis in H-Ras"*?

-transformed cells (Figure 2-5A).
Based on these results, we interrogated if the ectopic expression of the
anti-apoptotic molecule Bcl-2 was sufficient to promote adhesion independent

V12

growth and survival in H-Ras'™ atg5-/- MEFs. To test this hypothesis, we

V12 atg5+/+ and atg5-/- MEFs stably expressing Bcl-2 (Figure 2-

generated H-Ras
5B). As Bcl-2 has previously been shown to suppress autophagy in certain cell
types via its interaction with Beclin 1, we determined the effects of Bcl-2
expression on detachment-induced autophagy in H-Ras'*?> MEFs, but did not
identify any significant effects on LC3-Il induction or turnover, or on p62

degradation during ECM detachment (Figure 2-5C) (Pattingre et al., 2005). In
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contrast, Bcl-2 potently reduced apoptosis in H-Ras"*?

-transformed atg5+/+ and
atg5-/- cells following matrix detachment, as indicated by immunoblotting for
cleaved caspase-3, (Figure 2-5D).

We next evaluated if Bcl-2 expression was sufficient to restore adhesion-
independent transformation in H-Ras"*? atg5-/- MEFs. However, we continued to
detect reduced levels of H-Ras"*? driven soft agar growth in Bcl-2-expressing
autophagy-deficient cells when compared to wild-type counterparts (Figure 2-

V12 transformed

5E). These results indicate that autophagy inhibition in H-Ras
cells can promote anoikis; however, protecting autophagy-deficient cells from
apoptosis is not sufficient to restore adhesion-independent transformation,
raising the possibility that autophagy facilitates Ras transformation via other

mechanisms.

Autophagy inhibition results in decreased proliferation of Ras-transformed
cells.
The aforementioned results motivated us to test the functional

V12 transformed cells.

contributions of autophagy to the proliferation of H-Ras
First, we tested the effects of ECM detachment on the proliferation capacity of
autophagy competent and deficient MEFs expressing either vector control
(BABE) or H-Ras"*?. Cells grown attached or in suspension for 48h were subject
to flow cytometric analysis for DNA content corresponding to the S+G2/M phases
of the cell cycle (Figure 2-6A). In vector control (BABE) wild-type MEFs, we

observed a decrease in the percentage of cycling cells (S+G2/M), from 67.3% +/-
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1.3% in attached conditions to 40.7% +/-3.5% after 48h of suspension (Figure 2-
6A, black bars). In contrast, 57.9% +/-1.5% of H-Ras''? transformed wild-type
(atg5+/+) cells remained in S+G2/M following 48h of suspension (Figure 2-6A,
white bars). Thus, H-Ras"*? transformed cells continue to proliferate upon loss of

cell-matrix contact. However, in H-Ras"*?

atg5-/- MEFs, incapable of autophagy,
the ability of H-Ras"*? to promote proliferation in the absence of cell-matrix
contact was attenuated, with only 47.3% +/-2.1% of cells remaining in cycle
following 48h of suspension (Figure 2-6A, light grey bars). Interestingly, we noted
that control (BABE) atg5-/- MEFs (dark grey bars) proliferated slightly better than
atgb+/+ cells during detachment; such results are consistent with previous
studies demonstrating that reduced autophagy due to Beclin/ATG6
haploinsufficiency or genetic deletion of Ambral can promote cell proliferation
(Fimia et al., 2007; Qu et al., 2003). Nevertheless, in the context of H-Ras"*?
expression, autophagy inhibition curtailed rather than enhanced proliferation
during ECM detachment.

To extend these results, we then measured if H-Ras"*?

transformed atg5-
/- cells displayed similar defects in proliferation in the absence of the stresses
imposed by substratum detachment. Thus, we grew the various cell types in
nutrient replete, attached conditions in which only basal levels of autophagy were
present. Upon enumerating cell numbers from cultures, we found that
nontransformed wild type and atg5-/- MEFs exhibited minimal differences in
proliferation (Figure 2-6B). In contrast, upon transformation with H-Ras''?,

autophagy-deficient cells failed to proliferate as well as controls (Figure 2-6C).
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Similarly, acute ATG7 knockdown in MDA-MB-231 cells led to a profound
decrease in proliferation compared to controls (Figure 2-6D). Overall, these
results indicate that autophagy induction is necessary for optimal cell proliferation

in H-Ras"*?

expressing cells following ECM detachment, and that oncogenic Ras
activation engenders an increased reliance on basal autophagy for cell

expansion in attached conditions.

Increased glucose metabolism in autophagy competent cells.

Due to the decreased proliferation observed in Ras-transformed cells
upon autophagy inhibition, we hypothesized that the difference in adhesion-
independent transformation we observed between Ras-transformed autophagy
competent and deficient cells may arise from changes in protein synthesis or in
cellular metabolism, two processes that directly impact the capacity for cell
growth and proliferation. Both nitrogen-starved, autophagy deficient yeast and
early ATG5S deficient embryos display a decrease in de novo protein translation
compared to wild-type controls (Onodera and Ohsumi, 2005; Tsukamoto et al.,
2008). Therefore, we speculated that H-Ras''? atg5-/- MEFs would exhibit

V12 wild-type MEFs in

diminished rates of protein synthesis compared to H-Ras
the absence of ECM contact. Although we observed decreased de novo protein
synthesis in empty vector (BABE) expressing atg5-/- MEFs compared to wild-
type following 24h detachment, only minor differences were present when we

V12

compared H-Ras" ™ expressing wild-type and atg5-/- MEFs (Figure 2-7A and B).
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Like many oncogenes, H-Ras"*?

enhances glycolysis, which is associated
with increased glucose uptake and lactate production; importantly, increased
aerobic glycolysis is required for Ras driven tumors to maintain energy
production and enhance biosynthetic pathways. Remarkably, we found that
glucose uptake, determined by uptake of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose (2-NBDG), was significantly reduced in empty vector
atgb-/- MEFs compared to atg5+/+ controls (Figure 2-8A). As expected, H-

Ras"!?

expression resulted in increased glucose uptake (Figure 2-9A). When we
compared glucose uptake between H-Ras"*? atg5+/+ and H-Ras"*? atg5-/- MEFs
over an 8h timecourse, we found reduced glucose uptake in H-Ras"** atg5-/-

MEFs compared to H-Ras"*?

atg5+/+ cells at all timepoints examined (Figure 2-
8B). We also observed a decreased level of glucose uptake in H-Ras"*? atg5-/-
MEFs following extracellular matrix detachment (Figure 2-9B). Enhanced
glucose uptake is often associated with an increase in glycolytic flux, resulting in
the enhanced production of lactate. Thus, to determine the glycolytic status of
autophagy-proficient and deficient cells, we used *C-NMR spectroscopy to
assess metabolic fluxes. Cells were labeled with [1-'*C]-glucose and de novo
lactate production was monitored. Despite reduced glucose uptake in atg5-/-
MEFs compared to atg5+/+ controls, there was no concomitant decrease in
lactate production in atg5-/- MEFs (Figure 2-8C). In fact, we observed equivalent
levels of both intracellular and extracellular lactate production by wild type and

V12

atg5-/- MEFs. However, upon H-Ras"™ transformation, both intracellular and

V12

extracellular [3-**C]-lactate production was decreased in H-Ras'*? transformed
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atgb-/- cells in comparison to atg5+/+ controls (Figure 2-8C). Furthermore,

compared to atg5+/+ controls, H-Ras"*?

atg5-/- MEFs exhibited decreased levels
of [3-*3C]-alanine, which is produced via the transamination of the glycolytic end
product pyruvate (Figure 2-9C).

Next, we evaluated if defects in glucose metabolism were present in MDA-
MB-231 cells upon ATG7 knockdown. Although glucose uptake was not
significantly reduced in ATG7 depleted cells (data not shown), they did exhibit a
significant decrease in the enzymatic activity of lactate dehydrogenase (LDH),
which is required for the conversion of pyruvate to lactate. Furthermore, LDH-A
protein levels were also decreased in ATG7 depleted MDA-MB-231 cells (Figure
2-9D). LDH-A levels were not altered in empty vector atg5-/- or H-Ras"*? atg5-/-
MEFs compared to wild-type controls (Figure 2-9E). Altogether, these results

implicate that reduced autophagy results in a concomitant decrease in glycolytic

capacity.

Autophagy competent cells exhibit increased sensitivity to diminished
glucose availability.

Because glycolysis was decreased in Ras-transformed, autophagy
deficient cells, we next sought to determine the effects of varying glucose
concentrations on autophagy competent versus deficient cells. We first assessed
if autophagy is stimulated in response to decreasing media glucose
concentrations, since previous studies support that autophagy is induced upon
glucose starvation or treatment with 2-deoxy-glucose (Aki et al., 2003; DiPaola et
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al., 2008). Although we observed a robust induction of autophagy following 9h of
complete glucose withdrawal, a similar increase in autophagy was not detected

in H-Ras"!?

expressing MEFs upon lowering glucose concentrations from the
standard 25mM to 5.5mM for up to 48h (Figure 2-10A).

Glycolytic cells typically display exquisite sensitivity to diminishing
concentrations of glucose; accordingly, we assessed how autophagy
competence versus deficiency impacted glucose consumption and proliferation in
H-Ras"*? expressing cells. First, we measured the consumption of glucose in H-

V12

Ras"™ atg5+/+ and atg5-/- cells grown over 2d in 5.5mM glucose; in accordance

with the results above, media glucose concentrations declined more precipitously

V12 V12

in H-Ras"“ wild-type MEF cultures compared to H-Ras" ™ atg5-/- cells (Figure 2-

10B). Furthermore, following 4d of culture in 5.5mM glucose, cell numbers in H-

RaSVlZ

wild-type cultures were reduced by 62.5% in comparison to those grown
in 25mM. In contrast, the expansion of H-Ras'*? atg5-/- cells was not as
profoundly attenuated by similar reductions in glucose concentration; these cells
only exhibited a 40.4% reduction in cell number when cultured in 5.5mM glucose

compared to 25mM glucose. This increased sensitivity of H-Ras'*?

atgbh+/+
MEFs to lower media glucose levels is in accordance with the increases in
glycolytic capacity and glucose uptake we observed in H-Ras'*? atg5+/+ MEFs
(Figure 2-10B). To corroborate these results, we performed parallel experiments
in MDA-MB-231 cells following acute ATG7 depletion. When grown in 2.8mM
glucose, cells expressing shATG7-2 consumed glucose at a lower rate than cells

expressing control ShRNA (shCNT) (Figure 2-10C). In addition, the expansion of
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shATG7-2 cells was not as sensitive to lower glucose concentrations as shCNT
cells (Figure 2-10C).

Based on these results, we hypothesized that declining glucose
concentrations would attenuate the rate of adhesion-independent transformation
of H-Ras"!*transformed autophagy competent cells, but have little effect on
autophagy-deficient counterparts. Accordingly, we observed a significant

reduction in soft agar colony formation in H-Ras'*?

atgb+/+ MEFs grown in
5.5mM glucose compared to those grown in 25mM glucose. In contrast,
adhesion-independent transformation in H-Ras'*? atg5-/- MEFs was not affected
by declining glucose concentrations. Remarkably, at the lower glucose
concentration (5.5mM), we observed comparable levels of soft agar colony

formation between H-Ras"!?

transformed autophagy-competent and deficient
cells (Figure 2-10D). These results support that the ability of autophagy to
promote adhesion independent transformation is highly dependent on glucose
levels, and point to a previously unrecognized role for autophagy competence in

facilitating glycolysis and proliferation during oncogenic Ras-mediated

transformation.
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FIGURE LEGENDS

Figure 2-1. Oncogenic Ras does not suppress ECM detachment-induced
autophagy.

(A) Left: Ras expression in MCF10A cells expressing empty vector (BABE) or H-
Ras"*?. Right: BABE and H-Ras"'> MCF10A cells were grown attached (A) or
suspended (susp) for the indicated times in the presence or absence of E64d
and pepstatin A (E/P), lysed, and subject to immunoblotting with antibodies
against LC3 and tubulin.

(B) GFP-LC3 puncta in MCF10A cells expressing empty vector (BABE) or H-
Ras"*?grown attached or suspended for 24h.

(C) Left: Ras expression in atgb+/+ (WT) and atg5-/- MEFs expressing empty

vector or H-Ras"*?

. Center: atgb+/+ (WT) MEFs expressing empty vector
(BABE) and H-Ras"*? were growth attached (A) or suspended (susp) for 24h in
the presence or absence of E64d and pepstatin A (E/P), lysed, and subject to
immunoblotting with antibodies against LC3 and tubulin. Right: atg5+/+ (WT) and

atg5-/- MEFs expressing H-Ras"*?

or empty vector (BABE) were grown attached
(A) or suspended (susp) for 24h, lysed, and subject to immunobloting with
antibodies against p62 and tubulin.

(D) MDA-MB-231, HCT 116 and PANC-1 cells were grown attached (A) or

suspended (susp) for 24h in the presence or absence of E64d and pepstatin A

(E/P) and subject to immunoblotting with antibodies against LC3 and tubulin. (E)
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GFP-LC3 puncta in MDA-MB-231, HCT 116 and PANC-1 cells that were grown

attached or detached for 24h. Bar, 25 mm.

Figure 2-2. Effects of ECM detachment on MAPK and mTORC1 signaling in
Ras transformed cells.

(A-C) Empty vector (BABE) and H-Ras"*? expressing MCF10A cells (A), atg5+/+
(WT) and atg5-/- MEFs (B), and K-Ras mutant carcinoma cell lines (C) were
grown attached (A) or suspended (susp) for the indicated times, and subject to
immunoblotting with antibodies against phosphorylated-ERK1+2 and total
ERK1+2 protein.

(D-F) Empty vector (BABE) and H-Ras"*? expressing MCF10A cells (D), atg5+/+
(WT) and atg5-/- MEFs (E), and K-Ras mutant carcinoma cell lines (F) were
grown attached (A) or suspended (susp) for the indicated times, and subject to
immunoblotting with antibodies against phosphorylated-S6 and total ribosomal
S6 protein.

(G) H-Ras"*?> MCF10A cells were grown attached (A) or suspended (susp) for
24h in the presence or absence of E64d and pepstatin A (E/P) and subject to
immunoblotting with antibodies against phosphorylated-S6, S6, LC3, and tubulin.

When indicated, cells were treated with 25nM rapamycin for 5h prior to harvest.
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Figure 2-3. Decreased anchorage-independent growth in autophagy
deficient MEFs expressing H-Ras"*%

(A) Soft agar colony formation in H-Ras"*?

expressing atg5+/+ (WT) and atg5-/-
MEFs.

(B) atg5-/- MEFs reconstituted with wild-type murine ATG5 or ATG5 K130R were
subject to immunoblotting with antibodies against ATG12 (to detect the ATG12-
ATG5 complex) and tubulin. As indicated, cells were grown attached (A) or
suspended for 24h (susp) in the presence or absence of E64d and pepstatin A
(E/P) and subject to immunoblotting with antibodies against LC3 and tubulin as a
loading control.

V12

(C) Soft agar colony formation in H-Ras" ™ expressing atg5-/- MEFs expressing

ATGS5 or ATG5K130R.

(D-E) Soft agar colony formation in H-Ras"*

expressing wild type (WT), atg7-/-,
and atg3-/- MEFs. Above results represent the mean+/-SEM from 3 or more

independent experiments. P-value was calculated using Student’s t-test.

Figure 2-4. Effects of ATG knockdown on adhesion independent
transformation in MDA-MB-231 cells and H-Ras"** MCF10A cells.

(A) MDA-MB-231 cells transduced with lentiviral vectors encoding shRNAs
against the indicated ATGs (ShATGs) were subject to immunoblotting with
antibodies against ATG7, ATG5 (to detect ATG12-ATG5 complex), and tubulin.
(B) MDA-MB-231 cells expressing shATG7-2 or shCNT were grown attached (A)
or suspended (susp) for the indicated times in the presence or absence of E64d

39



and pepstatin A (E/P) and subject to immunoblotting with antibodies against LC3
and tubulin.

(C) Representative images and quantification of soft agar colony formation in
MDA-MB-231 cells expressing the indicated shATGs.

(D) H-Ras'* MCF10A cells expressing shCNT or shATG7-2 were grown
attached (A) or suspended (susp) for the indicated times in the presence or
absence of E64d and pepstatin A (E/P) and subject to immunoblotting with
antibodies against ATG7, LC3, and tubulin.

(E) Representative images and quantification of soft agar colony formation in H-
Ras"'?> MCF10A cells expressing shCNT or shATG7-2. Above results represent
the mean+/-SEM from 3 or more independent experiments. P-value was

calculated using Student’s t-test.

Figure 2-5. Bcl-2 inhibition of apoptosis is not sufficient to restore
anchorage-independent growth in autophagy deficient cells.

(A) H-Ras"*? expressing atg5+/+ (WT) and atg5-/- MEFs were grown attached
(A) or suspended (susp) for the indicated times and subject to immunoblotting
with antibodies against cleaved capase-3 and tubulin.

(B) Bcl-2 expression levels in H-Ras"*? atg5+/+ (WT) and atg5-/- MEFs in the
presence or absence of stable ectopic expression of Bcl-2.

(C) The indicated cell types were grown attached (A) or suspended (susp) for
24h with or without E64d and pepstatin A (E/P) and subject to immunoblotting
with antibodies against LC3, p62 and tubulin.
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(D) The indicated cell types were grown attached (A) or suspended (susp) for
24h and subject to immunoblotting with antibodies against cleaved caspase-3,
and tubulin.

(E) Soft agar colony formation of H-Ras"*? atg5+/+ (WT) and atg5-/- MEFs stably
expressing BCL-2. Results represent the mean+/-SEM from 3 independent

experiments. P-value was calculated using Student’s t-test.

Figure 2-6. Reduced proliferation upon autophagy inhibition in H-Ras"*?
expressing MEFs and MDA-MB-231 cells.

(A) The indicated cell types were grown attached or subject to ECM detachment
for 48h and analyzed by flow cytometry to quantify the percent of cells with DNA
content corresponding to the S and G2/M (S+G2/M) phases of the cell cycle.
Results are the mean+/-SEM from 3 or more independent experiments.
Statistical significance was calculated using ANOVA.

(B) Proliferation curves of empty vector (BABE) atg5+/+ (WT) and atg5-/- MEFs
cultured in attached, nutrient-rich conditions.

(C) Proliferation curves of H-Ras"*?

expressing atgb5+/+ (WT) and atg5-/- MEFs in
attached, nutrient-rich conditions.

(D) Proliferation curves of MDA-MB-231 cells expressing ShCNT or shATG7-2 in
attached, nutrient-rich conditions. For (B-D), P-value was calculated at each

timepoint using Student’s t-test, with statistical significance indicated as follows: *

p<0.05; ** p<0.01.
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Figure 2-7. De novo protein synthesis following ECM detachment.

(A) Left: Empty vector (BABE) and H-Ras'*? expressing wild type and atg5-/-
MEFs were grown attached (A) or suspended (susp) for 24h and labeled using
TAMRA Click-IT Protein Analysis Detection Kit to detect newly translated
proteins. Right: Total protein levels from the same SDS-PAGE gel.

(B) Quantification of translated protein levels normalized to total protein (middle
column) and quantification of the decrease in protein synthesis following
suspension expressed as percent of translated protein relative to the attached
condition (right column). Results are representative of three independent

experiments.

Figure 2-8. Reduced glucose metabolism in autophagy deficient MEFs.

(A) Levels of glucose uptake (2-NBDG uptake, mean fluorescence intensity) in
empty vector (BABE) atg5+/+ (WT) and atg5-/- MEFs following 2.5h incubation.
Statistical significance was calculated using Student’s t-test.

(B) 2-NBDG uptake (mean fluorescence intensity) after 1h (left histogram) and

over an 8h timecourse (right graph) in H-Ras"*?

expressing atgb5+/+ (WT) and
atgb-/- MEFs. P-value was calculated at each timepoint using Student’s t-test,
with statistical significance indicated as follows: * p<0.05; ** p<0.01; **p<0.001.
(C) Levels of *C labeled intracellular lactate and extracellular lactate detected by
NMR following 24h of labeling with 1-*3*C-glucose. Results represent the mean+/-
SEM from 3 independent experiments. Statistical significance was calculated

using ANOVA.
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Figure 2-9: Reduced glucose metabolism in autophagy deficient cells.

(A) 2-NBDG uptake (mean fluorescence intensity) in empty vector (BABE) and
H-Ras"*? atg5+/+ (WT) MEFs following 2.5h incubation.

(B) 2-NBDG uptake (mean fluorescence intensity) in H-Ras'*? atg5+/+ (WT) and
H-Ras"*? atg5-/- MEFs following 7h suspension.

(C) Levels of *3C labeled intracellular alanine detected by NMR following 24h of
labeling with 1-*C-glucose.

(D) Left: Lactate dehydrogenase (LDH) activity levels in MDA-MB-231 cells
expressing shCNT or shATG7-2. Right: MDA-MB-231 cells were subject to
immunoblotting with antibodies against LDH-A and tubulin.

(E) Empty vector (BABE) and H-Ras''? expressing atg5+/+ (WT) and atg5-/-
MEFs were subject to immunoblotting with antibodies against LDH-A and tubulin.
Results represent the mean+/-SEM from 3 or more independent experiments.

For all panels, statistical significance was calculated using Student’s t-test.

Figure 2-10. The proliferation and transformation of autophagy competent
cells is more sensitive to diminished glucose availability than autophagy
deficient cells.

(A) H-Ras"*? expressing WT MEFs were cultured in media containing 25mM or
5.5mM glucose for 48h, or in the complete absence of glucose (OmM) for 9h.
E64d and pepstatin A (E/P) were added when indicated to measure autophagic
flux. Cells were lysed and subject to immunoblotting with antibodies against LC3,
p62, and tubulin as a loading control.
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(B) Left: Media glucose levels from cultures of H-Ras"*? atg5+/+ (WT) and atg5-/-
MEFs grown in 5.5mM glucose over 2d. Right: Relative percentage of viable cells
in 5.5mM glucose compared to 25mM glucose following 4d of culture.

(C) Left: Media glucose levels from cultures of MDA-MB-231 cells expressing
ShCNT or shATG7-2 grown in 2.8mM glucose over 2d. Right: Relative
percentage of viable cells grown in 2.8mM and 1.4mM glucose media compared
to 25mM glucose following 3d of growth.

(D) Soft agar colony formation of H-Ras"*2

expressing atg5+/+ (WT) and atg5-/-
MEFs in 25mM and 5.5mM glucose conditions. Results represent the mean+/-
SEM from 4 independent experiments. Statistical significance was calculated

using ANOVA.
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Figure 2-2
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Figure 2-3
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Figure 2-4
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Figure 2-5
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Figure 2-6
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Figure 2-7
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Figure 2-8
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Figure 2-9
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Figure 2-10
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Chapter 2
Autophagy supports cell invasion driven

by oncogenic Ras
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RNAi-mediated knockdown of critical autophagy genes (ATGs) suppresses
invasion driven by oncogenic Ras in 3D culture.

To elucidate how autophagy impacts the cellular behavior of Ras-
transformed epithelial cells, we utilized the established MCF10A 3D epithelial
culture system to interrogate how autophagy affects the growth and
morphogenesis of cells expressing oncogenic Ras (Debnath and Brugge, 2005).
We generated stable pools of MCF10A human mammary epithelial cells
expressing a control vector (BABE) or a mutationally active form of H-Ras (H-
Ras''?) that elicits high levels of anchorage independent oncogenic
transformation of MCF10A cells (Lock et al., 2011). When plated as single cells
on a laminin-rich ECM, control MCF10A cells clonally expand and undergo a
period of luminal apoptosis resulting in the formation of hollow, spherical acini
(Figure 3-2A) (Debnath et al., 2002; Petersen et al., 1992). In contrast, H-Ras"**
transformed cells produced grossly aberrant structures that were notable for the
formation of protrusions that invaded the surrounding extracellular matrix.

Individual H-Ras"*?

structures formed these invasive protrusions as early as 3-5
days, which rapidly migrated towards each other, ultimately producing
disorganized networks of cells intermingled with large cell clusters after 8 days of
growth in 3D culture (Figure 3-1A and B, left columns). The 3D morphology we
observed using H-Ras"*? MCF10A cells is similar to what has been reported

using oncogenic Ras expressing mouse mammary cells grown in a 3D collagen

matrix (Oft et al., 1996).
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To inhibit autophagy in this experimental system we stably expressed
unique short-hairpin RNAs (shRNA) against two autophagy genes (ATGs)—atg7
(shATG7-1 and shATG7-2) or atgl2 (shATG12) in MCF10A cells stably
expressing H-Ras"*?. Depending on the shATG utilized, these elicited a 50-90%
knockdown in protein levels (Figure 3-2B), which was associated with reduced
basal autophagy, as evidenced by decreased levels of PE-lipidated LC3 (LC3-11)
and increased accumulation of the p62/SQSTML1, a protein selectively degraded
by autophagy (Figure 3-2C). Moreover, compared to cells expressing a
nontargeting control ShRNA (shCNT), ATG knockdown cells exhibited decreased
LC3-1I turnover (autophagic flux) in response to nutrient starvation with Hank’s
buffered saline (Figure 3-2D).

Strikingly, when plated in 3D culture knockdown of either ATG7 or ATG12

in H-Ras"*?

expressing cells resulted in near complete reversal of the invasive
protrusions associated with oncogenic Ras activation. Rather, the majority of H-
Ras"'? shATG expressing structures remained as tightly compact spheres that
morphologically resembled non-Ras expressing structures even after 8 days of
growth (Figure 3-1A-B). This decrease in invasion following autophagy inhibition
was also observed upon stable knockdown of an additional autophagy gene,
atg3 (shATG3), as well as upon treatment with chloroquine or bafilomycin A, two
lysosomal inhibitors that block the late steps of autophagy (Figure 3-2E). In
addition, ATG knockdown cultures were notable for the presence of numerous
small cell clusters, suggesting that autophagy inhibition also suppressed the

V12

proliferative outgrowth of a subset of H-Ras *“ cells in 3D culture. In support,
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upon enumerating cells from 3D cultures derived from autophagy competent and
deficient H-Ras"*? cells on day 8, both ATG7 and ATG12 depleted cultures
exhibited reduced cell humbers compared to autophagy competent controls
(shCNT) (Cell numbers, mean+/- s.d., from 5 independent experiments: H-Ras"*?
ShCNT: 196,375+/-48,900; H-Ras'*® shATG7-1. 89,166+/-63,500; H-Ras"*?
ShATG7-2:  122,156+/-25,900; H-Ras'** shATG12: 162,263+/-44,800).
Nonetheless, over 8 days, a subset of larger spherical structures did manifest in

V12 ShCNT structures,

H-Ras"*? shATG cultures, but in stark contrast to H-Ras
these larger structures failed to exhibit protrusive behavior.

Remarkably, shATG7, which produced the highest level of autophagy
inhibition in H-Ras'? MCF10A cells as assessed by the accumulation of
p62/SQSTM1 (Figure 3-2C) elicited the largest decrease in cell number and most
profound reversion in protrusive behavior, intimating that the degree of
phenotypic reversion correlated with the extent of autophagy inhibition.

V12 cells did not

Importantly, stable knockdown of autophagy genes in H-Ras
affect Ras expression levels or activation associated phosphorylation of a major
downstream effector ERK, as observed in cells collected from 3D culture (Figure
3-2F). Thus, the morphological changes following ATG knockdown are not simply
due to the loss of Ras expression or activity; rather, these results point to an
important requirement for autophagy in supporting these phenotypes in the
context of oncogenic Ras activation.

The disruption of basement membrane integrity is a hallmark of carcinoma

invasion in vivo (Debnath and Brugge, 2005). To corroborate whether the
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protrusions we observed in H-Ras"?

-transformed 3D cultures represented
invasive behavior, we first evaluated basement membrane integrity by examining
the expression and localization of the basement membrane protein, laminin 5 in
H-Ras"*?-derived acini. Consistent with previous results, control non-transformed
(BABE) MCF10A acini displayed polarized deposition of laminin 5 onto the basal

V12 resulted

surface (Figure 3-3A, left panel). In contrast, the expression of H-Ras
in the mislocalization of laminin 5 to the cytosol, with no evidence of polarized
deposition at the cell-ECM interface. Notably, this aberrant cytosolic staining

V12 cultures.

pattern was especially prominent in the protrusions of H-Ras
Correlating with the decreased formation of invasive protrusions, ATG
knockdown resulted in the restoration of polarized laminin 5 secretion, and based
on this marker, we observed that most individual structures in ATG deficient H-

RaSVlZ

cultures were encompassed by an intact basement membrane (Figure 3-
3A). Hence, in addition to restricting the formation of invasive protrusions,
autophagy inhibition restores polarized basement membrane secretion that is

V12

absent in H-Ras'*“ shCNT structures.

To extend these results, we evaluated ECM proteolytic activity in control

and autophagy-deficient H-Ras"*?

cultures by assessing fluorescence emanating
from the proteolytic cleavage of dye-quenched collagen IV. In control non-
transformed acini (BABE), we observed a faint ring of fluorescence surrounding
each structure, corresponding to collagen-IV degradation resulting from the
normal outgrowth of acini during 3D morphogenesis. On the other hand, H-

Ras'*? shCNT-expressing structures exhibited high levels of fluorescence that
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extended well beyond the immediate vicinity of individual structures (Figure 3-
3B). Notably, streaks of fluorescence connecting adjacent structures were
frequently observed in H-Ras"*? shCNT cultures (Figure 3-3B), which resembled
the networks of invasive protrusions (Figure 3-1B). In contrast, H-Ras"*? shATG-
derived structures exhibited a ring-like collagen IV degradation pattern that was
restricted to the cell-ECM interface, similar to that observed in non-transformed
controls (Figure 3-3B). Thus, the absence of morphological protrusions in ATG

V12 cultures was associated with the restoration of basement

deficient H-Ras
membrane integrity as well as with reduced ECM proteolytic activity. Together
these findings indicate that intact autophagy is required for Ras-driven invasion in

3D culture.

ATG depletion in H-Ras“*? structures does not promote apoptosis or
proliferation arrest in 3D culture.
We next evaluated the effects of autophagy inhibition on cell death and

proliferation in H-Ras"*?

3D cultures. During normal MCF10A acinar
morphogenesis, autophagy inhibition results in the enhanced apoptosis of cells
occupying the luminal space (Fung et al.,, 2008). To test whether autophagy
deficiency similarly impacted apoptosis in H-Ras'*? structures, we
immunostained structures with an antibody against cleaved caspase-3. In
contrast to the robust luminal apoptosis observed in control acini (BABE), we
observed rare, isolated cleaved caspase-3 positive cells in H-Ras"*?> shCNT

structures consistent with the ability of oncogenic Ras to promote the survival of
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cells in 3D culture (Figure 3-4A). Remarkably, ATG knockdown did not enhance

V12

apoptosis in H-Ras " structures. In fact, similar to their autophagy competent

counterparts, only rare cleaved caspase-3 positive cells were observed in

autophagy deficient H-Ras"*?

structures (Figure 3-4A). To assess whether
autophagy inhibition potentially impacted non-apoptotic death processes, we also
stained day 8 3D cultures with ethidium bromide (EtBr), an intravital dye that is
incorporated into all dying cells. Whereas acini derived from non-transformed
(BABE) cells displayed a high levels of EtBr staining corresponding to luminal cell
death (Figure 3-5), H-Ras'*? structures displayed only occasional EtBr cells
scattered throughout the structures. Although ATG knockdown in H-Ras"*?
cultures resulted in spherical structures that lacked invasive protrusions, we did
not observe an increase in EtBr staining in these cultures (Figure 3-5). Thus, in
the context of oncogenic Ras activation in 3D culture, autophagy inhibition does
not enhance cell death.

We next evaluated the effects of autophagy inhibition on the proliferative
capacity of H-Ras"*? 3D structures by immunostaining acini with the proliferation
marker Ki67. On day 5, BABE, H-Ras"*? shCNT and H-Ras"*? shATG expressing
structures were all highly Ki67 positive (Figure 3-4B, top panels). By day 8, few
BABE structures remained Ki67 positive, indicating these acini had undergone
proliferative arrest as previously described (Muthuswamy et al., 2001). On the
other hand, H-Ras"*? cultures continued to exhibit high levels of Ki67 positive
cells. Interestingly, the spherical structures derived from ATG-deficient H-Ras"*?

cells also remained highly proliferative on day 8 (Figure 3-4B). At higher
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magnification, low levels of Ki67 positive cells were observed in BABE structures,
which were mostly present in the outer layer of cells that are in direct contact with
the ECM. In contrast, both autophagy competent (shCNT) and autophagy

depleted H-Ras"*?

structures displayed numerous Ki67 positive cells that were
located throughout the structures (Figure 3-4C). Overall these results indicate
that although autophagy deficiency potently restricts H-Ras"*? driven invasion, it
does not universally suppress the diverse oncogenic effects of H-Ras"*? in 3D

culture, including the ability of activated Ras to inhibit apoptosis and sustain

proliferation.

Autophagy supports the migration of epithelial cells expressing oncogenic
Ras.

As defects in invasive capacity are often associated with diminished cell
motility, we compared the rates of monolayer wound closure between autophagy
competent and deficient epithelial cells. Compared to shCNT cells, ATG
knockdown in H-Ras'® MCF10A cells resulted in an approximately 30%
decrease in wound closure at 6h following the initial wounding (Figure 3-6A).
Similar results were obtained using a transwell migration assay, which
demonstrated a 40-85% decrease in migration of ATG knockdown cells (Figure
3-6B). We further corroborated these results using MDA-MB-231 cells, a highly
migratory, K-Ras mutant breast cancer cell line. siRNA-mediated knockdown of
either ATG7 or ATG12 in MDA-MB-231 cells resulted in reduced LC3-1l formation
(Figure 3-6C) as well as a decrease in wound closure (Figure 3-6D). A similar
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decrease in MDA-MB-231 migration was also observed in the presence of the
lysosomal inhibitor bafilomycin A (Figure 3-6E). Therefore, in addition to
supporting invasion of H-Ras'*> MCF10A cells in 3D culture, autophagy
facilitates the migration of cells expressing oncogenic Ras in monolayer culture.

Altered differentiation of H-Ras"*?

MCF10A cells upon autophagy inhibition.

In addition to promoting invasion and migration, oncogenic Ras activation
has been shown to alter differentiation in epithelial cells by driving an epithelial-
mesenchymal transition (EMT; (Shin et al., 2010; Thiery, 2003), a process
associated with increased invasive and migratory capacity in vitro and with
metastatic capacity in vivo (Polyak and Weinberg, 2009). Therefore, we
evaluated how autophagy inhibition affects both gene and protein expression
changes associated with Ras-induced EMT. We isolated BABE, H-Ras"'? shCNT
and H-Ras"*? shATG7-1 expressing cells from day 8 3D cultures and determined
the expression of a panel of EMT associated genes by qPCR array. Relative to
BABE controls, H-Ras"*? structures displayed a significant decrease in the
expression of the epithelial markers KRT14 (keratin 14) and CDH1 (E-cadherin)
as well an increase in the expression of the mesenchymal markers, VIM
(vimentin), FN1 (fibronectin), and CDH2 (N-cadherin). Strikingly, ATG7

V12

knockdown in H-Ras structures resulted in a partial restoration in the

expression levels of the epithelial transcripts, KRT14 and CDH1, and a partial
decrease in the mesenchymal transcripts, VIM and FN1 compared to H-Ras"*
shCNT (Figure 3-7A and Figure 3-8A). In contrast, no change in the
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mesenchymal marker CDH2 was observed following shATG7-1 expression
(Figure 3-8A). To confirm these results, we examined the protein levels of these

V12

markers in H-Ras"™“ shCNT and shATG expressing cells following 8 days in 3D

culture. Expression of shATG7-1, as well as shATG7-2 and shATG12 in H-

RaSVlZ

cells, resulted in an increase in keratin 14 protein levels and a
corresponding decrease in vimentin levels compared to H-Ras"*? shCNT cells
isolated from 3D culture (Figure 3-7B). We also observed increased E-cadherin
protein levels and decreased fibronectin upon shATG7-1 expression; however,
these changes were not observed in ShATG7-2 or shATG12 cells (Figure 3-8B).
In accordance with the gPCR array data, N-cadherin protein levels in H-Ras"*?
structures were unchanged following ATG knockdown (Figure 3-8C).

During EMT, cells commonly lose the ability to form cell-cell junctions (Xu
et al., 2009). Therefore, we analyzed the effects of autophagy inhibition on

adherins junctions in H-Ras"*?

MCF10A 3D structures by immunostaining for b-
catenin. Normal MCF10A acini (BABE) displayed strong b-catenin staining at
cell-cell contacts, indicating intact adherens junctions, whereas the expression of
H-Ras"*? resulted in a near-complete loss of b-catenin junctional staining and
only isolated focal areas of junctional b-catenin staining were observed (Figure 3-

V12

7C, left panels). Upon ATG knockdown in H-Ras structures, both the

expression and junctional localization of b-catenin were significantly restored
(Figure 3-7C). Hence, ATG knockdown has multiple effects on H-Ras"*?
differentiation in 3D culture, most notably the suppression of vimentin, as well as

the restoration of keratin 14 expression and epithelial cell-cell contacts. Based on
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these results, we construe that autophagy contributes to the maintenance of

V12

mesenchymal differentiation in H-Ras" “-transformed epithelial cells in addition to

supporting Ras-driven invasion and migration.

Decreased production of IL-6 contributes to reduced invasion in autophagy
deficient H-Ras"*? cells.

Both cell migration and invasion require the secretion of multiple factors
that cooperate to promote motility and to degrade the surrounding ECM (Friedl
and Wolf, 2003; Scheel et al., 2011). To ascertain if the invasion defect following
autophagy inhibition was due to the impaired production of pro-migratory
secreted factors, we performed a co-culture assay of H-Ras"*? shATG7-1 cells
(stably co-expressing GFP for tracking purposes) with H-Ras'*?> shCNT cells.

Whereas H-Ras'!?

ShATG7-1-GFP cells cultured alone grew as spherical
structures with no evidence of invasive branches (Figure 3-9A, left panels), upon
co-culture with H-Ras''?> shCNT cells, H-Ras"*® shATG7-1-GFP structures
became dispersed and formed invasive protrusions (Figure 3-9A, right panels).

V12 ShCNT cells are

This result indicated that factors from neighboring H-Ras
sufficient to rescue in trans the invasion defect in H-Ras''? shATG7-1 cells,
suggesting autophagy knockdown alters the production of secreted factors that
promote invasion.

During Ras-induced senescence, ATG depletion inhibits IL-6 production
following acute oncogenic Ras activation in IMR90 fibroblasts indicating

autophagy supports the production of IL-6 in response to oncogenic Ras

65



activation (Young et al., 2009). Because IL-6 has been demonstrated to support
Ras-driven tumorigenesis, promote migration and invasion, as well drive
epithelial-mesnchymal transition (Ancrile et al., 2007; Leslie et al., 2010; Sullivan
et al., 2009), we tested whether IL-6 levels were altered in H-Ras"*? shATG 3D
cultures. We first examined IL-6 localization in 3D cultures on day 6, a timepoint
at which H-Ras"*? structures have formed invasive protrusions. Staining of
normal MCF10A structures (BABE) revealed a low level of IL-6 expression that
was concentrated at the basal surface of each structure. In contrast, H-Ras"*?
ShCNT structures displayed enhanced IL-6 staining that was most prominent in
the cells comprising invasive protrusions (Figure 3-9B). In H-Ras''? shATG
expressing acini, IL-6 staining was primarily restricted to cells to the basal
surface similar to non-transformed (BABE) acini (Figure 3-9B). Because of this
restricted IL-6 expression pattern observed in autophagy-deficient H-Ras"'*
structures, we hypothesized that the levels of secreted IL-6 may be reduced in
shATG expressing 3D cultures. In support, analysis of IL-6 levels in conditioned
media collected from 3D cultures by ELISA indicated IL-6 levels in H-Ras"*
SshATG expressing 3D cultures were significantly reduced in comparison to H-
Ras"'? shCNT cultures (Figure 3-9C). gPCR analysis of cells collected from 3D
culture revealed an increase (rather than decrease) in IL-6 transcript levels in H-

RaSVlZ

ShATG cells compared to autophagy competent (ShCNT) cells indicating
the decrease in IL-6 secretion was not due to reduced gene expression (Figure
3-9D). These results are consistent with previous findings in models of Ras-

induced senescence, which also demonstrated a decrease in IL-6 protein levels,
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but not transcripts, in autophagy deficient cells (Narita et al., 2011; Young et al.,
2009). Thus, in H-Ras"*? transformed cells grown in 3D culture, autophagy
facilitates the production of IL-6 by a post-transcriptional mechanism.

To ascertain the functional significance of these results, we tested whether
treatment with exogenous IL-6 was sufficient to restore invasion in H-Ras'*
ShATG expressing cells during 3D morphogenesis. Addition of recombinant IL-6
to 3D cultures of H-Ras''? shATG7 and shATG12 cells disrupted structure
integrity, resulting in large globular structures, and enhanced the formation of
invasive branches compared to their untreated counterparts (Figure 3-9E).
These results indicate that autophagy supports the production of IL-6 in H-Ras"*?
cells grown in 3D culture. Furthermore, the partial restoration in invasive capacity
of H-Ras"*? shATG structures following the addition of recombinant IL-6 suggests

that the decreased IL-6 production resulting from autophagy inhibition contributes

to the decrease in invasion.

Autophagy facilitates MMP-2 and WNT5A expression by H-Ras“*? cells in
3D culture.

In addition, we further analyzed the gPCR array data of EMT-associated
factors from the studies above and identified WNT5A and MMP2 as two secreted

factors that were upregulated in H-Ras"*?

cells, but potently suppressed upon
ATG7 knockdown. Further qPCR analysis of cells collected from 3D cultures
confirmed a 2-fold decrease in MMP2 and WNT5A expression following ATG
knockdown (Figure 3-10A and B). Because these secreted factors have been
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implicated in facilitating cell migration, invasion and mesenchymal differentiation,
we further evaluated whether the decrease in their expression following ATG
knockdown also contributed to the reduced invasive potential of H-Ras"*? shATG
cells. First, we utilized gelatin zymography to assess MMP2 activity in
conditioned media from 3D cultures. As expected, MMP2 activity was enhanced

V12

in H-Ras"* cells compared to non-transformed (BABE) controls, and upon ATG

knockdown in H-Ras'!?

cells, this activity was reduced (Figure 3-10C). In
addition, we found the increase in MMP-2 expression and secretion that occurs
following constitutive Ras activation is necessary for Ras-driven invasion as
addition of an MMP-2 inhibitor, Arp-100, was sufficient to inhibit the formation of
invasive protrusions in H-Ras"*? 3D cultures (Figure 3-10D). Furthermore, using
cells isolated from 3D culture, we found that the decrease in WNT5A expression
correlated with a slight decrease in Wnt5a protein levels in H-Ras"*? shATG cells
by immunoblot analysis on cells collected from 3D culture (Figure 3-10E).
Moreover, the addition of recombinant Wnt5a to H-Ras"*? shATG7-1 3D cultures
promoted the dissociation of cells within the structures and enhanced the
formation of invasive protrusions (Figure 3-10F). Overall, these data indicate that
autophagy supports the production of multiple secreted pro-migratory and

invasive factors in cells expressing oncogenic Ras, which contribute to Ras-

driven invasion in 3D culture.
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FIGURE LEGENDS

Figure 3-1. Autophagy is required for the elaboration of invasive
protrusions mediated by H-Ras"*?in 3D culture.

(A-B) H-Ras"* MCF10A cells stably expressing non-targeting control shRNA
(shCNT) or shRNAs against autophagy genes (shATGs) were cultured on
Matrigel for the indicated number of days. Representative phase contrast images

at the indicated magnifications are shown. Bar, 100mm.

Figure 3-2. ATG knockdown inhibits Ras-driven invasion in 3D culture.

(A) MCF10A cells expressing an empty vector control (BABE) were grown in 3D
culture and imaged at the indicated times by phase contrast microscopy. Bar,
100mm.

(B) MCF10A H-Ras"*? cells expressing shCNT or shATGs were lysed and
subject to immunoblot analysis with the indicated antibodies.

(C) MCF10A H-Ras'*? cells expressing shCNT or shATGs were grown in
monolayer (top) or 3D culture for 8 days (bottom), lysed, and subject to
immunoblotting with the indicated antibodies.

(D) H-Ras"*? shCNT or shATG expressing cells were grown in full media or
starved in HBSS in the presence or absence of E64d and pepstatin A (E/P).
Cells were lysed and subject to immunoblotting with antibodies against LC3 and

a-tubulin.
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(E) Top: MCF10A H-Ras"*? shCNT and shATG3 cells were grown in 3D culture
for 8 days. Bottom: MCF10A H-Ras"*? cells were grown untreated in 3D culture
or in the presence of 5mM chloroquine or 5nM bafilomycin A (Baf-A). Acini were
imaged by phase contrast microscopy. Bar, 100mm.

(F) BABE, H-Ras"*? shCNT, and H-Ras"*? shATG cells were grown in 3D culture
for 8 days. Cells were collected and lysed and the levels of Ras and phospho-
ERK1&2 were determined by immunoblot analysis.

2 cells restores basement

Figure 3-3. Autophagy inhibition in H-Ras'*
membrane integrity and restricts ECM proteolysis in 3D culture.

(A) H-Ras"'?* MCF10A cells expressing shCNT or shATGs were cultured in 3D
for 8 days. Structures were fixed and immunostained with antibodies against the
basement membrane protein laminin 5 (human specific), counterstained with
DAPI to detect nuclei, and imaged by confocal microscopy. Bar, 50mm.

(B) H-Ras"'> MCF10A cells were cultured on Matrigel containing 25mg/mL
fluorescein DQ-collagen IV for 5 days. Structures were fixed, counterstained with
phalloidin (to visualize F-actin) and DAPI (to detect cell nuclei) and imaged by

confocal microscopy. Green fluorescence represents areas of proteolytic

cleavage of the DQ-collagen present in the extracellular matrix. Bar, 50mm.
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Figure 3-4. Autophagy inhibition in MCF10A H-Ras"'? structures does not
promote apoptosis or proliferative arrest.

(A) H-Ras"*?* MCF10A cells expressing shCNT or shATGs were cultured in 3D
for 8 days, fixed, and immunostained with anti-cleaved caspase-3 to detect
apoptotic cells, counterstained with DAPI to detect nuclei, and imaged by
confocal microscopy. Bar, 50mm.

(B) H-Ras"*? MCF10A cells expressing shCNT or shATGs were grown in 3D for
either 5 or 8 days. Structures were fixed, and immunostained with anti-Ki67 and
imaged using wide-field fluorescence microscopy. Representative Ki-67 positive
structures and the corresponding phase contrast images are shown. Bar,
100mm.

(C) H-Ras"*?> MCF10A cells expressing shCNT or shATGs were cultured in 3D
for 8 days. Structures were fixed, stained with anti-Ki67 and DAPI and imaged by

confocal microscopy. Bar, 50mm.

Figure 3-5. Autophagy knockdown in H-Ras''? MCF10A cells does not
enhance cell death in 3D culture.

BABE, H-Ras"*? shCNT, and H-Ras"*? shATG cells were grown in 3D culture for
8 days. Cultures were stained with the intravital dye ethidium bromide (EtBr);
representative phase contrast and wide-field fluorescence images are shown.

Bar, 100mm.

73



Figure 3-6. ATG knockdown diminishes the motility of cells expressing
oncogenic Ras.

(A) Representative phase contrast images and quantification of wounding assay
on H-Ras'? MCF10A cells expressing ShCNT or shATGs. Confluent
monolayers were scratched and wound width was measured at O and 6 hours
after initial wounding to quantify the decrease in scratch width. Results are
expressed as the mean +/- s.d. (ShCNT n=16, shATG7-2 n=8, shATG12 n=14; p-
values determined by Student’s t-test). Bar, 200mm.

(B) Transwell migration of H-Ras'*®> MCF10A cells expressing shCNT or
shATGs. Twenty-four hours after plating, cells that migrated to the bottom of the
filter were stained with crystal violet. Results are expressed as the mean crystal
violet extracted from stained cells +/- s.d. (n=9; p-values determined by Student’s
t-test).

(C) Levels of ATG7, ATG5:12 complex, and LC3-1 and LC3-Il were determined
by immunoblot analysis in MDA-MB-231 cells transfected with SiICNT, SIATG7 or
SIATG12.

(D-E) Wounding assay of MDA-MB-231 cells expressing siATGs or in presence
of 10nM bafilomycin A. Graphs represent the mean decrease in scratch width at
10 hours or 9 hours after initial wounding, respectively +/- s.d. (SICNT n=16,
SIATG7 n=16, siATG12 n=10, Untreated and BafA n=6; p-values determined by

Student’s t-test)
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Figure 3-7. ATG depletion in H-Ras"? MCF10A cells alters differentiation
and restores cell-cell junctions in 3D culture.

(A) MCF10A cells expressing an empty vector (BABE, non-Ras expressing
control), H-Ras"*? shCNT or H-Ras"*? shATG7-1 cells were grown in 3D for 8
days, upon which cells were collected for RNA isolation. Levels of KRT14
(keratin 14) and VIM (vimentin) were determined using a qPCR array for EMT
genes. Graphs represent the expression levels relative to non-Ras (BABE) cells.
(B) Immunoblot analysis of protein levels of keratin 14 and vimentin in lysates
collected from day 8 3D cultures derived from BABE, H-Ras'*? shCNT and H-
Ras'"? shATG MCF10A cells.

(C) H-Ras"*?> MCF10A cells expressing shCNT or shATGs were cultured in 3D
for 8 days. Structures were fixed, immunostained with anti-b-catenin to detect
cell-cell junctions, counterstained with DAPI, and imaged by confocal
microscopy. Note that only isolated focal areas of junctional b-catenin staining

are detected in H-Ras"*?

ShCNT cultures, whereas robust b-catenin staining is
evident at cell-cell junctions throughout BABE and H-Ras"*? shATG cultures. Bar,

50mm.

Figure 3-8. ATG depletion in H-Ras"*? MCF10A alters differentiation.
(A) RNA was isolated from MCF10A non-Ras expressing (BABE), H-Ras'*
shCNT or H-Ras"*? shATG7-1 cells grown in 3D culture for 8 days. Expression

levels of CDH1 (E-cadherin), FN1 (Fibronectin), and CDH2 (N-cadherin) were
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determined using a gPCR array for EMT genes and graphs represent the
expression levels relative to BABE cells.

(B) Protein levels of E-cadherin were determined by immunoblot analysis in
BABE, H-Ras"*? shCNT and shATG7-1 cells collected from 3D culture on day 8.
(C) Protein levels of N-cadherin were determined by immunoblot analysis in
BABE and H-Ras"*? MCF10A cells expressing sShCNT or shATGs collected from

3D culture on day 8.

Figure 3-9. ATG knockdown in H-Ras"*? cells inhibits the production of pro-
invasive secreted factors, including interleukin 6 (IL6).

(A) MCF10A H-Ras"*? shATG7-1 cells co-expressing GFP were cultured for 8
days in 3D either alone (left) or together with H-Ras'*? shCNT cells co-
expressing an empty vector (BABE). Structures were imaged by phase contrast
and wide-field fluorescence microscopy or fixed, counterstained with anti-
phalloidin (to visualize F-actin) and DAPI and imaged by confocal microscopy.
Phase: Bar, 100mm. Confocal: Bar, 50 mm.

(B) H-Ras"** MCF10A cells expressing shCNT or shATGs were cultured in 3D
for 6 days. Structures were fixed and immunostained with anti-IL-6 antibody,
counterstained with DAPI and imaged by confocal microscopy. Bar, 50mm.

(C) Levels of IL-6 were determined by ELISA from conditioned media collected
over 18h on days 5-6 from 3D cultures of the indicated cell types. Results are

expressed as the mean +/- s.d. (n=3; p-values determined by ANOVA).
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(D) IL-6 expression levels from the indicated cell types grown in 3D culture for 8
days were determined by gPCR and normalized to an internal control GAPDH.
Results represent mean expression relative to BABE, +/- s.d. (n=3; p-value
determined by Student’s t-test). (E) H-Ras''? MCF10A shATG cells were grown
in 3D in the presence or absence of 200ng/mL recombinant human IL-6 for 7

days and imaged by phase contrast microscopy. Bar, 100mm.

Figure 3-10. Wnt5a and MMP2 are reduced following autophagy inhibition
in 3D culture.

(A-B) RNA was isolated from MCF10A BABE, H-Ras''* shCNT, and H-Ras"*?
ShATG cells cultured in 3D for 8 days. Expression levels of MMP2 and WNT5A
were determined by gPCR and normalized to an internal control GAPDH.
Results represent the mean expression levels relative to BABE +/- s.d. (MMP2,
n=4; WNT5A, n=3; p-values determined by Student’s t-test).

(C) Conditioned media was collected from MCF10A BABE, H-Ras"*? shCNT and
H-Ras"*? shATG MCF10A cells grown in 3D culture. Activity levels of MMP9 and
MMP2 in the conditioned media were determined by zymography.

(D) H-Ras"*? shCNT MCF10A cells were grown in the absence (top) or presence
(bottom) of 25mm Arp-100. Left: Structures were imaged on day 8 by phase
contrast microscopy. Right: Representative confocal images of structures
immunostained with anti-phospho-ERM to detect cell borders and counterstained

with DAPI. Bars, 100mm.
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(E) MCF10A Babe, H-Ras"*? shCNT, and H-RasV12 shATG cells were collected
from 3D culture on day 8, lysed, and protein levels of Wnt5a were determined by
immunoblot analysis. (F) MCF10A H-Ras"*? shATG7-1 cells were grown in 3D
for 8 days in the absence (top) or presence (bottom) of 500ng/mL Wnt5a. Left:
Structures were imaged on day 8 by phase contrast microscopy. Right:
Representative confocal images of structures immunostained with anti-phospho-

ERM to detect cell borders and counterstained with DAPI. Bars, 100mm.
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Figure 3-1
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Figure 3-2
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Figure 3-3
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Figure 3-4

A
H-Ras"'?
s BABE shCNT shATG7-1 shATG7-2 shATG12
o
® D
a=
ol
c —
on
E g- . . .
[\
Qo
o
8 H-Ras"'?
BABE shCNT shATG7-1 ShATG7-2 shATG12
(0]
[2]
©
=
o
>
)
a
a
(<]
N~
e
]
[2]
@
<
o
>
©
a
a
[s2]
N~
©
c H-Ras"'?

BABE shCNT shATG7-1 shATG7-2 shATG12

82

Ki67 (red)
DAPI (blue)




Figure 3-5
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Figure 3-6
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Figure 3-7
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Figure 3-8
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Figure 3-9
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Figure 3-10
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Discussion
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Autophagy facilitates glycolysis during Ras mediated oncogenic
transformation

Autophagy, a highly conserved and tightly regulated catabolic process, is
thought to have both pro-tumor and anti-tumor functions (Chen and Debnath,
2010). Several studies have elucidated mechanisms explaining tumor
suppressive roles for autophagy. However, less is known about the mechanisms
mediating autophagy’s pro-tumor functions beyond its role in promoting survival
in response to stress. In particular, it was previously unknown how autophagy, a
key pathway proposed to sustain core metabolic functions during starvation or
stress, contributes to oncogenic transformation. Our studies demonstrate that in
the context of a potent oncogene, mutationally active Ras, autophagy promotes
adhesion-independent transformation and facilitates glycolysis. The genetic
deletion or RNAi-mediated knockdown of autophagy genes (ATGS) causes a
potent decrease in anchorage-independent growth in soft agar, indicating that an
intact autophagy pathway is required for robust adhesion-independent
transformation by oncogenic Ras. Furthermore, autophagy inhibition during Ras
transformation results in reduced proliferation and decreased glucose
metabolism. The decreased rate of glycolysis observed in Ras-transformed
autophagy deficient cells correlates with decreased sensitivity to declining
glucose concentrations in comparison to autophagy competent counterparts,
both in terms of proliferation and adhesion-independent transformation.

In addition, our results indicate that constitutive Ras activation does not
suppress autophagy during ECM detachment. These data differ from previous
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reports in both Ras expressing cells in vitro as well as Drosophila development in
vivo (Berry and Baehrecke, 2007; Furuta et al., 2004), both of which demonstrate
that Ras activation suppresses autophagy. Ras-mediated suppression of
autophagy is proposed to arise secondary to the constitutive activation of the
PIBK/mTOR pathway, a negative regulator of autophagy induction. However,
upon ECM detachment of several KRas mutant cancer lines, ribosomal protein
S6 phosphorylation, an established readout of mMTORC1 activity, is rapidly
decreased, indicating that Ras is unable to sustain mMTORCL1 activation in cells
deprived of matrix contact. Furthermore, detached MEFs expressing H-Ras"*
exhibit decreased S6 phosphorylation comparable to non-transformed controls.
On the other hand, in H-Ras"*? transformed MCF10A cells, S6 phosphorylation is
only slightly reduced following matrix detachment compared to nontransformed
counterparts. Interestingly, although we were able to completely inhibit mMTORC1
activity by treating H-Ras"'> MCF10A cells with rapamycin during suspension,
this did not further augment autophagy. This result indicates the enhanced level

V12

of MTORCL1 activity that persists in H-Ras*~ MCF10A cells following detachment

is not sufficient to suppress autophagy induction. From these results, we

speculate that a partial reduction in mTORC1 activity in H-Ras"'*

expressing
MCF10A cells may be sufficient to promote detachment-induced autophagy.
Alternatively, other mTORC1-independent pathways may promote autophagy in
detached cells expressing oncogenic Ras. Importantly, our results indicate that
oncogenic Ras activation does not inhibit detachment-induced autophagy in

mammalian cells.
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In addition to confirming that autophagy can be enhanced in the presence
of constitutively active Ras, two other groups report enhanced levels of basal
autophagy in MCF10A cells or immortalized mouse kidney cells following
expression of oncogenic Ras compared to non-Ras expressing controls (Guo et
al., 2011; Kim et al., 2011). In MCF10A cells the expression of mutant K-Ras
enhances reactive oxygen species and JNK signaling culminating in increased
transcription of autophagy genes indicating a potential mechanism through which
Ras upregulates basal autophagy (Kim et al., 2011). Although we did not
carefully compare basal autophagy levels between non-Ras and Ras-expressing
cells in our studies, our observations support these findings. We have observed

V12

increased levels of GFP-LC3 puncta in normal growth condition in H-Ras"* cells

compared to controls (unpublished observations) and expression of H-Ras"*? in
mouse embryonic fibroblasts results in a slight decrease in basal p62 levels
(Figure 2-1C).

We demonstrate that autophagy is required for robust Ras-driven
transformation; cells deleted or depleted of multiple independent ATGs all exhibit
decreased anchorage-independent transformation in soft agar. Our results have
been corroborated by recent studies from three separate groups demonstrating
that autophagy inhibition in MCF10A cells and immortalized kidney epithelial cells
expressing activated Ras, or in pancreatic ductal adenocarcinoma cells lines

(which have endogenous KRas mutations) results in decreased colony formation

and decreased xenograft growth in immunodeficient mice (Guo et al., 2011; Kim
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et al., 2011; Yang et al., 2011). Taken together, these results reveal a critical
function for autophagy in supporting Ras-driven transformation.

Based on our previous findings that autophagy inhibition promotes
extracellular matrix detachment mediated apoptosis (termed anoikis), we initially
predicted that decreased Ras-mediated transformation in autophagy deficient
cells was due to increased levels of anoikis (Fung et al., 2008). Although

apoptosis was increased in H-Ras"'*

autophagy deficient cells following matrix
detachment and could be inhibited by BCL-2 overexpression, inhibiting apoptosis
by overexpressing BCL-2 was not sufficient to rescue defects in adhesion-
independent transformation. Thus, the ability of autophagy to facilitate Ras
transformation cannot be completely explained by its capacity to protect cells
from apoptosis during ECM detachment.

These studies point to a previously unrecognized tumor-promoting
function for autophagy that manifests during oncogenic Ras transformation. For
example, upon matrix detachment, increased numbers of Atg5-/- cells continue to
proliferate compared to Atg5+/+ controls. In fact, the enhanced proliferation of
autophagy deficient cells has been proposed as a potential mechanism by which
autophagy might exert tumor suppressive effects (Fimia et al., 2007; Qu et al.,
2003). However, unlike non-transformed autophagy-deficient cells, Atg5 genetic

V12 transformed

deletion impedes, rather than enhances, the ability of H-Ras
MEFs to proliferate during ECM detachment. Similarly, when cultured in attached
nutrient-rich conditions, Ras-transformed Atg5-/- cells exhibit a marked decrease
in proliferation compared to their autophagy-competent counterparts. In addition,
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we have also found that MCF10A cells expressing H-Ras'*

occasionally
undergo growth arrest or cell death following lentiviral-driven introduction of
ShRNAs against ATGs. In contrast, nontransformed cells consistently remain
viable and continue to proliferate upon ATG knockdown (data not shown). Based
on these results we conclude that autophagy competence is required for cells to
proliferate and expand specifically in the context of constitutive Ras activation.
Increasing evidence indicates that stress response pathways play diverse,
multifaceted roles that contribute to oncogenic transformation. For example, heat
shock protein 1 (HSP1), an important mediator of the heat shock response, has
been implicated as an important facilitator of Ras transformation, which
correlates with its ability to modulate both proliferative capacity and glucose
metabolism (Dai et al., 2007). Here, we demonstrate that autophagy similarly
supports increased glucose metabolism, suggesting a previously unrecognized
mechanism by which autophagy may contribute to tumorigenesis. H-Ras"'*
transformed, autophagy competent MEFs display enhanced glucose uptake
compared to their autophagy deficient counterparts. In addition, using **C-NMR
analysis of glucose metabolism, we observe augmented glycolytic flux in H-

RaSVlZ

expressing autophagy competent cells as evidenced by increased
production of lactate and alanine from glucose. Notably, we have also observed
reduced glucose uptake in nontransformed, autophagy deficient cells, but unlike
H-Ras"*?-transformed cells, these reductions do not correlate with significant
changes in lactate production or in monolayer proliferation. Increased glycolysis

in tumors, first observed by Otto Warburg, is crucial to support both the increased
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energy and synthetic demands required for high rates of proliferation. This
metabolic shift in tumor cells is coordinated by upregulating critical components
of glycolysis resulting in enhanced glucose uptake and lactate production even in
the presence of ample oxygen (Vander Heiden et al., 2009). It is currently
unclear whether reduced autophagy specifically elicits changes in glucose
metabolism or causes more global metabolic shifts during Ras transformation.
We are presently evaluating whether and how other metabolic pathways are
affected by the loss or reduction of autophagy.

Although glucose withdrawal and energy depletion have been found to be
potent activators of autophagy as a survival response, we have unexpectedly
found that the reduction or elimination of autophagy competence can actually
reduce glycolytic capacity in a Ras-transformed cell. Hence, we speculate that
autophagy may promote oncogenic Ras-driven tumor growth in specific
metabolic microenvironments. In support of this hypothesis, decreasing glucose

V12

concentrations inhibit soft agar colony formation in H-Ras"*“ expressing wild-type

cells to levels approaching that of H-Ras"*2

autophagy deficient cells. In contrast,
both the proliferation and adhesion independent transformation of autophagy
deficient cells is relatively insensitive to reductions in glucose availability.

These data indicate autophagy possess additional pro-tumorigenic
functions beyond its established role in supporting the survival of tumor cells
exposed to harsh environments. While increased autophagy levels are likely to
sustain the viability of tumor cells lacking access to nutrients and oxygen, we

propose that basal autophagy supports the rapid proliferation of all cells within
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the tumor, in part by enhancing glycolytic capacity (Figure 4). In addition to
glycolysis, autophagy may impact other metabolic pathways. For example, in
Ras-transformed kidney epithelial cells and pancreatic ductal adenocarcinoma
cells the loss of autophagy is associated with reduced oxygen consumption and
decreased levels of tricarboxylic acid (TCA) cycle intermediates (Guo et al.,
2011; Yang et al., 2011). Nonetheless, how autophagy deficiency alters
glycolysis, either directly or indirectly, remains an important question for future
investigation. Another important area is delineating how autophagy generally
impacts metabolism in cells expressing other oncogenes, such as Myc and
activated PI3K, which also elicit metabolic changes that support the transformed

phenotype.

Autophagy supports oncogenic Ras-driven invasion, migration and
mesenchymal differentiation

Previous studies demonstrate a critical role for autophagy in suppressing
tumor initiation and in promoting the growth and survival of tumor cells. However,
little is known about how autophagy influences cell biological processes that
support tumor cell invasion and metastasis. Using a 3D culture system, we
demonstrate that inhibition of autophagy in H-Ras"** MCF10A cells restricts the
formation of invasive protrusions, restores the polarized secretion of basement
membrane proteins, and attenuates ECM proteolysis. Furthermore, upon ATG
depletion in H-Ras'*?> MCF10A cells and MDA-MB-231 cells, a K-Ras mutant
breast cancer cell line, we observe significantly decreased cell motility. In
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V12 cells elicits the coordinate

addition, we find that autophagy inhibition in H-Ras
reduction of multiple molecules that favor invasion. These include a decrease in
the production of the pro-migratory cytokine IL-6 via a post-transcriptional
mechanism, as well as the diminished transcription of additional pro-invasive
factors, including MMP2 and Wnt5a.

Although we find that autophagy inhibition is sufficient to suppress
invasion in 3D culture, it does not completely restore the formation of normal
acini. Rather, the oncogenic activation of Ras continues to disrupt fundamental
aspects of 3D morphogenesis even in autophagy deficient cells. Autophagy

inhibition does not alter the ability of H-Ras'*

to suppress apoptosis in 3D
culture. Whereas the cells occupying the lumen of normal MCF10A acini readily
undergo apoptosis due to the lack of ECM contact, we demonstrate here that H-

V12

Ras"™ expression potently suppresses cell death, resulting in only occasional

V12 structures do

apoptotic cells in these structures. Similarly, ATG deficient H-Ras
not exhibit luminal apoptosis or evidence of hollow lumen formation, despite the
restoration of a grossly spheroidal morphology and the deposition of a polarized
basement membrane. Thus, in contrast to normal MCF10A acini, where
autophagy protects ECM-detached cells from Iuminal apoptosis, Ras-
transformed cells lacking direct ECM contact are able to survive even upon
inhibiting autophagy in 3D culture (Fung et al.,, 2008). Moreover, autophagy
inhibition does not elicit a global proliferative arrest in H-Ras'** 3D cultures.
Interestingly, ATG depletion induces two distinct phenotypes of 3D structures:

smaller cell clusters that exhibit low levels of proliferation and larger spherical
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outgrowths that remain highly proliferative over extended periods in 3D culture.
Similar dichotomous effects on proliferation have previously been described in
studies of Notch pathway activation in MCF10A 3D culture (Mazzone et al.,
2010). Despite increased Ki-67 activity and the absence of apoptosis, these
large, proliferative structures display no evidence of invasive protrusions. Hence,
we conclude that decreased invasion due to autophagy inhibition represents a
distinct phenotype in 3D culture.

Cell invasion requires the production and directed secretion of factors that
stimulate migration and degrade the surrounding ECM (Friedl and Wolf, 2003).

Upon co-culture of autophagy depleted H-Ras'*?

cells with their autophagy
competent counterparts, the ability of autophagy deficient cells to form invasive
protrusions in 3D culture is restored, suggesting that autophagy is required for
the efficient production of secreted factors that promote invasion and migration of
H-Ras"*? cells. In support, we observed a decrease in multiple pro-migratory
factors, including IL-6, an inflammatory cytokine known to promote cell migration
and invasion in a variety of cell types (Leslie et al., 2010; Sullivan et al., 2009;
Tang et al., 2011). Importantly, upon addition of recombinant IL-6, we were able
to significantly restore the formation of invasive protrusions in H-Ras"*? shATG
3D cultures, indicating that depletion of this cytokine following ATG knockdown is
an important mediator of the reduction in invasive capacity. However, as this

rescue is still partial, we speculate that autophagy facilitates the production of

additional unidentified secreted factors that promote invasion.
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Whereas IL-6 transcript levels are slightly increased following autophagy

V12 cells, the secreted levels of IL-6 in 3D culture are

knockdown in H-Ras
significantly reduced, indicating that autophagy is required for robust IL-6
production through a post-transcriptional mechanism. These results are
strikingly reminiscent of recent work demonstrating that autophagy is required for
the production of cytokines during Ras-induced senescence in fibroblasts.
Remarkably, in this model, autophagy inhibition has no effect on IL-6 transcript
levels, but elicits a reduction in IL-6 intracellular protein levels (Young et al.,
2009). Although it remains unclear how autophagy precisely contributes to the
post-transcriptional production of IL-6, our immunofluorescence analysis
indicates a marked absence of cells expressing high levels of IL-6 protein upon
ATG knockdown, suggesting that autophagy may contribute to the translation or

V12 cells.

stability of IL-6 protein in H-Ras

In addition to IL-6 production, we demonstrate that autophagy also
promotes the expression of Wnt5a, a growth factor that positively influences cell
migration and invasion, as well as MMP2, a matrix metalloprotease that
promotes ECM degradation. Interestingly, in contrast to IL-6, ATG knockdown in
H-Ras"*? cells is associated with reduced transcription of WNT5A and MMP2.
Although these findings do not rule out an additional contribution for autophagy in
regulating translation and secretion of these molecules, we speculate that these
transcriptional effects on WNT5A and MMP2 expression are likely an indirect
consequence of autophagy inhibition. Nevertheless, several lines of evidence

indicate that the autophagy-dependent production of both Wnt5a and MMP2 are
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V12

important contributors to invasion driven by H-Ras"* in 3D culture. First, the

V12 cells in 3D

addition of recombinant Wnt5a to autophagy deficient H-Ras
culture promotes the dissociation of cells within structures and enhances the
formation of invasive branches. Second, treatment with a pharmacological MMP-
2 inhibitor is sufficient to inhibit Ras-driven invasion in 3D culture. Lastly, the

V12 ShATG conditioned media

decrease in MMP2 activity found in H-Ras
correlates with a more restricted ECM degradation pattern in 3D culture, as
delineated by attenuated fluorescence emanating from the proteolytic cleavage
of dye-quenched collagen IV.

In addition to facilitating Ras-induced invasion, we find that intact
autophagy is required for certain molecular features of Ras-driven mesenchymal
differentiation. Previous studies indicate that oncogenic Ras activation is a potent
inducer of epithelial-mesenchymal transition (EMT), which we corroborate here in
H-Ras"** MCF10A 3D cultures. Interestingly, ATG knockdown in H-Ras"*? cells
restores keratin 14 levels, while concomitantly reducing vimentin levels,
suggesting that autophagy inhibition suppresses mesenchymal differentiation in
Ras-transformed cells. Nonetheless, broad-based changes across all EMT genes
are not observed. For example, no changes in the mesenchymal marker CDH2
(N-cadherin) were found in ATG knockdown cells. Based on these results, we
conclude that autophagy deficiency is not sufficient to completely reverse a Ras-
induced EMT. However, it is important to recognize that the partial effects we
have observed may arise from the fact that we only partly reduce, rather than
completely inhibit autophagy in ATG knockdown cells. How autophagy inhibition
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V12 transformed cells remains an

alters the differentiation status of H-Ras
important topic for future study. Intriguingly, in a recent study focusing on the
mechanisms that govern EMT, multiple secreted factors were found to
collaborate to induce a mesenchymal state in immortalized human mammary
epithelial cells. Specifically, Wnt5a was identified as a key secreted factor critical
for mesenchymal differentiation (Scheel et al., 2011). Accordingly, one can
speculate that the reversion to a more epithelial state following autophagy
inhibition may partly arise from decreased Wnt5a production and subsequent
downstream signaling necessary to maintain the mesenchymal state. An
additional implication of these finding is that autophagy may support the
maintenance or function of cancer stem cells as the EMT program has been
associated with the generation and maintenance of cancer stem cells (Mani et
al., 2008; Polyak and Weinberg, 2009).

To date, research examining how autophagy contributes to cancer
development has been focused on tumor initiation and expansion of the primary
tumor. However, less is understood about how autophagy impacts the later
stages of tumorigenesis. Recently, the deletion of FIP200, a gene involved in the
early steps of autophagosome induction, was demonstrated to dramatically
reduce the development of lung metastases in the MMTV-PyMT genetic mouse
model of breast cancer (Wei et al., 2011). Our findings here demonstrate a
unique requirement for autophagy during Ras transformation in facilitating cell
migration, invasion and mesenchymal differentiation. Because these properties
have long been associated with tumor dissemination and metastasis, an
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important outstanding question is whether and how autophagy supports these

novel tumor-promoting functions during carcinoma progression in vivo.
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FIGURE LEGEND

Figure 4. Potential pro-tumor functions for autophagy in mutant Ras
tumors.

Tumor cells attached to the basement membrane and with ample supply of
nutrients and oxygen rely on basal autophagy to support metabolism and
promote rapid proliferation (left). When tumor cells lack access to nutrients,
oxygen, or basement membrane contact autophagy levels are increased to

promote survival (right).
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