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Abstract 
Tissue homeostasis is controlled by the availability of growth factors, which 

sustain exogenous nutrient uptake and prevent apoptosis.  Cancer cells, however, 

can express constitutively active oncogenic kinases such as BCR-Abl that promote 

these processes independent of extrinsic growth factors.  When cells are deprived 

sufficient growth signals or when oncogenic kinases are inhibited, glucose 

metabolism decreases and cells activate the self-digestive process of autophagy, 

which clears damaged organelles and provides degradation products as an 

alternate fuel to support mitochondrial metabolism.  Importantly, loss of growth 

signals can also lead to apoptosis mediated through Bcl-2 family proteins, and Bcl-

2 has been reported to interfere with autophagy, potentially disrupting a key 

nutrient source just as glucose uptake becomes limiting.  Since autophagy may 

support survival or lead to death depending on context, the role of this pathway in 

apoptosis-competent growth factor deprived cells remains unclear. 

In this thesis, I examine the interactions of autophagy with Bcl-2 family 

proteins and apoptosis upon inhibition of growth signals in hematopoietic cells.  In 

contrast to other studies, I found autophagy was rapidly induced in growth factor 

deprived cells regardless of Bcl-2 or Bcl-xL expression, and this led to increased 

production of fatty acids and amino acids for metabolism.  While these data 

suggested autophagy may play a key role to support metabolism of growth factor 

deprived cells, provision of exogenous pyruvate or lipids as alternate fuel had little 

affect on cell survival.  Instead, I found that autophagy modulated cell stress 
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pathways and Bcl-2 family protein expression in a context specific fashion to 

impact cell fate. 

My results show that autophagy’s effect on cell survival is dependent on its 

level of induction within a cell.  I observed that partial suppression of autophagy 

protects cells from stress and induction of pro-apoptotic Bcl-2 family expression, 

while complete inhibition of autophagy enhances stress and is pro-apoptotic.  In 

experiments using shRNAi to partially suppress autophagy, I found increased 

survival upon growth factor deprivation in several different types of cells 

expressing anti-apoptotic Bcl-2 or Bcl-xL, indicating that autophagy promoted cell 

death in these instances.  Cell death was not autophagic, but apoptotic, and relied 

on direct Chop-dependent transcriptional induction of the pro-apoptotic Bcl-2 

family protein Bim.  In contrast, complete acute disruption of autophagy through 

conditional Cre-mediated excision of the autophagy-essential gene Atg3 led to p53 

phosphorylation, upregulation of p21 and the pro-apoptotic Bcl-2 family protein 

Puma, and rapid cell death of cells the presence or absence of growth factor.  

Importantly, transformed BCR-Abl-expressing cells had low basal levels of 

autophagy but were highly dependent on this process.  Deletion of Atg3 or 

treatment with chemical autophagy inhibitors led to rapid apoptosis, and BCR-Abl 

expressing cells were unable to form leukemia in mice in without autophagy.  

Together, my data demonstrate a dual role for autophagy in cell survival or cell 

death and suggest that the level of autophagy in a cell is critical in determining its 

role in apoptosis and cell fate.  Ultimately, these results may help to determine 

future approaches to modulate autophagy in cancer therapy.
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1  Introduction  
 

1.1  Autophagy at the Nexus of Growth Factor Signaling and 
Cell Survival 
 The cells of metazoan organisms rely on growth factor input to maintain 

nutrient uptake, regulate growth and proliferation, and survive [Raff 1992, 

Rathmell et al 2000].  Metabolism downstream of growth factor signaling 

contributes to cell survival both by providing nutrients and directly modulating 

signaling pathways that impact intracellular homeostasis and apoptosis.  Cells that 

do not receive proper growth factor signals undergo atrophy, losing the ability to 

uptake and metabolize extracellular nutrients before they eventually die by the 

programmed cell death pathway known as apoptosis.  Proper response to loss of 

growth factor signaling is critical in many contexts within the body, including 

developmental patterning, homeostasis of mature tissues, immune system 

maturation, and decline in lymphocytes after completion of an immune response.  

Importantly, one hallmark of cancer cells is that they gain the ability to maintain 

growth and metabolism in the absence of growth factors while evading growth-

factor withdrawal-induced apoptosis.  Thus, elucidating the links between growth 

factors and metabolism, cell survival, and cell death are critical in understanding 

the basic biology of embryogenesis and organ homeostasis as well as in identifying 

pathways in cancer amenable to targeted therapy.   
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 Because growth factor signaling is critical to promote nutrient uptake and 

metabolism as well as maintain intracellular homeostasis, inhibition of these 

signaling pathways leads to organelle and metabolic stress.  The self-digestive 

process of autophagy plays a critical role in growth factor withdrawal to provide 

nutrients and relieve cell stress.  Understanding this pathway is now key to 

modulate cell survival in both normal physiology and in cancer cells, and will be 

the focus of this thesis. 

 Autophagy is an active process of intracellular cytoplasmic and organelle 

degradation that impacts nearly all facts of basal cell activity.  It is an ancient 

pathway conserved nearly unchanged all the way back to yeast.  At least three 

types of autophagy exist: macroautophagy, in which autophagic vesicles engulf 

materials within the cell and deliver them to the lysosome; chaperone-mediated 

autophagy (CMA), in which chaperone proteins bind target proteins and deliver 

them to the lysosome; and finally, microautophagy, in which the lysosome directly 

engulfs small molecules in the cell [Cuervo 2004].  Macroautophagy is the most 

commonly studied iteration of autophagy and will be considered here, henceforth 

referred to simply as ‘autophagy’.   

 Autophagy is important both to regulate basal cell survival and to respond 

to a variety of stresses.  In basal conditions, autophagy degrades old or damaged 

organelles such as mitochondria or endoplasmic reticulum, and clears protein 

aggregates and long-lived proteins [Kelekar 2005].  Autophagy is also important to 

reduce stress by removing damaged components and preventing DNA damage, and 

may additionally provide nutrients from lysosomal degradation to support 
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metabolism and prevent apoptosis [Bernales et al 2006, Lum et al 2005a, Mathew 

et al 2007b].  In contrast, autophagy was originally identified as a death 

mechanism [Schweichel and Merker 1973], dubbed Programmed Cell Death Type II, 

and may promote death in specific instances such as early mammalian 

development or in cells where apoptosis has been inhibited [Qu et al 2007, Yu et al 

2004].  Autophagy has also been shown to promote apoptosis in certain Drosophila 

and mouse cell models [Scott et al 2007, Wang et al 2008b].  Overall, the 

dichotomy between autophagy as a survival or death mechanism remains poorly 

understood.   

 While autophagy has been extensively studied in direct response to 

metabolic stress, the role of autophagy in growth factor withdrawal or in growth 

factor rich conditions has yet to be well defined.  Specifically, autophagy may 

reduce stress and provide nutrients after growth factor withdrawal and loss of 

extracellular nutrient uptake, or its induction may instead cause cell death.  Here, 

I will examine in detail the role of autophagy induced by growth factor deprivation 

in cell metabolism and cell death, with an emphasis on interaction with Bcl-2 

family proteins and apoptosis. 

 

1.2  The PI3K-Akt-mTOR Pathway in Growth Factor Signaling, 
Metabolism, and Cell Survival 
 The PI3K-Akt-mTOR pathway (Figure 1.1) is an important downstream target 

of growth factor input that functions to maintain cell viability and metabolism.  

When deprived of adequate growth signals to activate this pathway, cells are 
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unable to metabolize nutrients, grow, and prevent autophagy and apoptosis 

[Vivanco and Sawyers 2002].  This signaling network is activated downstream of 

many growth factors, including CD28 in T-cell costimulation [Jacobs et al 2008, 

Parry et al 1997], IL3 signaling in early hematopoietic cells and many commonly 

used cell lines [Reddy et al 2000], and insulin signaling through the Insulin-like 

Growth Factor Receptor (IGFR) [Alessi et al 1996].   

 

Figure 1.1  PI3K, Akt and mTOR in metabolism and survival. 

Outline of PI3K-Akt-mTOR signaling outcomes downstream of growth factor receptors. 
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Importantly, the PI3K-Akt-mTOR signaling pathway is abnormally activated in 

nearly all forms of human cancer, frequently by activating mutations of PI3K, or by 

loss of the negative regulator of PI3K signaling, PTEN (phosphatase and tensin 

homolog) [Altomare and Testa 2005, Plas and Thompson 2005].  PI3K activation in 

cancer can promote growth factor-independent metabolism and survival [Rathmell 

et al 2003].  This pathway has a role in modulation of many cellular processes, 

including metabolism, autophagy, and apoptosis. 

 Growth factors signal to PI3K (phosphoinositide-3-kinase) and Akt through 

multiple pathways, including receptor complexes centered on CD28, interleukin-3 

receptor (IL3), or through G-protein coupled receptors, to activate the class I PI3K 

[Okkenhaug and Vanhaesebroeck 2003, Reddy et al 2000].  Once activated, a PI3K 

catalytic subunit such as p110α phosphorylates the inositol molecule PI4,5 

bisphosphatate (PIP2) to generate PI3,4,5 triphosphate (PIP3).  The phosphatase 

PTEN is a negative regulator of PI3K signaling and can dephosphorylate PIP3 back 

to PIP2 [Plas and Thompson 2005].  PIP3 binds to 3-phosphoinositide dependent 

protein kinase-1 (PDK1) and Akt at the plasma membrane through their pleckstrin-

homology (PH) domains, resulting in PDK1 phosphorylation of Akt on Threonine 308 

to promote Akt activation [Frech et al 1997].  PI3K also directly activates mTOR-

complex II (mTORCII) to phosphorylate Akt on a Serine 473, resulting in full activity 

[Gan et al 2011, Zoncu et al 2011].  The mTORCII complex, which includes of 

mTOR and the adaptor protein Rictor (rapamycin-insensitive companion of mTOR), 

is essential for maximal Akt-promoted glucose uptake [Zoncu et al 2011].   
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 Activated Akt supports survival in a number of ways, notably by maintaining 

protein translation, glucose metabolism, and inhibiting autophagy and apoptosis.  

Figure 1.1 outlines the cellular pathways targeted by Akt-mTOR signaling.  Likely 

the most significant of the downstream effectors of Akt is the mTOR (mammalian 

target of rapamycin) complex 1 (mTORC1) [Edinger and Thompson 2002].  mTORC1 

is responsible for Akt-mediated control of translation and autophagy, and contains 

the kinase mTOR as well as the regulatory scaffolding proteins PRAS40 (40 kDa Pro-

rich Akt substrate) and Raptor (regulatory-associated protein of mTOR) [Zoncu et 

al 2011].  Akt activates mTORC1 by phosphorylating and inactivating tuberous 

sclerosis complex 2 (TSC2), which in turn relieves the inactivation of the small 

GTPase Rheb, allowing it to activate the mTORC1 complex [Tee and Blenis 2005].  

mTORC1 regulates cell growth by promoting protein translation through 

phosphorylation of two key enzymes.  Protein synthesis inhibitor eIF4E binding 

protein (4EBP) is inactivated by mTOR to allow for cap-dependent translation, and 

S6 kinase (S6K) is phosphorylated and activated by mTORC1 to activate the S6-

ribisomal protein [Fingar et al 2002, Hara et al 1998].  mTORC1 activation of 

translation results in the upregulation of a number of transcription factors that 

induce expression of Glut1 and glycolytic genes, including cMyc and hypoxia 

inducible factor 1α (Hif1 α) [Yecies and Manning 2011].  In addition to controlling 

translation, mTORC1 negatively regulates autophagy under growth factor-rich 

conditions by a poorly understood process that likely involves the phosphorylation 

and inactivation of the autophagy-essential kinases Unc-51-like kinase-1 (ULK1) 

and ULK2 [Ganley et al 2009, Jung et al 2009].  Interestingly, mTORC1 may also 
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weakly regulate autophagy in a positive manner through S6K [Armour et al 2009, 

Scott et al 2004], the importance of which will be discussed below.  Loss of 

mTORC1 signaling after inhibition by Rapamycin or growth factor withdrawal 

results in diminished protein translation and increased autophagy. 

 

1.2.1  Growth Factor Regulation of Metabolism 

 The Akt-mTOR pathway is essential for growth factor-stimulated glucose 

uptake and glycolysis [Plas et al 2001, Wieman et al 2007].  In growth factor 

stimulation, Akt is necessary to promote trafficking of the glucose transporter 

Glut1 to the cell surface and to retain it there [Wieman et al 2007, Wofford et al 

2008].  In addition to direct modulation of Glut1 trafficking, Akt can impact 

glucose uptake and metabolism in several other ways.  Akt can increase the 

activity and promote the localization of hexokinases (HKs) to the mitochondria 

[Gottlob et al 2001, Robey and Hay 2006] to support the phosphorylation and 

downstream catabolism of glucose.  Akt can also support biosynthesis by promoting 

glucose metabolism through the Pentose Phosphate Pathway (PPP) [Rathmell et al 

2003], which generates NADPH and ribonucleotides and appears dependent on 

mTORC1 regulation of the PPP enzyme glucose-6-phosphate dehydrogenase (G6PD) 

[Yecies and Manning 2011].  The PPP is discussed in more detail below.  In 

addition, Akt prevents the catabolism and oxidation of intracellular components 

such as fatty acids that would otherwise be used to support cell growth.  This is 

accomplished by Akt-mediated phosphorylation and inhibition of Carnitine 

Palmitoyl-Transferase 1 (Cpt1), a mitochondrial protein required for transport of 
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fatty acids and other carbon chains into the mitochondria for β-oxidation 

[Deberardinis et al 2006].  Thus, many pathways promoting glucose uptake and 

metabolism are diminished in growth factor withdrawal, forcing the cell to derive 

energy from alternate nutrients or undergo cell death. 

 

1.2.2  Growth Factor Regulation of Cell Death 

 In addition to regulation of metabolism, aerobic glycolysis, and autophagy, 

growth factor signaling through Akt suppresses apoptosis in several ways.  The 

ability of Akt to localize Hexokinase to the mitochondria may in itself prevent 

mitochondrial permeabilization, a key step in the activation of apoptosis [Majewski 

et al 2004].  Akt also indirectly controls the transcription of several pro-apoptotic 

proteins.  In one pathway, Akt negatively regulates the stress response protein p53 

to prevent apoptosis by phosphorylating and activating murine double minute 2 

(MDM2) to ubiquitinate and promote the degradation of p53 [Gottlieb et al 2002].  

This suppresses p53-mediated transcription of the pro-apoptotic p53 upregulated 

mediated of apoptosis (Puma) protein [Nakano and Vousden 2001].  In another 

pathway, Akt can suppress expression of the potent pro-apoptotic protein Bcl-2 

family protein Bim by inhibitory phosphorylation of the FOXO (Forkhead box O) 

family of transcription factors [Brunet et al 1999, Dijkers et al 2000].  Akt can also 

directly modulate apoptotic proteins.  Akt directly phosphorylates the pro-

apoptotic Bcl-2 proteins Bad and Bim, causing them to be sequestered by 14-3-3 

[Datta et al 1997, Qi et al 2006, Zha et al 1996].  Downstream of mitochondrial 

permeabilization, Akt can phosphorylate and stabilize the X-linked Inhibitor of 
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Apoptosis (XIAP) to inhibit caspase activity [Dan et al 2004].  Thus, a loss of growth 

factor signaling that leads to decreased Akt activity results in profound changes in 

cell physiology and activation of multiple pathways that promote apoptosis. 

  

1.2.3  Oncogenes Can Mimic Growth Factor Signaling: BCR-Abl as 
a Model 

 One hallmark of all cancer cells is their relative insensitivity to loss of cell 

extrinsic growth signals [Hanahan and Weinberg 2000].  Indeed, cancer cells often 

express oncogenic kinases that mimic growth factor input and maintain activation 

of the PI3K-Akt-mTOR pathway and metabolic flux.  One such oncogene is the 

fusion protein BCR-Abl (Breakpoint Cluster Region-Abelson murine leukemia), 

which results from a translocation between chromosomes 9 and 22 [Hazlehurst et 

al 2009].  Three isoforms are commonly found in leukemia.  The p210 form was 

first discovered in chronic myelogenous leukemia (CML) while p230 is often 

expressed in chronic neutrophilic leukemia (CNL) and p185 is typically found in 

acute lymphoblastic leukemia (ALL) [Hazlehurst et al 2009, McLaughlin et al 1989].  

The BCR-Abl fusion results in constitutive activation of the Abl tyrosine kinase and 

subsequent inappropriate activation a multitude of downstream signaling pathways 

[Hazlehurst et al 2009].  Importantly, BCR-Abl promotes activation of the PI3K-Akt-

mTOR pathway through two separate mechanisms: phosphorylation of the adaptor 

proteins Grb2 (growth factor receptor-bound protein) and Gab2 (GRB2-associated-

binding protein 2), as well as by activation of Ras (Rat Sarcoma) [Hazlehurst et al 

2009, Sattler et al 2002].  BCR-Abl can also phosphorylate and activate the 
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transcription factor STAT5 (Signal Transducers and Activators of Transcription 5), 

another common target of growth factor signaling that upregulates a number of 

survival and proliferative genes including the anti-apoptotic protein Bcl-xL, the 

growth and metabolism regulator c-Myc, and the cell cycle protein Cyclin D1 

[Wittig and Groner 2005].  Thus, activation of BCR-Abl recapitulates growth factor 

input in its ability to maintain nutrient uptake and metabolism, suppress 

autophagy, and inhibit induction of apoptosis.  A specific inhibitor of BCR-Abl, 

imatinib mesylate, has been developed to target the ATP binding pocket of Abl 

kinase and prevent its function [Mauro and Druker 2001].  Inhibiting BCR-Abl 

tyrosine kinase activity with imatinib will, in turn, disrupt downstream signals and 

lead to a growth factor deprivation response.  In fact, imatinib has been highly 

successful in the clinic to treat cancers with activated Abl kinase [Modi et al 2007].  

Nevertheless, kinase inhibitor resistance is a significant problem.  The ability of 

cells to utilize alternative energy pathways may prolong their survival and allow 

development of resistance when treated with these inhibitors and glucose 

metabolism is reduced [Carew et al 2007a]. 

 

1.3  Differential Metabolism in the Presence or Absence of 
Growth Factor 
 Mammalian cells have pathways and mechanisms in place to uptake and 

metabolize a wide variety of nutrients for generation of ATP and formation of 

biochemical intermediates.  Cells can uptake various saccharides, fatty acids, and 

amino acids to use for generation of energy or for building blocks for intracellular 
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components.  In growth factor-rich conditions, cells derive energy from uptake and 

metabolism of glucose through glycolysis and mitochondrial oxidation [Vander 

Heiden et al 2001].  When growth factors are withdrawn and glucose uptake 

diminishes, cells may generate their own nutrients such as fatty acids and amino 

acids, from digestive processes such as proteolysis and autophagy [Lum et al 

2005a].  Metabolism of these substrates is oxidative in nature and relies more 

heavily on the mitochondria and on oxygen availability.  In this section, we will 

consider glucose metabolism, which most cells rely on in growth factor rich 

conditions, and fatty acid and amino acid metabolism, which cells may come to 

rely on from autophagic degradation in the absence of growth factors. 

 

1.3.1  Glucose Metabolism 

 Saccharides such as glucose and fructose are the chief fuels of most 

mammalian cells with active growth factor signaling and are utilized by the cell for 

a variety of purposes.  To enter a cell, a glucose molecule must be transported by 

a member of the Glucose Transporter family of transmembrane (Glut) proteins, of 

which there are fourteen members [Thorens and Mueckler 2010].  The best-studied 

Glut family member is Glut4, which is the transporter responsible for insulin-

mediated glucose uptake in muscle and other traditional metabolic tissues and 

becomes dysregulated in diabetes or insulin resistance [Bae et al 2003].  Glut1 is 

the most ubiquitously expressed member of the glucose transporters and is 

considered the primary glucose transporter in hematopoietic cells [Rathmell et al 

2000].  Glut1 trafficking is tightly regulated and Glut1 is localized to the cell 
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surface upon growth factor signaling and the activation of the PI3K-Akt pathway 

[Bentley et al 2003, Wieman et al 2007].  When growth factors are limiting or the 

PI3K-Akt pathway is suppressed, Glut1 is internalized and degraded in the lysosome 

[Wieman et al 2009].  Glut1 expression is often inappropriately upregulated in 

cancer cells by oncogenic Myc [Osthus et al 2000], BCR-Abl [Bentley et al 2001] or 

under hypoxic conditions by Hif-1 [Ebert et al 1995].  Oncogenic activation of Akt 

results in increased Glut1 localization to the cell surface [Wieman et al 2007]. 

 Glucose will freely enter and exit cells through glucose transporters and 

must be phosphorylated by hexokinases (HKs) to be metabolized.  Previously, our 

lab has overexpressed both Glut1 and HK1 to simulate the elevated glucose uptake 

and metabolism of cancer cells [Zhao et al 2007, Zhao et al 2008].  Once glucose 

has been phosphorylated to glucose-6-phosphate (G6P), it may proceed down one 

of two pathways towards catabolism.  If it is modified by phosphoglucose 

isomerase (PGI) into fructose-6-phosphate, it will proceed down the glycolytic 

pathway towards a net final product of two adenoside triphosphate (ATP) 

molecules, two nicotinamide adenine dinucleotide-H+ (NADH) molecules, and two 

molecules of pyruvate.  These molecules of pyruvate are either converted to 

lactate by lactate dehydrogenase (LDH) and excreted from the cell or are modified 

to acetyl-coA for entry into the tricarboxylic acid (TCA) cycle within the 

mitochondria for ATP generation or fatty acid synthesis.  Interestingly, highly 

glycolytic cancer cells convert a large portion of their pyruvate to lactate as LDH 

will convert NADH back to NAD+ to allow for further glycolysis. 
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 In the pentose phosphate pathway, glucose-6-phosphate is modified by 

glucose-6-phosphate dehydrogenase (G6PD) to 6-phosphogluconolactone to enter 

the pathway.  The PPP exists not to generate energy but rather to control reactive 

oxygen species (ROS) and to generate biosynthetic precursors.  A downstream 

product of the PPP, Ribose-5-phosphate (R5P), is a necessary precursor molecule 

for de novo synthesis of both purine and pyrimidine nucleotides.  Importantly, the 

PPP also is critical to control potentially damaging ROS.  PPP flux reduces two 

molecules of nicotinamide adenine dinucleotide phosphate (NADP+) to NADPH, 

which can reduce glutathione and allow it to scavenge and dispose of ROS.  NADPH 

is also important for intracellular fatty acid biosynthesis.  Cancer cells often have 

very high levels of ROS due to reliance on the TCA cycle for metabolism of amino 

acids and for production of biosynthetic precursors [DeBerardinis et al 2008, 

Wellen and Thompson 2010] and thus require the PPP to produce NADPH as a 

source of reducing power. 
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Figure 1.2  Glucose metabolism and the TCA cycle. 

Diagram of glucose metabolism through the PPP or through glycolysis to pyruvate, and 
conversion of pyruvate into lactate or entry into mitochondria, conversion to acetyl-CoA, and 
TCA cycle.  Note that each molecule of glucose yields two molecules of pyruvate, indicated by 
double arrows.  Entry points of fatty acids and several different amino acids are indicated.  
Metabolic Intermediates: G6P = glucose-6-phosphate; Ac-Coa = acetyl-CoA; Cit = citrate; 
Isocit = isocitrate; α-KG = α-ketoglutarate; Suc-CoA = succinyl-CoA; Suc = succinate; Fum = 
fumarate; Mal = malate; Oxa = oxaloacetate.  Enzymes: HK = hexokinase; G6PD = glucose-6-
phosphate dehydrogenase; PDH = pyruvate dehydrogenase; LDH = lactate dehydrogenase; CS = 
citrate synthase; ACO = aconitase; IDH = isocitrate dehydrogenase; αKGDH = α-ketoglutarate 
dehydrogenase; SCS = succinyl CoA synthetase; SDH = succinate dehydrogenase; FH = 
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fumarase; MDH = malate dehydrogenase.  Amino acids: Ala = alanine; Cys = cysteine; Gln = 
glutamine; Glu = glutamate; Ser = serine; Tyr = tyrosine. 
 

 Mitochondrial oxidation of pyruvate derived from glycolysis yields the 

maximum amount of ATP and occurs in most resting or quiescent metazoan cells.  

Pyruvate that will enter the TCA cycle (outlined in Figure 1.2) must first enter the 

mitochondria and be modified by pyruvate dehydrogenase to liberate one carbon 

as carbon dioxide and attach Coenzyme A (CoA) to form acetyl-CoA.  Each acetyl-

CoA is joined with a molecule of oxaloacetate by citrate synthetase to form 

citrate.  Citrate then proceeds through the TCA cycle to arrive back at 

oxaloacetate, where the cycle is refreshed by addition of new acetyl-CoA.  A more 

detailed outline glucose conversion to pyruvate and the TCA cycle is illustrated in 

Figure 1.2.  The net output of glycolysis through the TCA cycle from one molecule 

of glucose and therefore two molecules of acetyl-CoA is 3 ATP, 10 NADH 

molecules, and two molecules of Flavin Adenine Dinucleotide (FADH2).  NADH and 

FADH2 are oxidized in the electron transport chain to yield a grand total of 31 ATP 

molecules from a single molecule of glucose, when accounting for ATP generated 

from NADH and FADH2 [Salway 2004].  The electron transport chain utilizes 

molecular oxygen as an electron acceptor, and while this process is tightly 

controlled, reactive oxygen species (ROS) such as superoxide or peroxide are 

occasionally released.  An O2 molecule that accepts a single electron becomes a 

superoxide molecule, and one that accepts two electrons becomes a peroxide 

molecule, which may react with hydrogen to form hydrogen peroxide. ROS, which 

contributes to human diseases such as arthritis and cancer, can cause permanent 
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damage to DNA, lipids, and proteins and eventually lead to apoptosis [Valko et al 

2006, Valko et al 2007].  Thus, highly oxidative cells often have higher ROS 

burdens that must be neutralized by enzymes such as Superoxide Dismutase (SOD) 

and Catalase [Afonso et al 2007].  Importantly, the TCA cycle provides an entry 

point for the metabolites of other macromolecules such as fatty acids and lipids.  

Some of these entry points are noted in Figure 1.2 and will be discussed in greater 

detail below. 

 

1.3.2  Fatty Acid and Amino Acid Metabolism 

 Cells can also metabolize fatty acids and amino acids derived either from 

external sources or from the digestion of internal components by autophagy.  This 

metabolism of alternate sources may become especially important when growth 

factors are withdrawn and glucose uptake drops dramatically [Lum et al 2005a, 

Singh et al 2009].  Fats derived from external sources such as dietary fats or those 

mobilized from the liver or adipose tissue are typically triglycerides, or three fatty 

acids attached to a molecule of glycerol.  In contrast, digestion of organelles and 

membrane in the lysosome will instead yield phospholipids, a molecule consisting 

of two fatty acids, a glycerol molecule, a phosphate, and a functional group such 

as ethanolamine or choline.  Lipids in the lysosome are degraded by the pH-

sensitive lysosomal acid lipase (also known as cholesteryl ester hydrolase) to yield 

free fatty acids, which may then be oxidized in the mitochondria.  To be 

transported into the mitochondria, fatty acids and other carbon chains must first 

be ‘activated’ by attachment to a CoA molecule.  Next, Carnitine Palmitoyl 
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Transferase-1 (CptI) switches the CoA group for a carnitine molecule and 

transports this acyl-carnitine molecule into the inner membrane of the 

mitochondria, where the carnitine molecule is removed and recycled for later use 

[Ramsay and Tubbs 1975, Zammit 1999].  Notably, acyl-carnitines are detectable 

by tandem mass-spectrometry, and therefore represent a ‘snapshot’ of carbon 

chains mobilized for metabolism [Altman et al 2009, An et al 2004].  Once within 

the mitochondria, the fatty acid can undergo digestion by β-oxidation.  β-oxidation 

of saturated even-numbered fatty acids, such as palmitate (C16), occur in cycles 

of four discrete steps that result in the liberation of two carbons from the chain in 

the form of acetyl-CoA, as well as one molecule each of NADH, FADH2, and water.  

The cycle then repeats until the carbon chain is reduced to a series of two carbon 

acetyl-CoA molecules, which enter the TCA cycle.  Unsaturated fatty acids such as 

C18:1 (oleate) require the additional enzymes 3,2-enoyl CoA isomerase or 2,4-

dienoyl CoA reductase, depending on the location of the double bond.  Fatty acid 

oxidation has a much higher energy output than metabolism of glucose and a single 

molecule of palmitate can yield up to 104 molecules of ATP [Salway 2004].  As 

each phospholipid contains two fatty acids and organelles such as mitochondria 

and endoplasmic reticulum are bound entirely by a phospholipid bilayer, 

metabolism of lipids from these organelles potentially yields an immense amount 

of ATP.  However, as this metabolism is oxidative, it also can potentially yield 

large quantities of damaging ROS. 

 Amino acids can also be oxidized to generate ATP, and may be derived from 

external sources or from proteolysis of intracellular proteins by the proteasome or 
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autophagic / lysosomal degradation.  Each amino acid has a unique pathway of 

metabolism that results in entry to the TCA cycle at various stages.  Here, we will 

review the metabolism of several different amino acids to illustrate the variety of 

approaches a cell may utilize to harvest energy from these molecules if they are 

made available through proteolysis or autophagy.  Some amino acids, including 

alanine, serine, and cysteine can be converted directly to pyruvate.  Serine is 

converted to pyruvate for mitochondrial metabolism by the action of the 

Dehydratase enzyme, which liberates a molecule of water and an ammonium ion in 

the process.  Tyrosine metabolism involves a comparatively complex series of 

reactions that form 4-fumarylacetoacetate, which is cleaved by 

fumarylacetoacetase to form fumarate, which can enter the TCA cycle, and the 

ketone body acetoacetate, which is further converted to two molecules of acetyl-

CoA.  Unlike serine metabolism, metabolism of tyrosine disposes of the amino 

group of the molecule by transferring it onto α-ketoglutarate to form a glutamate 

molecule.  Glutamine and glutamate are both metabolized by overlapping 

pathways.  Glumatine is converted to glutamate by glutaminase, and then 

glutamate hydrogenase releases an ammonium ion and reduces an NADP+ molecule 

to form α-ketoglutarate, which can enter the TCA cycle.  Glutamine is the most 

abundant amino acid in circulating blood and is an important nutrient source for 

many cells, including immune cells [Newsholme et al 1999].  Importantly, many 

kinds of cancer cells have elevated glutamine metabolism [Dang et al 2009, Wise 

et al 2008] and glutaminase has thus generated interest as a target in cancer 

therapy [Wang et al 2010, Wise and Thompson 2010]. 
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1.4  Apoptosis 
 Insufficient access to either growth signals or to exogenous nutrients will 

activate the programmed cell death program known as apoptosis in metazoan 

cells.  Metazoan organisms evolved apoptosis to prevent over-proliferation and 

foster proper patterning and tissue homeostasis.  In this model, dubbed “Social 

Control”, cells must receive growth factor input to uptake nutrients and survive.  

If this signal is lost or diminished, cells die and are disposed of in an orderly 

fashion [Raff 1992].  Thus, the programmed cell death pathway of apoptosis 

evolved in metazoans to allow individual cells to die without harm to the overall 

organism.  In contrast, the unstructured form of death known as necrosis can occur 

when cells are severely energy-deprived and can cause inflammation to 

surrounding tissues [Sauter et al 2000].  Cells may undergo apoptosis in response to 

a variety of stresses including DNA damage, damage to organelles, increases in 

reactive oxygen species, metabolic stress, and hypoxia.  Apoptosis is also activated 

in some immune cells in response to specific cytokines to maintain immune system 

homeostasis [Opferman and Korsmeyer 2003].  Apoptosis is especially likely to 

occur if the cell cannot cope with stressors by utilizing stress-reduction strategies 

such as autophagy.  The pathways mediating apoptosis have been of significant 

interest to cancer researchers, as many elements of the apoptotic pathway have 

been shown to be dysregulated in cancer [Hanahan and Weinberg 2000].  Thus, 
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understanding the regulation of apoptosis in normal and transformed cells may 

reveal new approaches to treat cancer. 

 Apoptosis follows a distinct pattern of morphological changes that are 

directed by activation of caspase proteases [Boatright and Salvesen 2003].  Cells 

undergoing apoptosis will detach from their surrounding medium and round up.  In 

the nucleus, the chromatin will condense and the DNA will become actively 

fragmented.  Fragmentation of DNA is one of the earliest measures of apoptosis 

and still used today.  Finally, in late stage apoptosis, the cell membrane ‘blebs’ 

into vesicles containing degraded intracellular materials.  Apoptotic cells lose the 

ability to regulate the structure of their plasma membranes, resulting in the 

exposure of the phospholipid phosphatidylserine (PS), which is normally only on 

the inside of the membrane.  Exposure of PS signals neighboring cells to engulf and 

dispose the apoptotic cell and blebs to prevent inflammation [Chaurio et al 2009].  

 

1.4.1  Extrinsic Apoptosis 

 Apoptosis can be divided into two different processes, extrinsic and 

intrinsic, which share much of the same machinery but serve fundamentally 

different roles.  In cell-extrinsic apoptosis, a specific cytokine orders a cell to die.  

These extrinsic cytokines, such as Fas and TRAIL (Tumor Necrosis Factor-related 

apoptosis-inducing ligand) bind to death receptors to form the Death-Inducing 

Signaling Complex (DISC) to regulate the turnover of cells that are otherwise 

normal and would survive on their own without this instruction to die [Opferman 

and Korsmeyer 2003, Wilson et al 2009].  In the classic extrinsic pathway, 
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procaspase-8 (and procaspase-10 in humans) is recruited to the DISC complex and 

cleaved into a catalytic form [Wilson et al 2009].  From here, caspase-8 may 

directly activate ‘executioner’ caspases to activate apoptosis.  Alternately, 

caspase-8 may cleave the pro-apoptotic BH3-only protein Bid into an active form 

to initiate intrinsic apoptosis.  Interestingly, components of the extrinsic pathway 

and autophagy extensively interact to impact both pathways, discussed in more 

detail below.  

 

1.4.2  Intrinsic Apoptosis and the Bcl-2 Family 

 The intrinsic pathway of apoptosis responds to cell stresses such as DNA 

damage, metabolic stress, or growth factor withdrawal.  A large degree of 

regulation of the intrinsic pathway of apoptosis converges on the mitochondria, 

which serve a secondary role in apoptosis control in addition to their role in 

metabolism.  The key event committing a cell to apoptotic death is Mitochondrial 

Outer Membrane Permeabilization (MOMP), which releases several pro-apoptotic 

proteins from the inner membrane space that can promote caspase activation.  

These include cytochrome C, which is normally a member of the electron transport 

chain, and SMAC (Second Mitochondria-derived Activator of Caspases) [Twiddy et al 

2004].  Positive and negative regulation of MOMP is governed by a large group of 

proteins known as the Bcl-2 family.  
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Figure 1.3  The Bcl-2 family in apoptosis. 

Diagram of proteins involved in the intrinsic pathway of apoptosis, and the progression of 
mitochondrial outer membrane permeabilization to caspase activation via the apoptosome. 

 
 The Bcl-2 family (so named because of the discovery of the founding 

member protein, Bcl-2, in B-cell lymphoma) [Bakhshi et al 1985, Cleary et al 1986, 

Pegoraro et al 1984, Tsujimoto et al 1984] is divided into three different 

subgroups, depending on function, and illustrated in Figure 1.3.  All Bcl-2 family 
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proteins contain up to four different Bcl-2 Homology (BH) domains that inform 

their function [Walensky 2006].  The proteins that carry out MOMP are known 

multi-domain pro-apoptotic Bcl-2 family members and include Bax (Bcl-2–

associated X protein), Bak (Bcl-2 homologous antagonist/killer), and Bok (BCL2-

related ovarian killer, only expressed in germ tissue), all of which can associate 

with the outer mitochondria membrane [Chipuk et al 2010].  Bak is constitutively 

associated with the mitochondria, while Bax is normally cytosolic and inactive until 

activated to undergo a conformation change and translocate to the mitochondria 

[Reed 1999]. Bax and Bak can then cause release of the downstream apoptosis 

activators cytochrome C and SMAC from the mitochondria.  Bax and Bak are 

functionally redundant and a single copy of either gene is sufficient to carry out 

MOMP [Lindsten et al 2000, Lum et al 2005a, Wei et al 2001].  However, loss of 

both copies of each protein completely prevents onset of MOMP and apoptosis 

downstream of intrinsic signals [Lum et al 2005a, Wei et al 2001].  While the Bax-/- 

Bak-/- genotype is embryonic lethal to 90% of mice, 10% are born with multiple 

developmental defects but can nevertheless survive for several months [Lindsten 

et al 2000].  The survival of these mice that lack the ability to perform apoptosis 

suggests that other pathways such as autophagy may play a key role in cell death 

during development in the absence of apoptosis. 

 The multi-domain anti-apoptotic Bcl-2 family proteins negatively regulate 

Bax and Bak to prevent apoptosis.  These multi-BH domain proteins function by 

binding and inhibiting activity of Bax and Bak, as well as the pro-apoptotic BH3-

only family of proteins (described next) and include Bcl-2, Bcl-xL (BCL-2-related 
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gene, long isoform), Bcl-w (Bcl-2-like protein 2), Mcl-1 (Myeloid Cell Leukemia 1), 

and A1 (Bcl-2-related protein A1).  The anti-apoptotic Bcl-2 family of proteins have 

different affinities for either Bax or Bak; for instance, Bcl-2 binds preferentially to 

Bax, while Mcl-1 preferentially binds to Bak, and Bcl-xL can bind both proteins 

[van Delft and Huang 2006].  Thus, cells typically express multiple anti-apoptotic 

proteins to suppress apoptosis.  While the majority of the Bcl-2 family is stable and 

long-lived, Mcl-1 is known to be ubiquitinated and degraded under cell stress, and 

thus, its stability is a point of apoptosis regulation [Willis and Adams 2005].  Anti-

apoptotic Bcl-2 proteins have also been proposed to suppress autophagy [Maiuri et 

al 2007], which will be discussed in greater detail below.  Bcl-2 family proteins are 

frequently altered or overexpressed to suppress apoptosis in cancer [Cory et al 

2003, Letai 2008], so understanding the regulation of these proteins and 

mechanisms of their inhibition is critical in assessing cancer treatment strategies. 

 The final group of Bcl-2 proteins involved in regulation of apoptosis is the 

BH3-only proteins, so named because they typically feature only the BH3 domain.  

These proteins are subdivided into two groups based on function.  ‘Sensitizer’ BH3-

only proteins bind to and inhibit the anti-apoptotic Bcl-2 proteins, thus preventing 

them from inhibiting Bax and Bak.  This group includes Bad (BCL-2 Antagonist of 

Cell Death), Noxa, Hrk (Harakiri), Bik (BCL-2-interacting killer), and Bmf (Bcl-2-

modifying factor) [Galonek and Hardwick 2006].  As these proteins only inhibit Bcl-

2 and related proteins, their expression alone is not sufficient to directly activate 

apoptosis [Chipuk et al 2010], but rather sensitizes cells to ‘activator’ BH3-only 

proteins.   
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 In contrast to the sensitizer class of proteins, the ‘activator’ BH3-only 

proteins both bind to and inhibit anti-apoptotic Bcl-2 proteins and can directly 

activate either Bax or Bak.  This group consists of just three proteins: Bim (BCL-2-

Interacting Mediator of Cell Death), Bid (BCL-2-Interacting Domain Death Agonist), 

and Puma (p53-Upregulated Modulator of Apoptosis) [Letai et al 2002, Ren et al 

2010a].  Bid is also a component of the extrinsic apoptotic pathway, as it is 

cleaved early after death-receptor signaling to form truncated Bid (tBid) and exert 

its apoptotic function [Walensky 2006].  Interestingly, a triple knockout mouse of 

Bid, Bim, and Puma almost completely recapitulates the phenotype of the Bax-/- 

Bak-/- mouse, underlining the importance of these proteins in intrinsic apoptosis 

[Ren et al 2010a].   

 The variety of BH3-only proteins allows distinct modes of regulation 

depending on cell stress types and also specific interactions with other Bcl-2 family 

proteins.  BH3-only proteins have different affinities for anti-apoptotic Bcl-2 family 

members; for instance, Bad and Bmf preferentially bind Bcl-2, Bcl-xL, and Bcl-w, 

Noxa preferentially binds Mcl-1 and A1, and Bid, Bim, and Puma are able to bind 

all 5 anti-apoptotic proteins [Willis and Adams 2005].  Thus, the balance between 

anti-apoptotic and pro-apoptotic Bcl-2 family proteins, as well as their specific 

affinities, is key in determining cell fate.  This has been termed the ‘Rheostat 

Model’ [Korsmeyer et al 1993] and has recently has generated much interest in the 

field of cancer treatment, as the profile of Bcl-2 family expression within a cell 

can predict the cell’s response to chemotherapeutics and the BH3-mimetic drug 

ABT-737 [Deng et al 2007]. 



 

 26

 

1.4.3  The Apoptosome and Caspases 

 In the pathway of intrinsic apoptosis, cytochrome C release is often the 

‘tipping’ point from which cells cannot recover in mammalian apoptosis.  

Cytochrome C release precedes activation of caspases, cysteine dependent 

aspartate-directed proteases that are necessary for the morphologic changes 

associated with apoptosis and kept in less active zymogenic ‘procaspase’ forms in 

a healthy cell [Boatright and Salvesen 2003].  Cytochrome C in the cytosol binds to 

a large multimeric complex known as the ‘apoptosome’ that includes Apaf-1 

(Apoptotic Protease Activating Factor 1) and the procaspase-9.  The apoptosome 

brings seven molecules of procaspase-9 into proximity with one another, allowing 

them to cleave each other to form caspase-9 [Schafer and Kornbluth 2006].  

Caspsase-9 is characterized as an ‘initiator caspase’ due to its ability to cleave and 

activate several other caspases: caspase-3, caspase-6, and caspase-7 [Chen and 

Wang 2002].  These so-called ‘executioner caspases’, once activated, carry out the 

program of apoptosis leading to degradation of DNA and the classical 

morphological changes that define the term.  A group of proteins known as 

Inhibitors of Apoptosis (IAPs) can bind to and directly inhibit active caspases; in 

fact, much of the regulation of apoptosis in Drosophila revolves around modulation 

of these proteins [Schafer and Kornbluth 2006].  In mammals, SMAC, released from 

the mitochondria along with cytochrome C, is a competitive inhibitor of IAPs and 

thus suppresses this final boundary to caspase activation and apoptosis [Twiddy et 

al 2004]. 
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1.5  Role of Autophagy in Cell Fate 
 Autophagy is a critical pathway in the response to cell stress and 

understanding its role and regulation is key to determine cell fate.  Additionally, 

while autophagy may provide nutrients under metabolic stress [Lum et al 2005a], 

the importance of these nutrients remains largely undefined.  The role of 

autophagy in a cell is dependent on whether the cell is healthy or has been 

exposed to stress.  Under basal conditions, autophagy is active at very low levels 

and can be thought of as a method of waste disposal.  It engulfs and disposes of 

old and damaged organelles such as mitochondria and endopolasmic reticulum, 

and prevents overaccumulation of peroxisomes.  Autophagy is also responsible for 

degrading protein aggregates that occasionally form from unfolded proteins in the 

endoplasmic reticulum and long-lived proteins not efficiently targeted by the 

ubiquitin-proteasome system [Kelekar 2005].  The effects of disrupting basal 

autophagy have not been extensively studied, but may lead to accumulation of 

damaged mitochondria and eventual cell stress [Colell et al 2007, Pua et al 2009].  

Nevertheless, embryonic fibroblasts and some immortalized cells lacking key 

components of the autophagy pathway are viable [Kuma et al 2004, Mathew et al 

2007b]. 

 Autophagy is induced and acts in a wide variety of conditions to relieve cell 

stress.  These conditions include responding to increases in ROS by degrading 

damaged mitochondria, engulfing mitochondria to delay the onset of apoptosis 
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from mitochondrial membrane permeabilization, sequestering damaged ER to limit 

the effects of ER stress, and degrading protein aggregates.  Failure to prevent ER 

stress can result in activation of the transcription factor Chop (C/EBP homologous 

protein, GADD153) and transcription of pro-apoptotic Bcl-2 family proteins such as 

Bim and Puma [Ishihara et al 2007, Oyadomari and Mori 2004, Puthalakath et al 

2007].  Autophagy can be selective in its targeting of organelles. Selective 

autophagic degradation of mitochondria is known as mitophagy and selective 

targeting of peroxisomes is known as pexophagy [Kim et al 2007, Oku and Sakai 

2010].  In growth factor or nutrient withdrawal, autophagic degradation of 

intracellular components provides nutrients such as lipids and amino acids that 

may aid survival through mitochondrial oxidation and generation of ATP [Lum et al 

2005a].  These molecules are utilized as a source of nutrients under metabolic 

stress conditions, such as prolonged growth factor withdrawal [Altman et al 2009, 

Altman et al 2010, Lum et al 2005a].  Thus, autophagy is generally though to 

function as a mechanism of survival in both basal cell survival and under stress 

conditions. 

 Autophagy was originally identified as an alternate mode of cell death 

[Schweichel and Merker 1973] and was actually dubbed Programmed Cell Death 

Type II.  In fact, autophagic cell death has a well-described role in developmental 

patterning, and has been shown to be important in the shaping of inner cell mass 

of mammalian blastocysts [Qu et al 2007, Tsukamoto et al 2008] and the death of 

Drosophila larval salivary glands [Lee and Baehrecke 2001].  In mature mammalian 

cells, autophagy can promote death in apoptosis-resistant fibroblasts treated with 
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DNA-damaging agents [Tsujimoto and Shimizu 2005, Yu et al 2004], and in adult 

neural stem cells deprived of insulin [Yu et al 2008].  Direct induction of autophagy 

by Rapamycin-mediated inhibition of mTORC1 or by amino acid withdrawal can 

also lead to death from excessive autophagy [Pattingre et al 2005], though the 

physiologic role of this pathway is unclear. 

 

1.5.1  Mechanism and Regulation of Autophagy 

 Autophagy is carried out by unique double-membrane vesicles known as 

autophagosomes.  These autophagosomes can engulf and degrade a wide variety of 

substrates, including mitochondria, endoplasmic reticulum, ribosomes, 

peroxisomes, virus particles, protein aggregates, and long-lived proteins.  The 

source of the membrane for autophagosomes has long been a source of 

controversy, but recent reports suggest they may bud off from parts of the 

endoplasmic reticulum [Axe et al 2008, Hayashi-Nishino et al 2009], while another 

study points to the mitochondria as a possible source of membrane [Hailey et al 

2010].  Nevertheless, once the autophagosome forms and engulfs cytoplasmic 

materials or organelles, it fuses with a lysosome to become an autophagolysosome, 

or more simply, an autolysosome.  Once the autolysosome is formed, acid 

hydrolases digest the contents and release peptides and precursor molecules, such 

as amino acids and free fatty acids, to be available for mitochondrial oxidation and 

ATP generation. 
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Figure 1.4  Molecular regulation of autophagy. 

Autophagy induction is regulated by several protein complexes.  Two ubiquitin-like complexes 
are initiated by the E1-ligase like enzyme Atg7.  Another complex relies on the class III PI3K 
VPS34, while the last utilizes the protein kinases ULK1 and ULK2. 
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 Autophagy induction is tightly controlled at several levels, outlined in 

Figure 1.4.  Many modes of autophagy regulation converge on mTOR.  mTORC1 

directly inhibits autophagy in growth factor rich conditions by phosphorylating and 

inactivating ULK1 and 2, which are normally in complex with the autophagy 

adaptor protein Atg13 [Ganley et al 2009, Jung et al 2009].  Thus, growth factor 

deprivation will induce autophagy as mTORC1 activity decreases, and direct 

inhibition of mTORC1, such as by treatment with rapamycin, will strongly induce 

autophagy [Noda and Ohsumi 1998].  However, as it would disadvantageous for a 

cell to completely inhibit autophagy in basal conditions, S6K, the downstream 

target of mTOR, can weakly activate autophagy [Armour et al 2009, Scott et al 

2004] to maintain a small amount of flux.  mTOR itself is also regulated under 

limiting nutrient conditions as it responds to amino acid availability.  In addition, 

the Adenosine Monophosphate Kinase (AMPK) complex is activated when cells 

suffer nutrient stress and ATP levels become limiting.  AMPK can phosphorylate 

and activate TSC2 to inhibit mTORC and activate autophagy, thus mobilizing 

intracellular nutrients to respond to the starvation [Canto and Auwerx 2010, 

Hoyer-Hansen and Jaattela 2007b].   

 Autophagy is also responsive to amino acid levels, which modulate mTOR 

activity.  The Class III PI3K VPS34 (Vacuolar Protein Sorting 34) converts 

phosphatidylinositol (PI) to PI 3-phosphate and is inhibited by drops in cellular 

amino acid levels, particularly branch-chain amino acids such as leucine.  When 

active, VPS34 supports mTORC1 activity, and mTORC1 activity decreases and 
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autophagy is activated when VPS34 is inhibited by amino acid withdrawal [Beugnet 

et al 2003, Byfield et al 2005, Lynch 2001, Nobukuni et al 2005].  This regulation 

likely occurs through modulation of Rheb activity by RAG GTPases [Avruch et al 

2006, Kim et al 2008, Roccio et al 2006] in a poorly understood mechanism.  

Additionally, VPS34 can more directly aid in the formation of the autophagosome 

through its interaction with the protein kinase VSP15 and the essential scaffolding 

protein Beclin-1 to recruit Atg (autophagy-related Gene)-family proteins to the 

developing structure [Kihara et al 2001, Zeng et al 2006].  This complex is also 

important in endosomal trafficking independent of autophagy [Lindmo and 

Stenmark 2006].  Beclin-1, which serves to target the VPS34 complex to the early 

autophagosome [Zeng et al 2006], is an important focus point for regulation of 

autophagy in certain systems, details of which will be discussed below. 

 In addition to the VPS34-Beclin-1 complex, Atg family members mediate 

two other autophagosome maturation pathways, outlined in detail in Figure 1.4.  

These pathways are believed to be ancestrally related to ubiquitin [Ohsumi 2001].  

Atg7, an E1-ligase and master regulator of autophagy, initiates both complexes.  In 

the first pathway, Atg7 mediates the ligation of the small ubiquitin-like protein 

Atg12 to the E2-ligase Atg10.  Atg10 then ligates Atg12 to the E3-ligase Atg5 

(Figure 1.4) [Geng and Klionsky 2008, Mizushima et al 1998].  Finally, several Atg5-

Atg12 molecules bind with several molecules of Atg16L to form a macromolecule 

that localizes to the autophagosome and is necessary for maturation [Kuma et al 

2002].  The second pathway involves members of the Atg8 family, another group of 

ubiquitin-like proteins which in mammals include Microtubule-Associated-Protein 
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Light-Chain 3 (MAP-LC3, or simply LC3), Gamma-Aminobutyric-Acid-Type-A-

Receptor-Associated Protein (GABARAP), and Golgi-Associated ATPase Enhancer of 

16 kDa (Gate-16) [Kabeya et al 2004, Weidberg et al 2010].  Although LC3, 

GABARAP, and Gate-16 may all be similarly regulated, LC3 is the most extensively 

studied.  The N-terminal end of LC3 is first cleaved by the protease Atg4 to expose 

a glycine residue [Hemelaar et al 2003].  Cleaved LC3 (LC3-I) is then bound by 

Atg7, conjugated to the E2-ligase Atg3 [Tanida et al 2002], and lipidated by 

addition of a phosphatidylethanolamine (PE) moiety to the N-terminal glycine with 

the aid of an E3-ligase, likely the Atg5-Atg12 fusion protein (Figure 1.4) [Hanada et 

al 2007].  LC3-PE (LC3-II) then integrates into the autophagosome membrane to 

drive growth and fusion [Nakatogawa et al 2007, Sou et al 2008].  Upon fusion with 

the lysosome, a portion of LC3-II is degraded, and Atg4 cleaves the PE tail from 

some LC3-II to recycle LC3 back into the cytosol for further use [Noda et al 2009].  

Notably, GABARAP and Gate-16 participate in additional cellular processes 

unrelated to autophagy, including endocytosis, membrane trafficking events, and 

SNARE (Soluble NSF Attachment Protein Receptor) fusion [Lainez et al 2010, 

Legesse-Miller et al 2000, Sagiv et al 2000].  Importantly, each pathway that has 

been described here and is illustrated in Figure 1.4 is necessary for canonical 

macroautophagy to function, and none of these pathways are sufficient or 

independent on their own.  Nevertheless, a process resembling macroautophagy 

and independent of Atg5, Atg7, and LC3 can be detected in response to certain 

stresses such as starvation or DNA damage [Nishida et al 2009], raising the 

possibility that other forms of autophagy exist that are not yet fully understood. 
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 Because LC3 and its family members GABARAP and Gate-16 are dynamically 

regulated in response to changes in autophagy, measurements of their 

modification have become common tools to measure induction and autophagic 

flux.  GFP-tagged LC3 can be observed to transition from a diffuse cytosolic 

pattern to discrete punctae that correspond with autophagosomes when autophagy 

is induced.  The processing of LC3-I to LC3-II by addition of PE tail can also be 

detected by immunoblot.  However, as the ratio between LC3-I to LC3-II is highly 

dynamic, lysosome inhibitors such as chloroquine [Solomon and Lee 2009] are 

often used to prevent LC3-II degradation and emphasize LC3-II accumulation.  Of 

note, another autophagy-associated protein, p62, is known to aid autophagic 

targeting of protein aggregates and is itself degraded by autophagy. Thus, altered 

expression of p62 provides an independent means to measure autophagy.   

 

1.5.2  Autophagy and Cancer 

 The role of autophagy in cancer is just beginning to be appreciated, yet it 

appears that autophagy may play context-specific roles depending on the stage of 

cancer development.  For more than thirty years, researchers have observed that 

autophagy is downregulated in many varieties of cancer cells [Gunn et al 1977, 

Kisen et al 1993].  This may be due to the fact that Akt and mTOR are frequently 

upregulated in cancer and can suppress autophagic flux [Altomare and Testa 2005, 

Ganley et al 2009, Plas and Thompson 2005].  Supporting observations of reduced 

autophagy in cancer and that autophagy can be tumor suppressive, the autophagy-

essential gene Beclin-1 has been identified as a haplo-insufficient tumor suppressor 
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in mice, as heterozygosity increases rate of development for a wide variety of 

malignancies [Liang et al 1999, Yue et al 2003].  In fact, Beclin-1 is frequently lost 

in human breast cancer [Aita et al 1999].  More recently, other members of the 

VPS34-Beclin-1 complex have been shown to act as tumor suppressors [Brech et al 

2009, Chen and Debnath 2010], suggesting that autophagy may somehow prevent 

early formation of cancer.  The role of autophagy as a tumor suppressor may arise 

from its ability to limit DNA damage and genomic instability [Mathew et al 2007b]; 

reduced or eliminated autophagy would lead to higher rates of mutation.  

Nevertheless, only members of the VPS34-Beclin-1 complex of all the many 

autophagy-essential proteins have been identified as strong tumor suppressors.  

This raises the possibility that the tumor suppressive function of these proteins 

may stem from their ability to generally modulate endosomal trafficking [Lindmo 

and Stenmark 2006] or from their interactions with anti-apoptotic Bcl-2 family 

members, discussed in greater detail below, rather than as a direct effect of 

autophagy. 

 In fully developed cancer cells, autophagy has a well-described role to 

support tumor survival.  Autophagy may produce nutrients to support extended 

survival under conditions of metabolic stress [Lum et al 2005a], such as in poorly 

vascularized solid tumors or when cancer cells are treated with oncogenic kinase 

inhibitors that disrupt nutrient uptake [Bellodi et al 2009, Kamitsuji et al 2008].  In 

this setting, cells treated with oncogenic kinase inhibitors may rely on autophagy-

derived amino acids and fatty acids for mitochondrial oxidation and survival to 



 

 36

replace diminished glucose uptake and glycolysis [Lum et al 2005a, Mason et al 

2010].  An illustration of this potential adaptive response is shown in Figure 1.5.   

 

Figure 1.5  Autophagy-derived nutrients in cancer cell survival. 

Comparison of metabolic availability in cancer cells stimulated by oncogenic kinases, and those 
where oncogenic kinases have been inhibited. 
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Since autophagy is induced under growth factor withdrawal, a promising avenue of 

autophagy research may involve inhibition of oncogenic kinases that mimic growth 

factor signaling, such as the fusion protein BCR-Abl [McLaughlin et al 1989].  In 

these settings, inhibition of autophagy may enhance the efficacy of targeting 

therapies [Bellodi et al 2009, Kamitsuji et al 2008]. 

 Many groups have also shown autophagy can play a cytoprotective role in 

cancer cells subjected to DNA damage from cytotoxic agents such as cisplatin or 

camptothecin [Abedin et al 2007, Ren et al 2010b] or gamma irradiation [Ito et al 

2005, Lomonaco et al 2009].  Autophagy may also protect cancer cells from 

metabolic stress [Degenhardt et al 2006, Karantza-Wadsworth et al 2007] or stress 

from treatment with histone deacetylase inhibitors [Carew et al 2007b] or ER-

stress inducing therapeutics such as the protease-inhibitor bortezomib [Kawaguchi 

et al 2011, Zhu et al 2010].  It is thought that autophagy exerts a cytoprotective 

effect in cancer cells by engulfing and sequestering products of stress, such as 

damaged mitochondria that may produce excess ROS, as well as protein 

aggregates, to prevent induction of apoptosis.  The lysosomal inhibitor 

chloroquine, which prevents autolysosomal degradation [Solomon and Lee 2009], is 

relatively nontoxic to animals and has shown some early promise both as a single 

agent and as a combination therapy to block autophagy and sensitize or kill cancer 

cells [Amaravadi et al 2007, Jiang et al 2010].   
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1.6  Connections Between Autophagy and Apoptosis 
 Emerging evidence suggests that autophagy and apoptosis can deeply 

influence each other, both on the molecular level of individual protein interactions 

as well as on a cell-wide scale.  On a whole-cell level, connections between 

autophagy and apoptosis center on the health of the cell.  If autophagy provides a 

means to reduce and prevent cell stress, then apoptosis will result if autophagy is 

inhibited or stress is too great [Codogno and Meijer 2005, Kelekar 2005].  However, 

novel and unexpected interactions occur between specific components of 

autophagy and apoptosis that suggest that autophagy and apoptosis may be 

ancestrally linked.  Many undiscovered connections likely exist between these two 

conserved pathways to regulate metabolism and cell survival. 

 

1.6.1  The p53 Pathway as a Mediator of Cell Stress, Autophagy, 
and Apoptosis 

 The p53 transcription factor is a stress response mechanism that integrates 

autophagic and apoptotic signaling and is commonly mutated in human cancer.  

Humans born with one mutated or absent copy of p53, a condition known as Li-

Fraumeni syndrome, are susceptible to early development of many different kinds 

of cancer [Varley 2003].  In fact, half of all human cancer harbor a mutation in the 

p53 gene, and the majority of the others likely have a mutation elsewhere in the 

pathway [Horn and Vousden 2007].  p53 responds to a variety of stresses, including 

many forms of DNA damage, ROS stress, hypoxia, activation of oncogenes such as 

Myc, Ras, or BCR-Abl, and growth factor deprivation [Coloff et al 2011, Horn and 
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Vousden 2007, Mason et al 2010, Sherr 2006, Zhao et al 2008].  Though p53 has 

may downstream targets, p53 broadly responds to stresses first through cell cycle 

arrest by induction of the cyclin dependent kinase inhibitor protein p21, and later 

by inducing apoptosis through induction of Bax, Puma and Noxa [Rozan and El-

Deiry 2007].  Under normal conditions, p53 is constantly ubiquitinated by the E3-

ligases Mdm2 and MdmX.  However, when cell stress occurs, p53 is phosphorylated 

on one of many residues, such as serine 18 in mouse [Mason et al 2010], and 

accumulates to activate the transcription program described above.  Oncogenes 

such as Myc and BCR-Abl can stabilize and activate p53 by inducing transcription of 

the Mdm2 inhibitor protein p16/p19ARF (Alternate Reading Frame) [Sherr 2006].  

Interestingly, p53 activation by growth factor withdrawal does not result in 

stabilization of the protein and invokes a distinct program of gene transcription 

[Mason et al 2010, Zhao et al 2008].  This suggests that multiple stresses may 

operate through p53 to produce somewhat different outcomes on cell fate.  

 Recently, new roles have been uncovered for p53 in both apoptosis in 

autophagy.  p53 has been shown to be upstream of autophagy and can cause 

induction by several mechanisms, both direct and indirect.  Indirectly, p53 can 

upregulate expression of several components of the AMPK pathway as well as 

TSC2, both of which serve to inactivate mTORC1 and relieve repression of 

autophagy [Maiuri et al 2010].  In a more direct role, p53 can upregulate the 

lysosomal protein DRAM (Damage-Regulated Autophagy Modulator) [Crighton et al 

2007] as well as the BH3-only protein Apolipoprotein-L1 [Wan et al 2008], both of 

which can induce autophagy at different points in the pathway.  Interestingly, p53 
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also may have a direct role in apoptosis independent of its transcriptional role, as 

it contains a BH3-only domain, can localize to the mitochondria, and binds to Bcl-2 

and Bcl-xL [Mihara et al 2003, Speidel 2010].  However, the specific contexts in 

which p53 can directly potentiate apoptosis are still not fully appreciated.   

 

1.6.2  Autophagy Modulated by Apoptotic Proteins 

 Proteins normally thought to be involved in apoptosis can alter the activity 

of several autophagy proteins.  The most widely studied example of this 

phenomenon involves the VPS34-Beclin-1 complex. Levine and colleagues first 

reported in 2005 that anti-apoptotic Bcl-2 family proteins could bind to Beclin-1 

and inhibits the activity of the VPS34-Beclin-1 complex in autophagy [Erlich et al 

2007, Pattingre et al 2005].  Interestingly, this interaction and modulation of 

autophagy does not occur on or near the mitochondria, but rather at the ER 

[Pattingre et al 2005], consistent with the notion that the ER is likely the source of 

autophagosomes [Axe et al 2008, Hayashi-Nishino et al 2009].  Further analysis of 

the Bcl-2 – Beclin-1 interaction revealed that Beclin-1 possesses a cryptic BH3 

domain that shares a similar structure but little amino acid homology with other 

Bcl-2 family members [Oberstein et al 2007], and Beclin-1 does not appear to 

inhibit the anti-apoptotic function of Bcl-2 [Ciechomska et al 2009].  Several 

pathways may be utilized to disrupt the interaction between Beclin-1 and Bcl-2 

family proteins and activate autophagy.  Expression of other BH3-only proteins can 

dissociate Beclin-1 from Bcl-2 [Kang et al 2011, Maiuri et al 2007], raising the 

possibility that induction of BH3-only proteins can activate autophagy as well as 
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apoptosis in certain systems.  In addition, the mitogen activated protein kinases 

(MAPKs) Jnk1 (c-Jun N-terminal kinase 1) and Erk1 (extracellular signal-regulated 

kinase 1) can phosphorylate Bcl-2 under conditions of cell stress to facilitate 

dissociation of Beclin-1 and subsequent induction of autophagy [Kang et al 2011].  

However, the physiological relevance of this interaction is still not well 

understood, as autophagy has been shown to be activated even in the presence of 

overexpressed Bcl-2 under conditions of ischemia [Degenhardt et al 2006], DNA 

damage [Shimizu et al 2004], and in cancer cells under metabolic stress [Mathew 

et al 2007b].  Thus, anti-apoptotic Bcl-2 family proteins may inhibit autophagy 

under select conditions, but this interaction may be highly context-dependent. 

 Several other proteins also link apoptosis and autophagy.  Two related 

proteins, BNIP3 (BCL2 E1B 19-kDa-Interacting Protein 3) and Nix (BNIP3L) were 

originally identified as BH3-only proteins, but they appear to have little to no role 

in apoptosis [Burton and Gibson 2009].  Rather, both are induced by hypoxia and 

appear to promote mitophagy [Tracy et al 2007].  BNIP3 and Nix also interact with 

anti-apoptotic Bcl-2 family proteins through their BH3 domains.  While this does 

not impact apoptosis, these interactions may serve to displace Bcl-2 from Beclin-1, 

or to target these proteins to the mitochondria to initiate mitophagy [Zhang and 

Ney 2009].  Interestingly, BNIP3 is frequently lost in cancer cells, suggesting that 

mitophagy may be an impediment to cancer cell response to hypoxia [Lee and Paik 

2006].   

 The extrinsic pathway of apoptosis can also play a role in autophagy 

regulation.  A recent study demonstrates that a component of the DISC, c-FLIP 
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(FLICE-like inhibitor protein) binds to Atg3 at a higher affinity than LC3, and thus, 

c-FLIP inhibits autophagy by sequestering Atg3 [Lee et al 2009].  Certain viruses 

employ a modified version of FLIP to inhibit extrinsic apoptosis, and the authors 

theorize that these viruses may also inhibit autophagy in the same way [Lee et al 

2009].  Cell death induced by excessive autophagy can be inhibited by caspase-8, a 

caspase downstream of the extrinsic pathway of apoptosis, though the mechanism 

of this action is still somewhat unclear [Yu et al 2004].  Similarly, multiple 

caspases have been shown to cleave Beclin-1 to inhibit autophagy [Cho et al 2009]. 

 

1.6.3  Apoptosis Regulated by Autophagy Proteins 

 At least one pathway is known to exist whereby an autophagy protein 

directly impacts apoptosis.  ER stress and calcium release activates Calpains, 

calcium-activated proteases.  Caplain1 has been shown to cleave Atg5 into a 

truncated form, tAtg5, which reveals a cryptic BH3-only domain.  tAtg5 can bind 

Bcl-xL and function as a sensitizer BH3-only protein to promote apoptosis [Yousefi 

et al 2006].  Conversely, a drop in calcium flux in the cell increases basal 

autophagy, presumably by stabilizing full length Atg5 protein [Xia et al 2010].  

Thus, changes in intracellular calcium may switch Atg5 from an autophagic to an 

apoptotic role.  As ER-localized Bcl-2 family proteins control calcium release from 

the ER, calcium may represent an important point of dual regulation between 

apoptosis and autophagy [Zhou et al 2011]. 
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1.6.4  Autophagy Promotes Apoptosis in Certain Contexts 

 Autophagy in response to stress is typically cytoprotective, though excessive 

autophagy can itself lead to death.  However, some studies have demonstrated 

novel pathways in which autophagic flux can directly lead to apoptosis.  In 

Drosophila, overexpression of Atg1, the homologue of ULK1 and ULK2, increases 

autophagy and leads to cell death, but surprisingly, this death is apoptotic in 

nature [Scott et al 2007].  In mammalian cells, autophagy has been demonstrated 

to be upstream of apoptosis in rat neurons treated with the glutamate receptor 

agonist kainic acid [Wang et al 2008a].  Illustrating the context-dependence of 

interactions between autophagy and apoptosis, Atg5-/- mouse embryonic 

fibroblasts are protected from apoptosis after treatment with UV radiation or the 

superoxide generator menadione, but are more sensitive to apoptosis from death 

receptor signaling [Wang et al 2008b].  These findings, along with the many 

interactions between autophagic and apoptotic proteins, suggest that modulation 

of autophagy may either prevent or cause apoptosis depending on cell type, stress, 

and context. 

 

1.7  Questions to be Addressed 
 It has been known for some time that autophagy can be activated in 

response to many cellular stresses and is able to break down intracellular 

components.  Autophagolysis may produce nutrients for survival, but until 

recently, this idea had never been tested in a direct way.  In 2005, Lum et al 
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demonstrated that IL3-dependent Bax-/- Bak-/- cells come to rely on autophagy for 

production of nutrients after prolonged growth factor withdrawal, and that 

provision of external nutrients could rescue inhibition of autophagy in these cells 

[Lum et al 2005a].  However, these cells are unable to undergo apoptosis and the 

role of autophagy in apoptosis-competent cells downstream of growth factor 

withdrawal or in growth factor rich conditions has still not been well studied.  

Specifically, questions remain as to whether Bcl-2 family proteins play a role in 

control of autophagy in growth factor dependent cells, whether autophagy is able 

to provide nutrients in apoptosis-competent cells, and what effect inhibition of 

basal autophagy will have on healthy or transformed cells.   

 Absence of Bax and Bak will prevent intrinsic apoptosis, but study of cells 

with normal or overexpressed levels of anti-apoptotic proteins will shed light on 

the role of autophagy in somatic and transformed cells reliant on growth factor 

withdrawal.  While Lum et al indirectly demonstrated the importance of nutrients 

derived from autophagy, direct evidence of production and metabolism of 

nutrients from autophagic degradation has not been extensively described.  Nor is 

the importance of these nutrients in apoptosis competent cells withdrawn from 

growth factor well understood.  Finally, given the roles autophagy can play in 

degrading damaged organelles, providing nutrients, and even causing cell death, it 

is not clear what effect disruption of autophagy in either basal conditions or 

stressful growth factor deprivation will have on the survival of normal and cancer 

cells.  As increasing or decreasing autophagy has gained significant interest as a 

possible treatment strategy for many kinds of cancer, understanding the roles 
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autophagy plays in cell survival and cell death in growth factor dependent cells 

will help to reveal the outcomes of modifying this integral cellular pathway. 
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2  Methods and Materials 

 

2.1  Cell Culture 

 

2.1.1  FL5.12, Ba/F3, 32D, DKO 

FL5.12, Ba/F3, and 32D cells were cultured as described [Zhao et al 2007] 

in RPMI 1640 medium supplemented with 10% FBS (Gemini Bioproducts, West 

Sacramento, CA), 100 u/mL Penicillin/Streptomycin (Invitrogen, Chicago, IL), 2 mM 

L-Glutamine (Invitrogen), 55 µM β-mercaptoethanol (Invitrogen), and 0.5 ng/mL 

IL3 (Ebioscience, San Diego, CA).  IL3-dependent Bax-/- Bak-/- (dKO) cells were 

kindly provided by Dr. Julian Lum and Dr. Craig Thompson, University of 

Pennsylvania, Philadelphia, PA and were cultured identically to FL5.12 cells except 

with 3.5 ng/mL IL3 (Ebioscience).  Cells were withdrawn from IL3 by washing three 

times in 12 mL of PBS (Mediatech) followed by culture in media without IL3. 

Transfected FL5.12 cells stably expressing Bcl-xL or doxycycline-inducible 

MyrAkt have been previously described [Plas et al 2001].  MyrAkt was induced by 

addition of 1 µg/ml doxycycline (Sigma-Aldrich, St. Louis, MO) 16 hours prior to 

start of experiment, as previously described [Coloff et al 2011].  Some FL5.12 cells 

were retrovirally transduced with pMXs IRES-hCD2 to express GFP-LC3.  Moderate 

GFP-LC3 expressers, as determined by GFP expression, were sorted on a 

FACSadvantage Sorter (BD Biosciences, San Jose, CA).  FL5.12 and 32D cells were 

retrovirally transduced with MSCV IRES-truncated Nerve Growth Factor Receptor 
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(NGF) to express Bcl-2 or Bcl-xL, sorted for expression of the selection marker NGF 

on a FACSadvantage Sorter (BD Biosciences), and FL5.12 cells expressing Bcl-2 

were cloned for moderate and high Bcl-2 expression.  Uncloned populations are 

referred to as “polyclonal” lines.  Clones B3 and B6 represent moderate Bcl-2 

expression, and clones B4 and B5 represent high Bcl-2 expression.  Ba/F3 cells 

expressing Bcl-2 or Bcl-xL were cloned and clones with moderate expression were 

selected.  32D Bcl-2 expressing cells were withdrawn from cytokine for 24 hours 

after retroviral infection and then cytokine was added back to select for Bcl-2 

expressing cells.  Ba/F3 cells were transfected with Bcl-xL or Bcl-2, selected with 

blasticidin, and cloned.  FL5.12 cells were transiently transfected with shRNAi 

using an Amaxa Nucleofector and solution V (Lonza, Basel, Switzerland), and 

allowed to recover for 24 hours before start of experiment.  Some cells were 

treated with chloroquine (CQ, 40 μM, Sigma), etomoxir (Etm, 200 μM, Sigma), 

tunicamycin (tun, 2 μg/mL, Sigma), N-acetyl cysteine (NAC, 10 mM, Sigma), 

Manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP, 100 μM, 

Sigma), hydrogen peroxide (H2O2, 0.01%, Sigma), or etoposide (Etop, 4 μM). 

 

2.1.2  A3C and Related Cells 

Murine hematopoietic progenitor cells were isolated from Atg3F/F Rosa26-

Cre-ER or Ub-Cre-ER bone marrow with a Progenitor Enrichment Kit (Stemcell 

Technologies, Vancouver, BC) and co-cultured for three days with Hox-11 

retrovirus producing NIH-3T3 cells (generously provided by S. Zinkel, Vanderbilt 

University) in Iscove’s Modified Dulbecco’s Media (IMDM, Mediatech) with 20% FBS 
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(Gemini Bioproducts, West Sacramento, CA), 100 u/mL Penicillin/Streptomycin 

(Invitrogen, Chicago, IL), 2 mM L-Glutamine (Invitrogen), 10 ng/mL IL3 

(Ebioscience), 20 ng/mL SCF (stem cell factor, Ebioscience), 10 ng/mL GM-CSF 

(granulocyte-macrophage colony stimulating factor, Ebioscience), and 2 ng/mL G-

CSF (granulocyte colony stimulating factor) as previously described [Zinkel et al 

2005].   

Non-adherent cells were recovered and cultured in Iscove’s Modified 

Dulbecco’s Medium (IMDM) with 10% Fetal Clone Serum (Thermo Scientific, 

Rockford, IL), 100 u/mL Penicillin/Streptomycin (Invitrogen, Chicago, IL), and 2 

mM L-Glutamine (Invitrogen).  Cells were first cultured at 1,000,000 / mL in 5 

ng/mL IL3 (Ebioscience), and gradually cultured down to 50,000/mL in 0.5 ng/mL 

IL3 (Ebioscience) for experiments.  The resulting cell population, A3C cells, were 

treated with 4-hydroxytamoxifen (4OHT, 0.5 μM in ethanol, Sigma) [Jacobs et al 

2010] for two days to excise Atg3.  A7F cells from Atg7F/F mice were cultured 

identically to A3C cells, except at 100,000 / mL in 1 ng/mL IL3 (Ebioscience).  

CrePos cells, from Ub-Cre-ER mice, were cultured in IMDM media (Mediatech) with 

20% Fetal Clone Serum (Hyclone), 100 u/mL Penicillin/Streptomycin (Invitrogen, 

Chicago, IL), 2 mM L-Glutamine (Invitrogen), and 5 ng/mL IL3 (Ebioscience) as 

previously described [Zinkel et al 2005]. 

Some A3C cells were retrovirally transduced with MSCV IRES-truncated 

Nerve Growth Factor Receptor (NGF) or GFP to express human Bcl-2, GFP-LC3, 

[Altman et al 2009], Myc-Glut1 [Bandyopadhyay et al 2000], or p185 BCR-Abl 

(generous gift of Dr. Ann Marie Pendergast, Duke University, Durham, NC).  Unless 
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noted, all control cells expressed NGF.  BCR-Abl expressing cells were grown in the 

presence or absence of IL3.  Some BCR-Abl-expressing cells were retrovirally 

transduced with pKD-puro containing control or p53 shRNAi [Mason et al 2010] and 

puromycin (1 μg/mL, Sigma) selected.  Some A3C cells were treated with 

etoposide (Etop, 4 μM unless otherwise noted, Sigma), chloroquine (CQ, 40 μM 

unless otherwise noted, Sigma), 3-methyladenine (3MA, 5-10 mM, Sigma), 2-

deoxyglucose (2 mM, 2DG, Sigma), methyl-pyruvate (MeP, 10 mM Sigma), 

tunicamycin (tun, 2 μg/mL, Sigma), imatinib (0.1 μM, LC Laboratories, Woburn, 

MA), solubilized 1:1 5 mM Oleate:Palmitate (Sigma) with BSA as a carrier, N-acetyl 

cysteine (NAC, 10 mM, Sigma), or Manganese (III) tetrakis (4-benzoic 

acid)porphyrin chloride (MnTBAP, 100 μM, Sigma).  A3C Bcl-2 expressing cells were 

exposed to 600 mJ/cm2 ultraviolet-C (UVC) in a monolayer on an open dish in a UV 

Stratalinker 1800 (Stratagene, Santa Clara, CA) to generate 8-OH-2dG. 

 

2.1.3  Primary Bone Marrow 

Bone marrow cells from CreER IL7RF/F mice [Jacobs et al 2010] were 

cultured in Iscove’s Modified Dulbecco’s Media (IMDM, Mediatech) with 20% FBS 

(Gemini Bioproducts, West Sacramento, CA), 100 u/mL Penicillin/Streptomycin 

(Invitrogen, Chicago, IL), 2 mM L-Glutamine (Invitrogen), 5 ng/mL IL3 

(Ebioscience), 20 ng/mL SCF (Stem Cell Factor, Ebioscience), and 10 ng/mL IL6 

(Ebioscience).  Some cells were treated with 4-hydroxytamoxifen (4OHT, 0.5 μM in 

ethanol, Sigma) for two days to excise IL7R, or etoposide (Etop, 4 μM, Sigma). 
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2.1.4  Mouse Embryonic Fibroblasts 

M57 (Atg5 Tet-Off) MEFs (generously provided by Dr. Noboru Mizushima, 

Tokyo Medical and Dental University, Bunkyo-Ku, Japan) were cultured in 

Dulbecco’s Modified Eagle’s medium (Sigma) with 10% fetal bovine serum and 2 

mM L-Glutamine.  MEFs were treated with 5 μg/mL doxycycline (Sigma) for four 

days to suppress Atg5 expression.  For serum starvation, MEFs were washed three 

times in serum-free DMEM, and then plated in serum-free DMEM with or without 

doxycycline.  For Bcl-2 expression, cells were retrovirally transduced with Bcl-2 

and sorted for expression of the selection marker truncated human nerve growth 

factor (NGF) on a FACSadvantage Sorter (BD Biosciences, San Jose, CA). 

 

2.2  Plasmid Constructs 
Human Bcl-2 and Bcl-xL were subcloned into the MSCV-IRES-tNGFR retroviral 

vector.  GFP-LC3 from rat [Kabeya et al 2000] was subcloned into the pMXIRES.2-

hCD2 retroviral vector (generously provided by Dr. You-Wen He, Duke University, 

Durham, NC).  p53 shRNAi 9.1 [Mason et al 2010] was subcloned into the pKD-puro 

vector.  shRNAi hairpins were constructed as previously described [Fox et al 2003] 

using the following targeting sequences for: Beclin-1,  5’ 

GAATGTCAGAACTACAAACGCTGTT; Atg12, 5’ GAGCCCCCGTCCTCGGCTGCAGTT; 

Chop, 5’ GACTTCTCTTGCTCGCCGAGTT; Atg5 [Lum et al 2005a]; Atg7 [Yu et al 

2004]; and Bim and GFP [Zhao et al 2007]. 
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2.3  Immunoblots 
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer 

supplemented with protease inhibitor cocktail (BD Pharmingen, San Diego, CA) and 

phosphatase inhibitors (Sigma).  Lysates for LC3-family protein blots were made 

using buffer containing 20 mM Tris (Sigma) 100 mM NaCl (Sigma), 1 mM EDTA 

(ethylenediaminetetraacetic acid, Sigma), and 1% NP40 (IGEPAL CA-630, Sigma), 

and boiled immediately upon addition of SDS loading dye to prevent degradation of 

LC3-II [Mizushima and Yoshimori 2007].  Proteins were separated by SDS-PAGE 

using Bio-Rad Criterion gels (Bio-Rad, Hercules, CA) and nitrocellulose membrane 

(VWR International, West Chester, PA).  Primary antibodies used include (in order 

of appearance): mouse anti phospho-Akt Ser473 (Cell Signaling, Beverly, MA); 

rabbit anti-Akt (Cell Signaling); rabbit anti-phospho mTOR Ser2448 (Cell Signaling); 

rabbit anti-mTOR (Cell Signaling); rabbit anti-Bim (BD Pharmingen); rabbit anti-

Puma (Cell Signaling); rabbit anti-Bcl-xL (Cell Signaling); mouse anti-hBcl-2 (BD 

Pharmingen); mouse anti-GFP (Chemicon International, Temecula, CA); mouse 

anti-Beclin-1 (BD Transduction Laboratories); rabbit anti-LC3 (generously provided 

by Dr. Tamotsu Yoshimori, National Institute of Genetics, Mishima, Japan); rabbit 

anti-mBcl-2 (BD Pharmingen); mouse anti-Chop/GADD153 (Santa Cruz 

Biotechnology, Santa Cruz, CA); rabbit anti-BiP (Cell Signaling); rabbit anti-

Calnexin (Sigma); rabbit anti-phospho-eIF2α Ser51 (Cell Signaling); rabbit anti-Bax 

(Cell Signaling); rabbit anti-Atg3 (Sigma); rabbit anti-Glut1 (Abcam Inc, Cambridge, 

MA); rabbit anti-phospho-Histone H2A.X Ser139/γH2A.X (Cell Signaling); mouse 

anti-Cre (Chemicon International, Temecula, CA); rabbit anti-LC3 (Cell Signaling); 
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mouse anti-GABARAP clone 1F4 (MBL International, Woburn, MA); rabbit anti-

Gate16 (MBL); mouse anti-P62/SQSTM1 (Abnova Corporation, Taipei, Taiwan, now 

available from Novus); rabbit anti cleaved caspase-3 Asp175 (Cell Signaling); rabbit 

anti-Mcl-1 (Biolegend, San Diego, CA); rabbit anti-phospho-AMPKα Thr172 (Cell 

Signaling, Beverly, MA); rabbit anti-AMPKα (Cell Signaling); rabbit anti-phospho-

Acetyl-CoA Carboxylase (ACC) Ser79 (Cell Signaling); rabbit anti-phospho-S6 

Ribosomal Protein Ser235/236 (Cell Signaling); rabbit anti-phospho p53 Ser18 (Cell 

Signaling); rabbit anti-p53 (Cell Signaling); mouse anti-p21 (BD Pharmingen); 

mouse anti-Abl (BD Pharmingen); rabbit anti-phospho BCR Tyr177 (Cell Signaling); 

rabbit anti-HSP90 (Chemicon); rabbit anti-phospho STAT5 Tyr694 (Cell Signaling); 

rabbit anti-STAT5 (Cell Signaling); rabbit anti-phospho p70 S6 Kinase 

Thr421/Ser424 (Cell Signaling); rabbit anti-Actin (Santa Cruz, Santa Cruz, CA); and 

mouse anti-Actin (Sigma).  Secondary antibodies included: anti-rabbit horseradish 

peroxidase-labeled antibody (Cell Signaling); anti-mouse horseradish peroxidase-

labeled antibody (BD Pharmingen); Alexa-Flour 680 goat anti-rabbit IgG 

(Invitrogen, Carlsbad, CA); and IRDye 800CW Goat Anti-Mouse IgG (Licor, Lincoln, 

NE).  Immunoblots were imaged with Supersignal West Pico or Femto 

Chemiluminescent Substrate (Thermo), or Odyssey infrared imaging system (Licor) 

and each blot was uniformly contrasted.  For protein band quantitation, bands 

were quantitated compared to relative background in either Odyssey 2.1 (Licor) or 

Photoshop CS2 (Adobe Systems Inc, San Jose, CA), each value was normalized to 

actin amount, and each set was normalized to an arbitrary value of 1 for control 

condition. 
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2.4  Cell Size and Accumulation Analysis 
Cell size, measured in femtoliters, and cell accumulation were assessed 

using a Coulter Z2 Particle Counter (Beckman Coulter, Brea, CA). 

 

2.5  Flow Cytometry 
All samples were analyzed on a FACScan (BD Biosciences) and then with 

Flowjo software (Treestar Inc., Ashland, OR) unless otherwise noted. 

 

2.5.1  Cell Death 

Cell death was assessed in triplicate samples by flow cytometry for 

propidium iodide exclusion (PI, 1 μg / ml) (Invitrogen) vs forward scatter (FACScan, 

BD Biosciences).  MEFs were trypsinized and resuspended in propidium iodide 

solution prior to analysis.   

 

2.5.2  Active Bax and Sub-G1 DNA 

For active Bax and propidium-iodide DNA analysis for sub-G1 DNA content, 

triplicate samples of cells were fixed in 0.25% paraformaldehyde (Sigma) and 

permeabilized in 100 μg/mL Digitonin (Sigma), then co-stained with mouse anti-

Bax (Clone 6A7 BD Pharmingen), rat anti-mouse FITC (BD Pharmingen), 5 μg/mL 

propidium iodide (Invitrogen), and 50 μg RNAse A (Sigma).  Samples were then 

analyzed by flow cytometry. 
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2.5.3  BrdU and Cell Cycle Analysis 

Cells were cultured in bromo-2-deoxyuridine (10 μM BrdU, Sigma) for eight 

hours.  Cells were then resuspended in 2M HCl (Sigma) to acid denature DNA, 

washed, costained with Alexa-Fluor 488 anti-BRDU for BRDU incorporation 

(Invitrogen) and stained with 10 μg/ml PI (Invitrogen) for cell cycle analysis by 

flow cytometry as described [Darzynkiewicz and Juan 2001].  Triplicate samples 

were then analyzed by flow cytometry. 

 

2.5.4  Glut1 Surface Staining 

Myc-Glut1 was visualized on the cell surface by staining with mouse anti-

Myc clone 4A6 (Millipore, Billerica, MA) and FITC-conjugated rat anti-mouse IgG1 

(BD Pharmigen). 

 

2.5.5  Reactive Oxygen Species and Mitochondrial Potential 
Staining 

Cells were stained with CM-H2DCFDA (1 μM, Invitrogen) for detection of 

reactive oxygen species, or with TMRE (tetramethylrhodamine, ethyl ester, 

perchlorate, 200 nM, Invitrogen).  For both stains, cells were treated in media for 

30 minutes at 37°C, then washed with warm media.  Triplicate samples were then 

analyzed by flow cytometry. 
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2.5.6  Mito Tracker 

 Cells were stained in an identical protocol to CM-H2DCFDA and TMRE with 

Mito Tracker Deep Red FM (200 nM, Invitrogen) along with 10 μM FCCP (Carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone, Sigma) to depolarize the 

mitochondria and allow quantitation of total mitochondrial content.  Triplicate 

samples were analyzed on a FACS Canto II (BD Biosciences).   

 

2.6  Caspase-3 Activity Assay 
 Caspase-3 activity was assessed as previously described [Nutt et al 2005].  

Briefly, equal amounts of cell lysates were combined with the caspase substrate 

Ac-DEVD-pNA (200 uM, Enzo Life Sciences, Plymouth Meeting, PA) and 10 mM DTT 

(dithiothreitol, Sigma).  Samples were analyzed in triplicate for activity on a 

Spectramax Plus colorimetric plate reader (Molecular Devices, Sunnyvale, CA) for 

absorbance at 405 nm.  Values given are VMAX of absorbance over one hour after 

start of reaction. 

 

2.7  Microscopy 
 

2.7.1  Transmission Electron Microscopy 

 Cell pellets were fixed in 4% gluteraldehyde in 0.1 M sodium cacodylate 

buffer overnight.  Pellets were prepared by the Duke University Pathology Electron 
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Microscopy Facility.  Images were obtained with a Philips LS 410 electron 

microscope.  Electron micrographs are shown at 9700X magnification.   

 

2.7.2  Fluorescent and Histological Microscopy 

 For fluorescence microscopy, cells were fixed in 1% paraformaldehyde 

(Sigma) and PBS, and imaged on a Zeiss LSM410 confocal microscope (Zeiss, 

Thornwood, NY) and Metamorph 7.5 software (Molecular Devices). 

 Mouse spleens were fixed in 1% paraformaldehyde (Sigma), and histological 

sections were prepared and stained by the Duke University Pathology Laboratory.  

Histologic images were acquired with a Zeiss Axio microscope (Carl Zeiss) using a 

40X Zeiss Plan Apochromat objective and analyzed using MetaMorph 7.5 software 

(Molecular Devices). 

 

2.7.3  Amnis Multispectral Imaging Flow Cytometry. 

GFP-LC3-expressing cells were stained with the nuclear co-stain DRAQ5 

(Cell Signaling), fixed in 2% PFA in PBS and analyzed on an ImageStreamX (Amnis 

Corporation, Seattle, WA).  Images were collected and analyzed using the 

manufacturer's software on GFP+, focused, single non-apoptotic cells using the 

spot counting feature as directed by the manufacturer (at least 1300 cells per 

condition). 
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2.8  Metabolic Assays 
 

2.8.1  Glucose Uptake 

 Glucose uptake was measured as previously described [Wieman et al 2007], 

with five minute incubation of cells with 2-deoxy-d-[H3]glucose (2 μCi/reaction) 

prior to separation of internalized from free glucose.  Asterisks denote p < 0.05 by 

Student’s t-Test. 

 

2.8.2  Glycolysis and ATP Assays 

 Glycolytic rate was measured as previously described [Vander Heiden et al 

2001].  ATP was measured using the ATP Bioluminescence Assay Kit CLS II (Roche 

Applied Science, Indianapolis, IN). 

 

2.8.3  Mass Spectrometry Analysis of Acyl-Carnitines, Amino 
Acids, and Organic Acids 

 For acyl-carnitines and amino acids, cells were cultured with 1 μM L-

Carnitine (Sigma) 36 hours prior to harvest.  Cells were harvested by lysis in water 

and sonicated by bath sonication.  Lysates were quantified and protein amounts 

equalized to ensure equal loading.  Acyl-carnitines and amino acids were analyzed 

from lysates as previously described by tandem mass spectrometry. [An et al 

2004].  For organic acids, cells were lysed in 0.1N HCl (Sigma), and protein 
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amounts were quantified and equalized.  Cells were analyzed by tandem mass 

spectrometry. 

 

2.8.4  Palmitate Oxidation 

 For measurement of β-oxidation, Bcl-xL cells were pre-incubated with H3-

palmitate (Palmitic acid-[9,10- H3], Sigma) for 48 hours and then washed free of 

palmitate.  Cells were cultured in the presence or absence of IL3 for 24 hours, 

harvested, and cell lysate was run over a Dowex column (Sigma) to separate H3 

labeled water, which was then measured as an indication of intracellular β-

oxidation.  Etomoxir (Sigma) was used at a final concentration of 100 μM. 

 

2.9  8-OH-2dG Detection 
 Cells were lysed and DNA was isolated using a DNAeasy Blood and Tissue Kit 

(Qiagen Inc., Valenica, CA).  DNA was resuspended in a buffer of 20 mM sodium 

acetate, pH 5.4 (Sigma) and boiled for ten minutes to denature the DNA.  DNA was 

then digested into single nucleotides with 5 units/mL Nuclease P1 (Sigma) in a 

solution of 0.1 mM ZnCl (Sigma) and water for thirty minutes at 37°C.  After 

digestion, pH was adjusted to 8.0 by addition of 20 μL 1M Tris-HCl (Sigma) and DNA 

was dephosphorylated by addition of 0.15 units of calf intestinal alkaline 

phosphatase (CIP, New England Biolabs, Ipswich, MA) for thirty minutes at 37°C.  

Samples were then boiled for ten minutes to inactivate CIP.  Finally, 8-OH-2dG (8-
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hydroxy-2-deoxy Guanosine) was measured by ELISA according to manufacturer’s 

instructions (Cayman Chemical, Ann Arbor, MI). 

 

2.10  Quantitative Real-Time PCR Analysis 
 Cells were lysed in Trizol (Invitrogen) and mRNA was extracted by addition 

of chloroform and subsequent ethanol precipitation.  RNA was treated with DNAse 

(Invitrogen) and then reverse-transcribed to cDNA using the SuperScript II Reverse 

Transcriptase system (Invitrogen).  Quantitative real-time PCR was performed with 

IQ Sybr-Green Supermix (Bio-Rad) on a Bio-Rad ICycler Real-Time PCR machine.  

The following primers were used: Bim, GGTCCTCCAGTGGGTATTTCTCTT, 

ACTGAGATAGTGGTTGAAGGCCTGG; Chop, GGGCCAACAGAGGTCACAC, 

CTTCATGCGTTGCTTCCCA; Atg5, ATGCGGTTGAGGCTCACTTTA, 

GCCCAAAACTGGTCAAATCTGTC; Atg7,  TTCAGTGCTTTTGACATGAGTGC, 

CACCTGACTTTATGGCTTCCC; Atg12,  AACAAAGAAATGGGCTGTGGAGCG, 

TTCCGAGGCCACCAGTTTAAGGAA.  All values were normalized to quantitative real-

time amplification of the housekeeping gene β2-Microglobulin (β2M): 

ACCGGCCTGTATGCTATCCAGAAA, GGTGAATTCAGTGTGAGCCAGGAT.  Each 

quantitative real-time PCR figure is the average of three independent 

experiments.  Asterisks denote p < 0.05 by Student’s t-Test. 

 

2.11  Mouse Leukemia Studies 

 Fox Chase SCID Beige Mice (Charles River Laboratories, Wilmington, MA) 
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were injected intravenously with 106 A3C NGF or BCR-Abl-expressing cells and 

injected with tamoxifen or vehicle control corn oil by intraperitoneal injection for 

three days after cell injection, or for three consecutive days two weeks after cell 

injection, as noted in each individual experiment.  Mice were sacrificed on onset 

of overt moderate illness according to approved protocols.  Spleens were weighed 

on a Mettler Toledo AG104 scale (VWR).  All animal studies were conducted under 

approved IACUC protocols.   

 



 

3  Autophagy Provides Nutrients but Can Lead to 
Chop-Dependent Induction of Bim to Sensitize 
Growth Factor Deprived Cells to Apoptosis 

 

This chapter appears in modified form in: 
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Copyright 2009. 

Brian J. Altman, Jessica A. Wofford, Yuxing Zhao, Jonathan L. Coloff, Emily C. 

Ferguson, Heather L. Wieman, Amanda E. Day, Olga Ilkayeva, and Jeffrey C. 

Rathmell 

 

3.1  Introduction 
 Metazoan cells require growth factor input to maintain metabolism and 

viability in both development and tissue homeostasis (Raff, 1992; Rathmell et al., 

2000).  The phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin 

(mTOR) pathway is an important signaling mechanism of many growth factors that 

maintains nutrient uptake and prevents apoptotic cell death [Vivanco and Sawyers 

2002, Wieman et al 2007].  When cells are deprived of appropriate growth factor 

stimulation, the loss of PI3K-Akt-mTOR signaling, glucose transporter localization 

on the cell surface, and glucose uptake leads to apoptosis or autophagy [Tsujimoto 

and Shimizu 2005, Wieman et al 2007].  Unlike the cell death pathway of 

apoptosis, autophagy is a dual-function mechanism of bulk cytoplasmic and 

organelle degradation in lysosomes that can promote cell survival if controlled or 

can lead to death if excessive.  The regulation of autophagy and how it impacts 
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apoptosis and cell fate upon growth factor withdrawal, however, remain 

uncertain. 

Autophagy may influence cell fate upon growth factor deprivation by 

multiple mechanisms.  Regulated autophagy can promote cell survival by providing 

metabolic fuel for mitochondrial oxidation following lysosomal digestion of 

intracellular components [Eskelinen 2005, Heaton and Randall 2010, Lum et al 

2005b, Singh et al 2009].  Indeed, cells incapable of apoptosis can survive for an 

extended time after growth factor withdrawal or nutrient deprivation by utilizing 

autophagy as a source of nutrients to support basal cell metabolism [Degenhardt et 

al 2006, Fung et al 2008, Lum et al 2005a].  Autophagy may also promote survival 

by intracellular quality control.  The integrity of the endoplasmic reticulum and 

the response to the presence of unfolded proteins are regulated by autophagy 

[Bernales et al 2006, Hoyer-Hansen and Jaattela 2007a].  Autophagy may also 

promote the clearance of protein aggregates [Bjorkoy et al 2005] and damaged 

mitochondria and thus reduce production of reactive oxygen species [Colell et al 

2007, Mathew et al 2009], and even prevent accumulation of DNA damage and 

chromosomal instability [Abedin et al 2007, Mathew et al 2007b].  Alternately, 

autophagy can induce cell death and autophagic death has been observed in cells 

in which caspases have been inhibited [Yu et al 2004], and has also been 

implicated in the death of Drosophila larval salivary glands [Lee and Baehrecke 

2001], the elimination of cells in the inner cell mass of blastocysts [Qu et al 2007], 

and the death of insulin deprived neural stem cells [Yu et al 2008].  Thus, the role 

of autophagy in cell survival or cell death is highly dependent on both intracellular 

and tissue context. 
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The Bcl-2 family of proteins regulates cell death upon growth factor 

withdrawal and is critical in the regulation and function of both apoptosis and 

autophagy.  Anti-apoptotic Bcl-2 family proteins such as Bcl-2 and Bcl-xL are 

upregulated by growth factors and are frequently overexpressed in cancer 

[Walensky 2006].  After growth factor withdrawal, pro-apoptotic BH3-only Bcl-2 

family proteins such as Bim and Puma [Bouillet et al 1999, Erlacher et al 2006] are 

induced and bind to anti-apoptotic Bcl-2 family proteins, inhibiting their 

interaction with Bax and Bak and allowing apoptosis to occur [Walensky 2006].  

The ratio of anti-apoptotic to pro-apoptotic Bcl-2 family proteins, therefore, is 

critical in determining the sensitivity to apoptosis.  Importantly, anti-apoptotic 

Bcl-2 family proteins such as Bcl-2 and Bcl-xL can bind the autophagy-essential 

protein Beclin-1 and can inhibit autophagy in settings of acute nutrient deprivation 

[Pattingre et al 2005].  This interaction with Beclin-1 is affected by the balance of 

pro-apoptotic BH3-only Bcl-2 family proteins [Maiuri et al 2007, Oberstein et al 

2007].  The precise role of this interaction in regulation of autophagy across 

different tissues is not yet fully appreciated, as autophagy induction has been 

observed in the presence of overexpressed Bcl-2 or Bcl-xL after ischemia 

[Degenhardt et al 2006] or DNA damage [Shimizu et al 2004].   

While it is apparent that autophagy can promote survival of growth factor 

deprived cells that are incapable of apoptosis [Degenhardt et al 2006, Lum et al 

2005a], the metabolic and cell survival role of autophagy in growth factor 

deprivation of apoptosis-competent cells with normal or moderate expression of 

Bcl-2 or Bcl-xL was unclear.  In this study, we tested the hypothesis that autophagy 

could be activated after growth factor withdrawal despite Bcl-2 expression and 
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that autophagy influenced both cell metabolism and survival.  We found that 

moderate expression of Bcl-2 or Bcl-xL delayed apoptosis but did not prevent the 

rapid induction of autophagy upon growth factor withdrawal of hematopoietic 

cells.  Autophagy did provide a source of nutrients, yet these autophagy-derived 

nutrients were not required for survival within the first week of growth factor 

withdrawal, and autophagy instead eventually enhanced the rate of apoptotic cell 

death.  Notably, this apoptosis under growth factor withdrawal was due to 

autophagy-dependent transcriptional induction of the BH3-only protein Bim via the 

stress response transcription factor Chop.  Thus, induction of autophagy after 

growth factor withdrawal can simultaneously contribute to basal cell metabolism 

and sensitize cells to apoptosis through induction of Bim.  Autophagy itself, 

therefore, is not metabolically essential for short-term survival of growth factor-

deprived cells but can regulate the balance of pro- to anti-apoptotic Bcl-2 family 

proteins.  This may contribute to tissue homeostasis by increasing apoptotic stress 

to ensure that only cells with a high resistance to apoptosis may survive long 

enough in conditions of limiting growth factor input to utilize autophagy as a 

nutrient source and long-term survival strategy.
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3.2  Results 
 

3.2.1  Bcl-2 and Bcl-xL Prevent Cell Death in Growth Factor 
Deprived Cells Despite Loss of Glucose Uptake 

The IL3-dependent lymphoid/myeloid precursor cell line FL5.12 was 

analyzed in the presence and absence of IL3 to closely examine the molecular 

changes that may underlie atrophy and cell death after cytokine deprivation 

[Rathmell et al 2000].  When cells were deprived of growth factor, phosphorylation 

of Akt and mTOR decreased [Wieman et al 2007] (Figure 3.1A) and expression of 

the pro-apoptotic proteins Bim [Zhao et al 2007] and Puma increased (Figure 

3.1B).  Expression of activated Akt (myristoylated Akt, MyrAkt), Bcl-xL, or Bcl-2 

(Figure 3.1C) each prevented cell death (Figure 3.1D).  In contrast, glucose uptake 

was decreased in control and Bcl-xL cells but not in MyrAkt cells after IL3 

withdrawal (Figure 3.1E).  This is consistent with previous findings showing the 

inability of Bcl-xL to affect trafficking of the glucose transporter Glut1 and the 

ability of Akt to promote trafficking of Glut1 to the cell surface [Wieman et al 

2007]. 
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Figure 3.1  Bcl-2 and Bcl-xL prevent cell death in growth factor deprived cells 
despite decreased glucose uptake. 

A, B.  Cells were cultured in IL3 or withdrawn from IL3 for (A) six or (B) ten hours and pAkt 
Ser473, Akt, pmTOR Ser2448, and mTOR were analyzed by immunoblot.  C.  The expression of 
MyrAkt, Bcl-xL, and Bcl-2 was established by immunoblot.  D, E.  Cell (D) survival and (E) 
glucose uptake were determined at indicated times after IL3 withdrawal.  Means of triplicate 
samples and standard deviations are shown for survival curves, standard errors for glucose 
uptake.  Data shown are representative of three or more experiments. Asterisks denote p < 0.05 
by Student’s t-Test of IL3 withdrawn samples compared to (D) control or (E) + IL3 samples. 
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3.2.2  Autophagy Is Induced in Growth Factor Withdrawn Cells 
Regardless of Bcl-xL Or Bcl-2 Expression 

The decrease in mTOR phosphorylation (Figure 3.1A) and glucose uptake 

after IL3 withdrawal in control and Bcl-xL expressing cells (Figure 3.1E) may have 

resulted in the induction of autophagy.  The appearance of autophagosomes by 

transmission electron microscopy was, therefore, examined in control cells or cells 

expressing MyrAkt, Bcl-2, or Bcl-xL in the presence or absence of cytokine for ten 

hours.  Despite the ability of Bcl-2 and Bcl-xL to block autophagy in acute settings 

[Pattingre et al 2005], autophagosomes became clearly visible after ten hours 

without cytokine in both control cells and Bcl-2 expressing cells (Figure 3.2A).  

These findings are consistent with reports of autophagy induction even in the 

presence of overexpressed Bcl-xL or Bcl-2 after serum withdrawal [Maiuri et al 

2007, Oberstein et al 2007], ischemia [Degenhardt et al 2006], or DNA damage 

[Shimizu et al 2004].  Quantitation of autophagosomes and lysosomes in control, 

MyrAkt, Bcl-xL, and Bcl-2-expressing cells revealed a significant induction of 

autophagy after cytokine deprivation (Figure 3.2B), though fewer autophagosomes 

and lysosomes were observed in MyrAkt-expressing cells, consistent with mTOR 

inhibition of autophagy. 
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Figure 3.2  Bcl-xL and Bcl-2 expression do not prevent induction of autophagosome 
formation after growth factor withdrawal. 

A.  Control and Bcl-2 expressing cells were cultured in IL3 or withdrawn from IL3 for ten hours, 
and examined by transmission electron microscopy.  Boxed areas are shown in detail on right, 
and white arrows indicate autophagosomes and autolysosomes.  B.  Quantitation of 
autophagosomes and lysosomes in control (Con), MyrAkt, Bcl-xL, and Bcl-2 expressing cells 
cultured in IL3 or withdrawn from IL3 for 10 hours (n = 27 cells each).  Means and standard 
errors are shown.  Asterisks denote p < 0.05 by Student’s t-Test of IL3 withdrawn samples 
compared to + IL3 samples.  C.  Bcl-xL expressing cells stably expressing GFP-LC3 were 
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deprived of cytokine for six hours and examined by fluorescence microscopy for localization of 
GFP-LC3.  Data shown are representative of two or more experiments. 

 

As an independent measure of autophagy, the localization and processing of 

microtubule-associated protein light chain 3 (MAP-LC3), a small protein involved in 

autophagosome formation that is processed into an active form when autophagy is 

induced, was also examined [Tanida et al 2004].  Cells stably expressing GFP-

tagged LC3 were withdrawn from IL3 and then analyzed over a twelve-hour period.  

Bcl-xL-expressing cells with stably expressed GFP-LC3 showed a characteristic LC3 

punctate pattern in the absence of IL3, indicative of autophagy (Figure 3.2C).   

In addition, immunoblot analysis revealed that GFP-LC3 I began to decrease in 

control cells with a concomitant increase in GFP-LC3 II shortly after IL3 

withdrawal, and this conversion continued out to 12 hours (Figure 3.3A).  A smaller 

27 kDa protein, recognized by the anti-GFP antibody, also began to appear by 

eight hours (Figure 3.3A).  This smaller protein has previously been used as an 

indicator of autophagy [Hosokawa et al 2006] and appeared to have arisen due to 

the lysosomal degradation of GFP-LC3, as the lysosome inhibitor chloroquine (CQ) 

inhibited the appearance of the smaller form of GFP-LC3 and caused a buildup of 

GFP-LC3 II (Figure 3.3A).  GFP-LC3 processing and cleavage was inhibited in MyrAkt 

expressing cells (Figure 3.3B), yet appeared to occur normally upon growth factor 

withdrawal in both Bcl-2 and Bcl-xL expressing cells (Figure 3.3B).  Together, these 

data show that autophagy is rapidly induced upon growth factor withdrawal, and 

expression of Bcl-2 or Bcl-xL does not affect this process. 
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Figure 3.3  GFP-LC3 is processed –IL3 in cells expressing Bcl-2 and Bcl-xL. 

A. Cells expressing GFP-LC3 were deprived of cytokine for indicated times in the absence or 
presence of chloroquine (CQ), and GFP-LC3 processing was assessed by anti-GFP immunoblot.  
B.  Control, Myr-Akt, Bcl-xL, and Bcl-2 expressing cells with stable GFP-LC3 expression were 
withdrawn from IL3 for indicated times, and GFP-LC3 processing was observed by immunoblot.  
Data shown are representative of three or more experiments. 

 

3.2.3  Autophagy Promotes Production and Metabolism of Amino 
Acids and Long-Chain Fatty Acids After Growth Factor Withdrawal 

Hematopoietic Bax-/- Bak-/- cells rely on autophagy to provide intracellular 

nutrients for mitochondrial oxidation after prolonged periods of growth factor 

withdrawal [Lum et al 2005a].  To determine if Bcl-2 or Bcl-xL expressing cells also 

derived metabolic benefit from autophagy in the initial days after IL3 withdrawal, 

acyl-carnitines were measured in control, MyrAkt, Bcl-xL, and Bcl-2 expressing 

cells.  Acyl-carnitines are derived from the covalent linkage of carnitine to amino 
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acids or lipids for transport across the mitochondrial inner membrane and 

represent carbon chains available for mitochondrial catabolism [An et al 2004].   

 

Figure 3.4  Mitochondrial fuels increase upon IL3 withdrawal in Bcl-2 and Bcl-xL 
expressing cells. 

(A) Control, (B) MyrAkt, (C) Bcl-xL or (D) Bcl-2 expressing cells were cultured in IL3 or 
withdrawn from IL3 for indicated times.  Cell lysates were analyzed by tandem mass 
spectrometry to quantitate acyl-carnitines.  Acyl-chain lengths and saturation (length:saturation) 
are indicated and means of triplicates and standard errors are shown.  Asterisks denote p < 0.05 
by Student’s t-Test of IL3 withdrawn samples compared to +IL3 samples.  Note different scales.  
Data shown are representative of three or more experiments. 
 

After ten hours of IL3 withdrawal, small-chain acyl-carnitine levels were not 

significantly changed (Figure 3.4A-D).  After one day, however, Bcl-xL (Figure 

3.4C) and Bcl-2 (Figure 3.4D) expressing cells showed a greater than two-fold 

increase in short carbon carnitine-linked chains.  C5-carnitine levels also 
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increased, suggesting elevated amino acid metabolism (Figure 3.4A, C, D).  Carbon 

sources available for mitochondrial oxidation, therefore, appeared to increase 

even in the face of decreased glucose uptake. 

 The acyl-carnitine profile of IL3 withdrawn Bax-/- Bak-/- cells was 

characterized to establish how reliance on autophagy affects metabolism.  Similar 

to Bcl-2 and Bcl-xL expressing cells, an increase in short chain acyl-carnitines was 

observed in IL3 deprived Bax-/- Bak-/- cells (data not shown).  Importantly, we also 

observed an increase in both C18:1 (oleate) and C18 (stearate) long chain acyl-

carnitines (Figure 3.5A), suggesting mobilization of fatty acids from intracellular 

lipids for metabolism, consistent with proposed models of autophagy as a nutrient-

generating process [Lum et al 2005b].  C18:1 and C18-carntines did not change at 

early time points but were also greatly increased in Bcl-xL and Bcl-2 expressing 

FL5.12 cells one day after IL3 withdrawal (Figures 3.5B,C,D). 



 

 73

 

Figure 3.5  Growth factor withdrawal promotes production of long-chain fatty 
acids. 

A-D.  IL3-dependent (A) Bax-/- Bak-/-(‘dKO’), (B) Control, (C) Bcl-xL, and (D) Bcl-2 cells were 
cultured in IL3 or withdrawn from IL3 for indicated times and C18:1 (oleate) and C18 (stearate) 
levels were measured by tandem mass spectrometry for acyl-carnitines.  Acyl-chain lengths and 
saturation (length:saturation) are indicated, and means of triplicate samples and standard errors 
are shown.  Asterisks denote p < 0.05 by Student’s t-Test of IL3 withdrawn samples compared to 
+ IL3 samples, except where otherwise indicated.  Data shown are representative of three or more 
experiments. 

 

Changes in steady-state levels of acyl-carnitines did not necessarily indicate 

altered flux of lipids through mitochondrial β-oxidation or if these lipids were 

derived from autophagy.  To directly observe flux, Bcl-xL expressing cells were 
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labeled with H3-palmitate and the rate of β-oxidation was measured.  Oxidation of 

incorporated H3-palmitate increased upon growth factor withdrawal, and this was 

blocked by addition of the carnitine palmitoyltransferase and β-oxidation inhibitor 

etomoxir (Etm, Figure 3.6A).  Thus, while MyrAkt cells continued to uptake and 

utilize glucose, Bcl-2 or Bcl-xL expressing cells decreased glucose uptake (Figure 

3.1E) and switched to mitochondrial oxidation of lipids and amino acids after 

growth factor withdrawal. 

To determine if the source of these long chain fatty acids was autophagy, 

chloroquine was added to growth factor deprived Bcl-xL expressing cells to 

pharmacologically inhibit lysosomal degradation of intracellular components.  

Chloroquine eliminated the increase of C18:1 and C18-carnitines (Figure 3.6B).  

Interestingly, chloroquine treatment did not fully prevent increased C5-carnitine 

levels in Bcl-xL expressing cells after growth factor withdrawal (Figure 3.6CB), 

suggesting that IL3 deprived cells may maintain some autophagy-independent 

amino acid metabolism. 
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Figure 3.6  Autophagy serves as a sole source of lipid- but not amino acid-derived 
metabolites for mitochondrial oxidation following growth factor withdrawal in FL5.12 cells. 

A. Bcl-xL expressing cells were incubated with H3 palmitate for 48 hours, washed, and cultured 
in the presence of IL3 or withdrawn from IL3 for one day.  Generation of tritiated water was 
measured as an indication of palmitate metabolism.  200 μM Etomoxir (Etm), a carnitine 
palmitoyltransferase inhibitor, was added to some samples.  B,C.  Bcl-xL expressing cells were 
cultured in IL3 or withdrawn from IL3 for one day.  Chloroquine (CQ) was added to some 
samples eight hours prior to harvest to inhibit lysosomal degradation pathways.  (B) Lipid-
derived long chain and (C) amino acid-derived short chain acyl-carnitines were measured by 
tandem mass spectrometry.  Means of triplicate samples and standard errors are shown.  Asterisks 



 

 76

denote p < 0.05 by Student’s t-Test of IL3 withdrawn samples compared to + IL3 samples, except 
where otherwise indicated.  Data shown are representative of three or more experiments. 
 

 As an alternate cell model of determining autophagy-derived nutrients, 

immortalized mouse embryonic fibroblasts (MEFs) with doxycycline-regulated 

expression of Atg5 [Hosokawa et al 2006] and expression of human Bcl-2 (Figure 

3.7A) were examined for acyl-carnitine production upon serum deprivation.  Four 

days of doxycycline treatment effectively reduced mRNA expression of Atg5 

(Figure 3.7B).  Interestingly, autophagy-suppressed MEFS withdrawn from serum 

had much lower level of the amino acid-derived acyl-carnitine C5 as compared 

with control treated cells, while the lipid-derived acyl-carnitines C16, C18:1, and 

C18 were relatively unaffected (Figure 3.7C).  Further analysis revealed that the 

MEFS produced higher levels of many amino acids upon serum withdrawal (Figure 

3.7D), a process that was reduced or blocked by inhibition of autophagy.  

Therefore, in growth factor withdrawn cells expressing Bcl-2 or Bcl-xL, autophagy 

appears to be a critical source of nutrients such as amino acids or fatty acids, 

depending on the type of cell. 
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Figure 3.7  Autophagy serves as a key source of amino-acid derived metabolites but not 
lipids following serum withdrawal in Bcl-2 expressing MEFs.   

A.  Human Bcl-2 was overexpressed in Atg5 Tet-Off MEFs.  Protein levels were analyzed by 
immunoblot.  B.  Atg5 Tet-Off MEFs expressing Bcl-2 were treated with PBS or 5 μg/mL 
Doxycyline for four days, then Atg5 mRNA was determined by quantitative real-time PCR.  C, 
D.  Atg5 Tet-Off MEFs expressing Bcl-2 were treated with PBS or 5 μg/mL doxycyline for four 
days, and then withdrawn from serum for the three days.  (C)  Amino-acid (C5) and lipid derived 
(C16-C18) acyl-carnitines or (D) amino acids were measured by mass spectrometry.  Acyl-chain 
lengths and saturation (length:saturation) are indicated and means of triplicates and standard 
errors for all samples are shown.  Asterisks denote p < 0.05 by Student’s t-Test of doxycline-
treated samples compared to samples not treated with doxycycline.  Data shown are 
representative of three or more experiments. 
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3.2.4  Despite Nutrient Production, Autophagy Induces Cell Death 
of Bcl-2 and Bcl-xL Expressing Cells 

 The generation of nutrients for mitochondrial oxidation suggested that 

autophagy may play a positive role in cell survival after cytokine withdrawal and 

decreased glucose uptake.   

 

Figure 3.8  Autophagy is effectively reduced by short hairpin RNAi in FL5.12 cells. 

A. Efficiency of mRNA suppression for shRNAi against Atg5, Atg7, or Atg12 was determined by 
quantitative real-time PCR.  B.  Bcl-2 cells were transiently transfected with control, Beclin-1, or 
Atg5 shRNAi, withdrawn from cytokine for up to 48 hours, harvested, and Beclin-1 knockdown 
efficiency and endogenous LC3 processing were detected by immunoblot.  Asterisks denote p < 
0.05 by Student’s t-Test of test samples relative to control samples.  Data shown are 
representative of three or more experiments. 

 

To directly examine the role of autophagy in Bcl-2- and Bcl-xL-mediated cell 

survival, we utilized shRNAi constructs against the autophagy-essential genes Atg5, 
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Atg7, Atg12 (Figure 3.8A) and Beclin-1 (Figure 3.8B).  Both Beclin-1 and Atg5 

shRNAis decreased autophagy when cells were withdrawn from IL3, as indicated by 

reduced processing of LC3 I to LC3 II (Figure 3.8B).  Control, Beclin-1, and Atg5 

shRNAis were first transfected into control cells lacking exogenous Bcl-2 or Bcl-xL 

expression, and survival after IL3 withdrawal was assessed.  Inhibition of 

autophagy led to more rapid death by twelve hours after IL3 withdrawal (Figure 

3.9A), as well as more rapid death in the presence of growth factor (3.2.9B).  This 

death was not due to modulation of the ectopically expressed anti-apoptotic Bcl-2 

family proteins by autophagy, as endogenous Bcl-2 and Bcl-xL were unaffected by 

autophagy shRNAi after IL3 withdrawal (Figure 3.9C).  Cells expressing Glut1 and 

Hexokinase, and thus able to maintain high glucose uptake and increased survival 

even after growth factor withdrawal [Zhao et al 2007], also showed increased 

death shortly after growth factor withdrawal when autophagy was inhibited (Figure 

3.9D).  This suggested that control cells withdrawn from IL3 and with suppressed 

autophagy did not die due to metabolic deficiency.  To determine if autophagy 

affected death of non-hematopoietic cells upon growth factor withdrawal, MEFs 

with conditional Atg5 expression were examined upon serum deprivation (Figure 

3.9E). 
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Figure 3.9  Autophagy supports cell survival in FL5.12 cells and MEFs in a manner 
independent of nutrients and endogenous anti-apoptotic Bcl-2 family proteins. 

A, B.  (A) Control cells were transfected with control, Beclin-1, or Atg5 shRNAi, and viability 
was observed over time in the (A) absence or (B) presence of IL3.  C.  Control FL5.12 cells were 
transfected with control, Atg5, or Atg12 shRNAi, and cultured in IL3 or withdrawn from IL3 for 
ten hours.  Endogenous Bcl-2 and Bcl-xL were detected by immunoblot.  D.  Glut1/Hexokinase 
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expressing cells were transfected with control, Beclin-1, or Atg5 shRNAi, and viability was 
observed over time after IL3 withdrawal.  E.  Atg5 Tet-Off MEFs were treated with PBS or 5 
μg/mL doxycycline for four days, withdrawn from serum, and analyzed for viability.  Means and 
standard deviations from triplicate samples are shown.  Asterisks denote p < 0.05 by Student’s t-
Test of test samples relative to control samples.  Data shown are representative of three or more 
experiments. 

 

Addition of doxycycline led to slightly enhanced death compared PBS control-

treated cells after serum withdrawal (Figure 3.9E).  Doxycycline had no effect on 

wild-type MEFs (data not shown).  Together these data suggest that cell death was 

modestly enhanced shortly after growth factor withdrawal in autophagy-deficient 

cells, and this death was not due to nutrient deficiency. 

 Long-term cell viability upon inhibition of autophagy was next examined in 

MyrAkt, Bcl-2, and Bcl-xL expressing FL5.12 cells.  Neither Beclin-1 nor Atg5 

shRNAi affected survival in cells expressing MyrAkt (Figure 3.10A).  In contrast, 

inhibition of autophagy increased survival of cells with moderate Bcl-2 expression 

at later time points (Figure 3.10B).  Similar effects of autophagy inhibition were 

also observed in an alternate clone of cells expressing Bcl-2 (Figure 3.10C), a 

polyclonal line of cells expressing Bcl-2 (Figure 3.10D), and cells expressing either 

clonal or polyclonal levels of Bcl-xL (Figure 3.10E, F).   
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Figure 3.10  Autophagy induces cell death in growth factor deprived Bcl-2 and Bcl-xL 
expressing FL5.12 cells. 

A-F.  (A) MyrAkt expressing, (B) Bcl-2 expressing, (C) Bcl-2 expressing alternate clone #6, (D) 
polyclonal Bcl-2 expressing, (E) Bcl-xL expressing, and (F) polyclonal Bcl-xL expressing cells 
were transfected with control, Beclin-1, or Atg5 shRNAi, and cell viability was observed over 
time after IL3 withdrawal.  Means and standard deviations of triplicate samples are shown.  
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Asterisks denote p<0.05 by Student’s t-Test for multiple time points for test samples relative to 
control samples.  Data shown are representative of three or more experiments. 

 

Consistent results supporting a pro-death role for autophagy in growth factor 

withdrawal were observed in the hematopoietic-derived Ba/F3 (Figure 3.11A-D) 

and 32D (Figure 3.11E, F) cell lines.   
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Figure 3.11  Autophagy shRNAi protects Ba/F3 and 32D cells from IL3 withdrawal. 

A-D.  Ba/F3 (A) parental, (B) Bcl-2 expressing clone 6, (C) Bcl-xL expressing clone 4, or (D) 
Bcl-xL expressing clone 6 cells were transfected with control or Atg12 shRNAi and viability was 
observed over time after IL3 withdrawal.  E,F.  32D (E) parental and (F) polyclonal Bcl-2 
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expressing cells were transfected with control or Atg12 shRNAi and viability was observed after 
(E) 48 hours and (F) 72 hours.  Means and standard deviations from triplicate samples are shown.  
Asterisks denote p<0.05 by Student’s t-Test for test samples relative to control samples.  Data 
shown are representative of three or more experiments. 

 

Importantly, inhibition of autophagy in cells with moderate Bcl-2 expression led to 

a persistent two-fold or greater survival advantage lasting more than one week 

(Figure 3.12A).   

 

Figure 3.12  Protection conferred by autophagy shRNAi in Bcl-2 expressing cells after 
growth factor withdrawal is persistent in FL5.12 cells and MEFs, and is Bcl-2 dependent. 

A.  Moderate Bcl-2 expressing cells transfected with control, Beclin-1, or Atg5 shRNAi were 
withdrawn from cytokine, and viability was tracked over nine days.  B.  Atg5 Tet-Off MEFs 
expressing Bcl-2 were treated with PBS or 5 μg/mL doxycycline for four days, withdrawn from 
serum, and analyzed for viability over the indicated time course.  C.  Cells with high Bcl-2 
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expression were transfected with control, Beclin-1, or Atg5 shRNAi, withdrawn from cytokine, 
and viability was tracked over nine days. Means and standard deviations of triplicate samples are 
shown.  Asterisks denote p<0.05 by Student’s t-Test for multiple time points for test samples 
relative to control samples.  Data shown are representative of three or more experiments. 

 

Similarly, inhibition of autophagy in Bcl-2-expressing MEFs with conditional Atg5 

expression led to increased cell survival after serum withdrawal (Figure 3.12B). 

Importantly, high levels of Bcl-2 expression protected cells from death and 

inhibition of autophagy provided no further advantage or disadvantage (Figure 

3.12C).  Thus, despite decreased glucose uptake and the generation of alternate 

nutrients by autophagy, autophagy-derived metabolites are not essential to 

support cell viability early after growth factor withdrawal.  Instead autophagy acts 

to promote death in growth-factor cells expressing moderate levels of Bcl-2 or Bcl-

xL. 

 

3.2.5  Autophagic-Induced Cell Death Is Apoptotic 

 The ability of Bcl-2 levels to modulate autophagy-induced cell death 

following growth factor withdrawal suggested that cell death may have been 

apoptotic.  Apoptosis is regulated by the balance of pro-apoptotic and anti-

apoptotic proteins, and autophagy-dependent loss of Bcl-2 may have lowered the 

threshold for apoptosis.  Although Bcl-2 protein levels did decrease after IL3 

withdrawal in both Bcl-2 and high Bcl-2 expressing cell lines, this was not 

influenced by shRNAi knockdown of Atg5 (Figure 3.13A).   
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Figure 3.13  Autophagy does not lead to Bcl-2 degradation, but does promote apoptosis in 
growth factor deprived Bcl-2 expressing cells. 

A.  Moderate (left) and high (right) Bcl-2 expressing cells were transfected with control or Atg5 
shRNAi, withdrawn from cytokine, and analyzed for exogenous human Bcl-2 protein expression.  
B, C. Moderate Bcl-2 expressing cells were transfected with Control, Beclin-1, Atg7, or Atg12 
and active Bax (B) and sub-G1 DNA content (C) were analyzed in the presence of IL3 or after 
36-hour IL3 withdrawal.  D.  Caspase 3 activity was measured in Bcl-2 expressing cells 
transfected with control, Beclin-1, or Atg7 shRNAi in the presence of IL3 or after 24-hour IL3 
withdrawal.  Means and standard deviations of triplicate samples are shown.  Asterisks denote p < 
0.05 by Student’s t-Test of test samples relative to control samples.  Data shown are 
representative of three or more experiments. 
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To test whether autophagy-induced death after IL3 withdrawal in Bcl-2 cells was 

indeed apoptotic, Bax conformation change and activation (Figure 3.13B), 

degradation of DNA to sub-G1 levels (Figure 3.13C), and Caspase-3 activity (Figure 

3.13D) were measured after growth factor withdrawal.  All three markers of 

apoptosis were increased after IL3 withdrawal of Bcl-2 cells (Figures 3.13B-D) and 

inhibition of autophagy suppressed these markers (Figures 3.13B-D).  Together, 

these data suggest that apoptosis occurs after IL3 withdrawal in cells with 

moderate Bcl-2 expression and is enhanced in an autophagy-dependent manner. 

 

3.2.6  Reactive Oxygen Species Are Not Involved in the Death of 
Growth Factor-Withdrawn FL5.12 Cells 

Autophagy may regulate cell survival and cell death at many levels, so we 

next sought to determine the mechanism by which autophagy led to apoptotic 

death in Bcl-2 expressing cells withdrawn from growth factor.  Autophagy 

regulates the integrity of many intracellular compartments, and dysfunction of 

autophagy can lead to increased production of reactive oxygen species (ROS) 

[Mathew et al 2009, Rouschop et al 2009, Tal et al 2009].  Importantly, increases 

in intracellular ROS have been implicated in activation of apoptosis and eventual 

cell death [Sade and Sarin 2004, von Harsdorf et al 1999].  To examine the 

induction of ROS in Bcl-2 and Bcl-xL expressing FL5.12 cells after growth factor 

withdrawal, cells were cultured in the presence or absence of IL3 for 24 hours and 

then stained with the pan-ROS dye CM-H2DCFDA.   
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Figure 3.14  Reactive oxygen species do not contribute to death of Bcl-2 and Bcl-xL 
expressing cells after growth factor withdrawal. 

A,B.  (A) Bcl-2 and Bcl-xL expressing cells were cultured in the presence or absence of IL3 for 
24 hours or (B) Bcl-xL cells were cultured in the presence or absence of 0.01% H2O2 for 24 
hours.  Reactive oxygen species were measured by staining with CM-H2DCFDA and flow 
cytometry analysis.  C,D.  (C) NGF or (D) BCR-Abl expressing cells were withdrawn from IL3 
in the presence or absence of N-acetylcysteine (NAC) or Mn(III)tetrakis(4-benzoic 
acid)porphyrin Chloride (MnTBAP), and viability was assessed by flow cytometry.  Means and 
standard deviations of triplicate samples are shown for C,D.  Data shown are representative of 
three or more experiments. 
 

ROS did not increase upon IL3 withdrawal in either Bcl-2 or Bcl-xL expressing cells 

(Figure 3.14A) as compared to cells treated with 0.01% hydrogen peroxide (Figure 
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3.14B).  Reactive oxygen species may have increased only transiently after 

cytokine deprivation but still caused damage leading to eventual apoptosis.  To 

address this possibility, cells were cultured in the presence of antioxidants to 

neutralize possible ROS increases after IL3 withdrawal.  However, the antioxidants 

N-acetylcysteine (NAC) or Mn(III)tetrakis(4-benzoic acid)porphyrin chloride 

(MnTBAP) did not dramatically rescue the survival of Bcl-2 or Bcl-xL expressing 

cells withdrawn from IL3 (Figure 3.14C, D).  Therefore, ROS is not induced by IL3 

withdrawal and not essential in the death of Bcl-2 and Bcl-xL expressing cells. 

 

3.2.7  Autophagy Augments Induction of the Pro-Apoptotic 
Transcription Factor Chop 

It was not clear how autophagy led to apoptosis, but autophagic 

degradation of intracellular components may have initiated a pro-apoptotic 

signaling pathway.  In particular, autophagy has been shown to play a role in 

destruction of unfolded proteins [Hoyer-Hansen and Jaattela 2007a], which may 

accumulate during the cellular atrophy that occurs after growth factor withdrawal 

and result in endoplasmic reticulum stress (ER stress) that can affect cell survival.  

Consistent with a role for autophagy in regulating the integrity of the ER, 

knockdown of Atg5 by shRNAi led to greatly enhanced death in Bcl-2 expressing 

cells treated with the glycosylation inhibitor and ER stress inducer tunicamycin 

(Figure 3.15A). 



 

 91

 

Figure 3.15  Autophagy promotes induction of the pro-apoptotic transcription factor Chop 
in the absence of canonical ER stress after growth factor withdrawal. 

A.  Bcl-2 expressing cells transfected with control or shRNAi were cultured in the presence of 
IL3 and 2 μg/mL tunicamycin, and viability was assessed by flow cytometry.  B.  Bcl-2 
expressing cells were treated with tunicamycin (Tun) for 12 hours, or transfected with control 
(Con) or Atg5 shRNAi and withdrawn from cytokine for the indicated times.  Expression of 
Chop, Calnexin, Bip, and pEif2α was determined by immunoblot.  Chop is indicated by an arrow 
and a non-specific band is indicated by <.  C.  Bcl-2 expressing cells were transfected with 
control or shRNAi against autophagy-essential genes, IL3 withdrawn for one day, and Chop 
mRNA levels were analyzed by quantitative real-time PCR.  Means and standard deviations of 
triplicate independent experiments are shown.  Asterisks denote p < 0.05 by Student’s t-Test of 
test samples relative to control samples.  Data shown are representative of three or more 
experiments. 
 

To determine if the unfolded protein response occurred upon growth factor 

withdrawal and if autophagy affected this process, Bcl-2 expressing cells 
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transfected with control or Atg5 shRNAi were withdrawn from cytokine, and the 

unfolded protein-response and ER stress proteins Calnexin, Bip, and phospho-

EIF2α, along with the multi-stress transcription factor Chop, were observed over 

time.  In contrast to tunicamycin (Tun) treated cells, which induced all ER-stress 

and unfolded protein response markers examined, Calnexin, Bip, and phospho-

EIF2α were not altered upon cytokine withdrawal in cells transfected with control 

shRNAi  (Figure 3.15B).  Chop, however, was induced after growth factor 

withdrawal (Figure 3.15B), although at a modest level lower than after 

tunicamycin treatment.  Importantly, induction of Chop protein was not 

detectable in autophagy-deficient cells (Figure 3.15B), suggesting that Chop 

induction after growth factor withdrawal may occur downstream of autophagy in 

the absence of a canonical ER stress.  Thus, Chop may be regulated differently by 

autophagy in growth factor withdrawal as compared to the unfolded protein 

response.  Indeed, inhibition of autophagy by shRNAi directed against the 

autophagy-essential genes Beclin-1, Atg5, Atg7, or Atg12 prevented full induction 

of Chop mRNA after IL3 withdrawal (Figure 3.15C).  Autophagy contributed to but 

was not essential for Chop upregulation, as partial induction of Chop mRNA still did 

occur regardless of autophagy inhibition. 
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Figure 3.16  Chop is required for induction of pro-apoptotic Bcl-2 family proteins and cell 
death upon growth factor withdrawal. 

A-D.  Bcl-2 expressing cells were transfected with control (Con) or Chop shRNAi and withdrawn 
from IL3 for the indicated times.  (A) Inhibition of Chop expression by shRNAi was tested by 
quantitative real-time PCR.  Induction of (B) Bim-EL, (C) Puma, and (D) Bax in control (Con) or 
Chop shRNAi transfected cells were observed by immunoblot.  Bim mRNA (E) was harvested 
and mRNA levels were determined by quantitative real-time PCR.  F.  Bcl-2 expressing cells 
were transfected with control or Chop shRNAi, withdrawn from IL3, and cell survival was 
observed over time.  Means and standard deviations of triplicate samples are shown.  Asterisks 
denote p < 0.05 by Student’s t-Test of test samples relative to control samples.  For death curves, 
asterisks denote p<0.05 by Student’s t-Test for multiple time points for test samples relative to 
control samples.  Data shown are representative of three or more experiments.  For immunoblots, 
levels of proteins under analysis were quantified by normalization to actin and to the control 
sample in each panel and quantitations are shown under each lane. 
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Chop has been previously shown to regulate the transcriptional induction of 

the pro-apoptotic protein Bim [Puthalakath et al 2007] and Puma [Ishihara et al 

2007], and may regulate other pro-death factors to cause apoptosis in growth 

factor deprived cells.  To ascertain the importance of Chop in the induction of pro-

apoptotic proteins upon IL3 withdrawal, Chop expression was suppressed by shRNAi 

(Figure 3.16A).  This led to a decrease in the induced protein levels of Bim-EL, 

(Figure 3.16B), Puma (Figure 3.16C), and Bax (Figure 3.16D), all of which may 

contribute to apoptosis in growth factor deprived Bcl-2 expressing cells.  The 

alternate splice isoforms of Bim, Bim-L and Bim-S, were not readily detectable by 

protein blot in exposures shown here.  Bim regulation by Chop occurred at least in 

part by modulation of Bim mRNA levels, as shRNAi inhibition of Chop completely 

prevented the increase in Bim mRNA after IL3 withdrawal (Figure 3.16E).  

Importantly, compared to cells transfected with control shRNAi, suppression of 

Chop induction by shRNAi greatly increased survival of cells with moderate Bcl-2 

expression after growth factor deprivation (Figure 3.16F).  Thus, autophagy can 

partially regulate the induction and activity of Chop to induce the pro-apoptotic 

proteins Bim, Puma, and Bax after IL3 withdrawal in the absence of obvious ER 

stress.   

 

3.2.8  Autophagy Specifically Regulates the Pro-Apoptotic Protein 
Bim in a Chop-Dependent Manner 

Because Chop was required for induction of Bim, Puma, and Bax after IL3 

withdrawal and was itself partially regulated by autophagy, the role of autophagy 
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in regulation of Bcl-2 family proteins was next examined.  Bim-EL and Bim-L 

protein induction were greatly suppressed by inhibition of autophagy by Atg5 or 

Atg7 shRNAi in growth factor deprived cells (Figure 3.17A).  To determine if 

regulation of Bim was transcriptional, Bcl-2 expressing cells transfected with 

control shRNAi or shRNAi against autophagy-essential genes were analyzed for Bim 

mRNA induction by quantitative real-time PCR (Figure 3.17B).  Compared to IL3 

withdrawn Bcl-2 expressing cells treated with control shRNAi, cells treated with 

each autophagy-gene shRNAi showed greatly reduced levels of Bim mRNA both at 

twelve and twenty-four hours after IL3 deprivation (Figure 3.17B).  Interestingly, 

while shRNAi against Beclin-1 reduced Bim mRNA in Bcl-2 expressing cells (Figure 

3.17B), Bim-EL protein levels appeared to be higher in cells where Beclin-1 

transcription had been reduced as compared to control-treated cells (Figure 

3.17C).  Beclin-1 can bind Bcl-2, which may affect availability of Bcl-2 to bind to 

Bim.  Indeed, we and others have previously observed that Bcl-2 levels affect level 

of Bim expression (data not shown) [Del Gaizo Moore et al 2007, Jorgensen et al 

2007].  These data suggest that while autophagy regulates Bim induction in cells 

withdrawn from growth factor, this regulation is complex and not likely only at the 

level of transcription.   
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Figure 3.17  Autophagy upregulates the pro-apoptotic protein Bim in a Chop-dependent 
manner after growth factor withdrawal. 

A. Bcl-2 expressing cells were transiently transfected with control, Atg5 or Atg7 shRNAi, 
withdrawn from IL3 for the indicated times, and Bim-EL levels were determined by immunoblot.  
B. Bcl-2 expressing cells were transfected with control, Beclin-1, Atg5, Atg7, or Atg12 shRNAi 
and IL3 withdrawn for indicated times.  RNA was harvested and Bim mRNA levels were 
analyzed by quantitative real-time PCR.  C. Bcl-2 expressing cells were transiently transfected 
with control, Atg5 or Beclin-1 shRNAi, withdrawn from IL3 for the indicated times, and Bim-EL 
levels were determined by immunoblot.  Means and standard deviations from triplicate samples 
are shown.  Asterisks denote p < 0.05 by Student’s t-Test of test samples relative to control 
samples.  Data shown are representative of three or more experiments. 
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We asked whether autophagic regulation of Bcl-2 family proteins applied to 

other pro-apoptotic proteins besides Bim, and other stresses besides growth factor 

withdrawal.  Chop regulated the expression of several pro-apoptotic proteins in 

the absence of IL3 (Figure 3.16), so we thus examined their induction in IL3 

withdrawal to determine if they, like Bim, were regulated by autophagy.  

However, unlike Bim (Figure 3.17), protein levels of Puma (Figure 3.18A) and Bax 

(Figure 3.18B) were unaffected in cytokine deprivation after suppression of 

autophagy.  To examine the regulation of Chop and Bim by autophagy under an 

alternate cell stress, Bcl-2 expressing cells were treated with the ER stress inducer 

tunicamycin.  We had previously observed that inhibition of autophagy increased 

sensitivity to direct ER stress (Figure 3.15A), suggesting that autophagy may 

differentially regulate cell fate under different stress conditions.  Consistent with 

an increased sensitivity to ER stress, suppression of autophagy by transfection with 

Atg5 shRNAi increased induction of Chop after 24 hours of tunicamycin treatment 

(Figure 3.18C).  Interestingly, Bim induction was reduced under tunicamycin 

treatment in cells where Atg5 expression was blocked by shRNAi (Figure 3.18C), 

suggesting that Chop and Bim are regulated differently by autophagy in ER stress 

as compared to growth factor withdrawal.  Therefore, while Chop may regulate 

several pro-apoptotic proteins after growth factor withdrawal, autophagy 

specifically suppressed Chop-dependent Bim induction or mRNA stabilization 

[Matsui et al 2007].   
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Figure 3.18  Autophagic regulation of Bim is specific and occurs under ER stress as well as 
growth factor withdrawal. 

A, B.  Bcl-2 expressing cells were transiently transfected with control, Atg5 or Atg7 shRNAi, 
withdrawn from IL3 for the indicated times, and (A) Puma, and (B) Bax levels were determined 
by immunoblot.  C.  Bcl-2 expressing cells were transiently transfected with control or Atg5 
shRNAi and treated with 2 µg/mL tunicamycin for the indicated times.  Chop and Bim-EL were 
detected by immunoblot.  Chop is indicated by an arrow and a non-specific band is indicated by 
<.  D,E.  Bcl-2 cells were transfected with control (Con), Beclin-1, Atg5, or Bim shRNAi.  (D) 
Inhibition of Bim expression by shRNAi was tested by immunoblot of IL3-deprived cells.  (E) 
Cell viability was observed over time after IL3 withdrawal.  Means and standard deviations from 
triplicate samples are shown.  Asterisks denote p < 0.05 by Student’s t-Test of test samples 
relative to control samples.  For death curves, asterisks denote p<0.05 by Student’s t-Test for 
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multiple time points for test samples relative to control samples.  Data shown are representative 
of three or more experiments. 

 

Bim has been shown to be of particular importance in promoting the death 

of hematopoietic cells after growth factor withdrawal [Bouillet et al 1999, Zhao et 

al 2007].  To assess the role of Bim in the death of cells with moderate Bcl-2 

expression after cytokine withdrawal, cells were transfected with control, Bim 

(Figure 3.18D), Beclin-1, or Atg5 shRNAi, and analyzed for death upon growth 

factor withdrawal.  Consistent with autophagic regulation of Bim to promote cell 

death, inhibition of Bim induction by shRNAi increased survival to a similar degree 

as inhibition of autophagy (Figure 3.18E).  Therefore, specific autophagic 

regulation of Chop-dependent Bim induction appears to account for the apoptotic 

death caused by activation of autophagy in Bcl-2 and Bcl-xL expressing cells after 

growth factor withdrawal. 

 

3.3  Discussion  
Autophagy has been described in various systems to either promote or 

prevent cell death [Levine and Kroemer 2008, Lum et al 2005b].  The role of 

autophagy and its interactions with apoptotic pathways in growth factor withdrawn 

cells has been uncertain.  In this study, we demonstrate a dual-role for autophagy 

in survival and death of growth factor withdrawn hematopoietic cells and MEFs.  

Autophagy was induced upon growth factor withdrawal despite expression of Bcl-2 

and Bcl-xL and provided apparent metabolic benefits.  After nutrient deprivation 
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or prolonged growth factor-withdrawal, autophagy-derived nutrients have been 

shown to be essential to support cell viability of apoptosis-incompetent cells [Lum 

et al 2005a, Mathew et al 2007a].  Here, however, we found that autophagy-

derived metabolites were not required to support survival of growth factor 

deprived hematopoietic cells or MEFs within at least a one week period after 

cytokine withdrawal.  Instead, autophagy ultimately promoted apoptosis of growth 

factor deprived cells through a Chop-dependent specific regulation of the pro-

apoptotic BH3-only protein Bim.  Thus, autophagy appears to contribute to tissue 

homeostasis by sensitizing cells to apoptosis after growth factor withdrawal, 

ensuring that only the most apoptosis-resistant cells may survive to utilize 

autophagy as a long-term survival mechanism. 

Bcl-2 family proteins have been shown to interact with the BH3-domain 

containing autophagy protein Beclin-1 under amino acid starvation or rapamycin 

treatment, and this interaction can inhibit induction of autophagy [Liang et al 

2006, Pattingre et al 2005].  However, after serum withdrawal, the BH3-only 

protein Bad can compete with Beclin-1 for binding to Bcl-2 or Bcl-xL, thus relieving 

Beclin-1 to initiate autophagy even in the presence of overexpressed Bcl-2 or Bcl-

xL [Maiuri et al 2007, Oberstein et al 2007].  Autophagy in cells overexpressing Bcl-

2 or Bcl-xL has also been observed under ischemic conditions [Degenhardt et al 

2006] and after DNA damage [Shimizu et al 2004].  Here, autophagy occurred 

normally in Bcl-2 and Bcl-xL expressing cells after IL3 withdrawal.  We observed no 

change in levels of endogenous phospho-Bad in cells after growth factor 

withdrawal (data not shown), but increased expression of BH3-only proteins such 
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as Bim and Puma may have sufficiently disrupted the Bcl-2/Bcl-xL – Beclin-1 

interaction to allow for autophagy induction. 

Autophagy can support cell metabolism when exogenous nutrient uptake 

decreases after growth factor withdrawal [Lum et al 2005a, Mathew et al 2007a].  

Indeed, Bax-/- Bak-/- cells eventually come to rely on autophagy to support 

essential metabolic processes [Lum et al 2005a].  Although autophagy can produce 

nutrients for survival, direct measurement of nutrients made available by 

autophagy has not been previously shown.  We found that induction of autophagy 

in growth factor withdrawn Bcl-2 or Bcl-xL expressing FL5.12 cells led to increased 

amino acids (reflected by increased in C5-carnitines, Figure 3.4C,D, 3.6C) and 

long-chain fatty acids (reflected by increased C18:1- and C18-carnitines, Figures 

3.5, 3.6B) [An et al 2004, Millington et al 1990].  Interestingly, the distribution of 

nutrients produced by autophagy varied widely depending on the cell type studied, 

pointing towards a differential regulation of autophagy and autolysosomal 

degradation in the production of nutrients in different tissue types.  In FL5.12 

cells, availability of long-chain fatty acids appeared to be wholly dependent on 

autophagy while amino acids were only partly autophagy-dependent (Figure 3.6C).  

Conversely, in MEFS with conditional Atg5 expression, autophagy played a critical 

role in the production and apparent metabolism of a variety of amino acids, while 

there was no measurable contribution of autophagy to the production of long chain 

fatty acids (Figure 3.7).  Consistent with a growth factor and autophagy-

independent source of nutrients such as amino acids supporting cellular 

metabolism, FL5.12 cells expressing Bcl-2 were capable of growth factor-
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independent survival with diminished autophagy for periods of at least a week 

(Figures 3.12A,C).  Residual glucose uptake or reliance on amino acid oxidation 

may have supported cell viability.  Indeed, Bax-/- Bak-/- cells have been reported to 

maintain a measurable glycolytic flux for at least five weeks after growth factor 

withdrawal [Lum et al 2005a].  Cellular atrophy due to proteasomal degradation 

may have also provided amino acids sufficient to sustain minimal mitochondrial 

oxidation.  Alternatively, increased chaperone-mediated autophagy has been 

reported after inhibition of macroautophagy, and this pathway may contribute 

nutrients [Dice 2007, Kaushik et al 2008].  The role of both autophagy and 

alternate fuels as nutrient sources upon growth factor withdrawal will be 

important for future study. 

In addition to support of cellular metabolism, autophagy may promote cell 

viability by degrading damaged intracellular organelles [Colell et al 2007].  Under 

circumstances where autophagy appeared to promote survival, as was the case in 

control FL5.12 cells cultured with or without growth factor, the mechanism that 

supported cell survival was not provision of nutrients to replace lost glucose 

uptake, as cells expressing Glut1 and hexokinase were equivalently affected by 

inhibition of autophagy (Figures 3.9A,D).  Cells died after autophagy inhibition 

even in the presence of growth factor (Figure 3.9B), suggesting that basal 

autophagy may be important in normal cell homeostasis as well as in response to 

stress.  Consistent with a role for autophagy in degrading damaged organelles, 

direct induction of ER stress by treatment with tunicamycin demonstrated a clear 

cytoprotective role for autophagy (Figure 3.15A).  In cells expressing Bcl-2 and 
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thus protected from mitochondrial and other organelle damage after cytokine 

withdrawal, autophagy was not required at these early time points.  It is likely, 

therefore, that autophagy inhibited cell death early after growth factor 

withdrawal via degradation of damaged organelles. 

At later times after growth factor withdrawal, autophagy sensitized cells 

with moderate Bcl-2 or Bcl-xL expression to apoptosis.  Normally, apoptosis is 

initiated soon after growth factor withdrawal by induction of pro-apoptotic BH3-

only proteins and neutralization of anti-apoptotic Bcl-2 family proteins.  In cells 

that strongly resist apoptosis, autophagy may ultimately support long-term 

survival, [Degenhardt et al 2006, Levine and Kroemer 2008, Lum et al 2005a, 

Swerdlow et al 2008], as induction of pro-apoptotic BH3 only proteins could not 

readily induce apoptosis.  Indeed, Bax-/- Bak-/- cells are completely resistant to 

Bim-induced cytotoxicity.  Thus, an initial barrier of apoptosis must be 

circumvented to allow persistent cell survival with autophagy in the absence of 

growth factors.  Our data indicate that through enhanced induction of Bim, 

autophagy itself increases the apoptotic stress that cells must endure to survive 

long-term.  Surprisingly, while knockdown of all autophagy genes assayed reduced 

induction of Bim mRNA (Figure 3.17B), reduction of Beclin-1 by shRNAi led to 

higher level of Bim-EL protein as compared to control-treated cells (Figure 3.17C).  

This result may reflect an altered balance of protein interactions, stemming from 

the observed result that Bcl-2 can bind to Beclin-1 [Liang et al 2006, Maiuri et al 

2007, Pattingre et al 2005].  While we did not observe evidence of Bcl-2-mediated 

inhibition of autophagy (Figures 3.2, 3.3), a portion of Bcl-2 protein may normally 
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bind Beclin-1 in FL5.12 cells, and reduction of the level of Beclin-1 may thus free 

Bcl-2 to bind and stabilize more Bim and allow for Bim protein stabilization, 

allowing increased Bim protein and concurrent increased survival [Ambrosini et al 

2009, Del Gaizo Moore et al 2007, Guo et al 2009, Hubner et al 2008, Jorgensen et 

al 2007].  Coimmunoprecipitation studies will be important in the future to 

elucidate the relationship between Bim, Bcl-2, and Beclin-1 in these conditions. 

Supporting the notion of autophagy potentiating apoptosis, autophagy has 

previously been shown to lead to apoptotic death in some developmental and 

tissue homeostasis circumstances [Akdemir et al 2006, Scott et al 2007, Wang et al 

2008a, Wang et al 2008b, Yousefi et al 2006], although the mechanisms have been 

uncertain.  Importantly, a recent study published after this work demonstrated 

that hepatocellular carcinoma cells treated with TGF-β induced Bim and 

underwent apoptosis, and this Bim induction and apoptosis were attenuated upon 

inhibition of autophagy by shRNAi [Kiyono et al 2009].  This establishes specific 

autophagic regulation of Bim as a phenomenon more widespread than just growth 

factor dependent hematopoietic-derived cells.  Regulation of the pro-apoptotic 

protein Bim by autophagy thus represents a novel connection between autophagy 

and apoptosis that may be applicable in a wide variety of instances where cells 

may become growth factor deprived, such as in development, tissue homeostasis, 

and carcinogenesis. 

Autophagic induction of apoptosis occurred through augmentation of Chop-

dependent upregulation of the pro-apoptotic BH3-only protein Bim (Figures 

3.17A,B).  Chop is an ER stress-induced transcription factor [Oyadomari and Mori 
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2004, Puthalakath et al 2007], but canonical ER stress and the unfolded protein 

response did not occur after growth factor withdrawal (Figure 3.15B).  Chop has 

been shown to respond to multiple cell stresses, [Oyadomari and Mori 2004] and 

autophagy may initiate or enhance such a pathway independent of ER stress.  

Importantly, inhibition of autophagy prevented only a portion of Chop induction 

after growth factor withdrawal, and Chop was necessary to induce Bax and Puma 

in addition to Bim.  Autophagy, however, was only necessary for Chop-mediated 

upregulation of Bim mRNA.  Thus, suppression of Chop by shRNAi resulted in 

greater survival in Bcl-2 and Bcl-xL expressing cells withdrawn from growth factor 

than suppression of Bim expression alone (Figure 3.16F compared to Figure 3.18E).  

Additionally, Chop-mediated regulation of Bim appeared to be specific to growth 

factor withdrawal conditions.  Under direct ER stress, autophagy was 

cytoprotective (Figure 3.15A) and reduction of autophagy by shRNAi led to greatly 

induced Chop while still suppressing Bim induction (Figure 3.18C).  Modification of 

Chop induction and activity by autophagy in growth factor deprivation played an 

important role in cell survival, but the precise mechanisms remain unclear and 

may be context specific. In particular, we were unable to detect autophagy-

dependent regulation of Bim when Bcl-2 expressing MEFs were serum starved, 

suggesting that autophagy may promote different pro-apoptotic signaling pathways 

in different systems.  This is an important area for future study. 

  Autophagy can be both positive and negative in regulation of cell survival, 

but it remains unclear how these two outcomes are regulated and under what 

conditions cells may utilize nutrients from autophagy as a survival mechanism.  
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Here, we used non-transformed hematopoietic cells with little or moderate 

resistance to apoptosis to examine the role of autophagy in growth factor 

withdrawal.  Surprisingly, autophagy enhanced apoptosis by promoting Chop-

dependent upregulation of Bim.  Cells or tissues sensitive to expression of Bim may 

be particularly sensitive to autophagic regulation of Chop and apoptosis.  These 

findings are consistent with the view that apoptosis occurs to prevent cells from 

surviving long-term in the absence of growth factors [Degenhardt et al 2006, Fung 

et al 2008, Lum et al 2005a] and further show that autophagy augments this 

apoptotic stress.  In this way, only cells with a highly favorable balance of anti-

apoptotic to pro-apoptotic Bcl-2 family members may persist long term after 

growth factor withdrawal to utilize alternative fuel sources such as those provided 

by autophagy.  It remains important to further address mechanisms by which 

apoptosis and autophagy interact, especially under basal conditions or in cells 

transformed by oncogenes. 
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4  Autophagy is Essential to Suppress Cell Stress 
and to Allow BCR-Abl-Mediated Leukemogenesis  

 

This chapter appears in modified form in: 

Oncogene 

Advance Online Publication 13 December 2010; doi: 10.1038/onc.2010.561 

Copyright 2010. Nature Publishing Group. 

Brian J. Altman, Sarah R. Jacobs, Emily F. Mason, Ryan D. Michalek, Andrew N. 

MacIntyre, Jonathon L. Coloff, Olga Ilkayeva, 2, Wei Jia, You-Wen He, and Jeffrey 

C. Rathmell 

 

4.1  Introduction 
 In contrast to normal metazoan cells, which require growth factors to 

sustain metabolism, maintain cellular homeostasis, and prevent cell death [Raff 

1992, Rathmell et al 2000], cancer cells can express oncogenic kinases to mimic 

growth factors and render cells independent of extrinsic signals [DeBerardinis et al 

2008, Hanahan and Weinberg 2000].  Insufficient access to or inhibition of growth 

signals can lead cellular atrophy with decreased nutrient uptake and activation of 

the self-digestive process of autophagy, and eventual induction of apoptotic 

programmed cell death [Altman and Rathmell 2009, Lum et al 2005a, Plas et al 

2001, Rathmell et al 2000, Wieman et al 2007].  Autophagy likely plays a key role 

in this stress response [Altman et al 2009, Colell et al 2007], but the acute role of 
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autophagy in cells deprived of growth signals or in cells under basal conditions is 

not well understood.  Additionally, how inhibiting autophagy may influence 

targeted cancer therapies remains largely uncertain and our work has shown to be 

partially context dependent [Altman et al 2009]. 

 Autophagy may influence cells deprived growth signals through several 

pathways.  Autophagosomes may specifically target damaged mitochondria [Colell 

et al 2007, Kim et al 2007], peroxisomes [Iwata et al 2006], or protein aggregates 

[Pankiv et al 2007] to maintain intracellular homeostasis of organelles and 

proteins.  Indeed, protein aggregates can lead to DNA damage and genomic 

instability [Mathew et al 2007b, Mathew et al 2009], and accumulation of damaged 

mitochondria can promote apoptosis [Mathew et al 2009].  Autophagy may also 

provide nutrients through lysosomal degradation of intracellular components for 

mitochondrial oxidation [Altman et al 2009, Lum et al 2005b, Mathew et al 2007b, 

Singh et al 2009].  Under cases of prolonged growth factor deprivation when 

apoptosis is suppressed, or under cases of direct metabolic stress, this contribution 

or nutrients appears critical to sustain cell viability [Karantza-Wadsworth et al 

2007, Lum et al 2005a].  While the importance of autophagy induced under 

stresses such as metabolic stress, organelle damage, or DNA damage has been well 

defined, the role of autophagy under basal and healthy conditions or in 

transformed cells is less certain.  We previously demonstrated that autophagy 

induced under growth factor withdrawal could be effectively reduced by shRNAi, 

and that basal autophagy may be critical for cell survival [Altman et al 2009]. 

Because shRNAi did not completely eliminate autophagic flux, however, it 
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remained uncertain if a low level of autophagy was positively influencing cell fate.  

A new approach to completely block autophagy was therefore needed to study 

basal autophagy in cell survival. 

 Given its potential function in metabolism and cell survival, manipulation of 

autophagy may provide a critical means to eliminate cancer cells.  Heterozygosity 

for the autophagy-essential gene Beclin-1 led to greatly increased rates of 

tumorigenesis [Liang et al 1999, Yue et al 2003], possibly due to genomic 

instability and increased mutagenesis when autophagy was reduced [Mathew et al 

2007b].  Conversely, autophagy has also been shown to promote survival of cancer 

cells following DNA damage, chemotherapeutic stress, or nutrient deprivation 

[Abedin et al 2007, Degenhardt et al 2006, Jin et al 2007, Karantza-Wadsworth et 

al 2007, Lum et al 2005a].  Chloroquine, a relatively non-toxic chemical inhibitor 

of autophagy, has shown efficacy as a single agent or in combination with other 

chemotherapeutics to treat both primary and metastatic cancers [Jiang et al 2010, 

Solomon and Lee 2009].  A promising setting for inhibition of autophagy may be in 

treatment of cancers driven by oncogenic kinases that mimic growth signals, such 

as BCR-Abl, where inhibition of autophagy may enhance kinase inhibitor-induced 

apoptosis [Bellodi et al 2009, Carew et al 2007b, Kamitsuji et al 2008].  

Nevertheless, the precise role for autophagy and how inhibition of this process 

may impact cancers driven by oncogenic kinases is uncertain. 

 To directly address the role of autophagy in control of cell metabolism and 

viability, we have generated a model for acute and complete genetic inhibition of 

the autophagy pathway using conditional deletion of the autophagy-essential gene 
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Atg3.  Cre-mediated Atg3 excision led to disruption of autophagy, cell cycle arrest, 

and eventual apoptotic cell death, both in the presence and absence of growth 

factor.  This cell stress was not due to damage from Cre-mediated excision itself, 

but rather from effects stemming from direct genetic ablation of autophagy.  We 

observed specific metabolic contributions from autophagy, but these nutrients did 

not appear critical for cell survival.  Rather, disruption of autophagy led to p53 

pathway activation and evidence of DNA damage with cell cycle arrest, Puma 

induction, and apoptosis.  However, this damage resulting from Atg3 excision was 

not due to increases or effects of reactive oxygen species, damage to the 

mitochondria population, or accumulation of protein aggregates.  Interestingly, 

cells expressing oncogenic BCR-Abl had low levels of basal autophagy but were 

highly sensitive to autophagy disruption and failed to generate leukemia upon Atg3 

deletion in vivo.  Chemical disruption of autophagy in cells expressing BCR-Abl led 

to similar effects on growth and survival, indicating an autophagy-specific rather 

than simply an Atg3-specific effect.  Together, these data directly demonstrate 

that inhibition of autophagy can enhance cell stress to promote cell death and 

prevent BCR-Abl-driven leukemogenesis. 
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4.2  Results 
 

4.2.1  Generation of a Hematopoietic Cell Model for Conditional 
Atg3 Deletion 

 We have developed a model for conditional deletion of the autophagy-

essential gene Atg3 to examine the role of autophagy.  Atg3F/F Rosa26 Cre-ER (A3C) 

mice were generously provided by Dr. You-Wen He, Duke University, and Atg3 was 

targeted as previously described [Jia and He 2011].  Hematopoietic precursor cells 

from these mice were isolated and infected with Hox11-expressing virus to 

suppress cell differentiation (Figure 4.1A) [Zinkel et al 2005].  This mixed 

population of hematopoietic progenitor cells could be expanded in IL3 and Atg3 

was readily excised when treated with 4-hydroxytamoxifen (4OHT) to activate Cre 

recombinase (Figure 4.1B).  To examine the role of autophagy in cell metabolism 

and apoptosis, A3C cells were transduced to stably overexpress the glucose 

transporter Glut1, the anti-apoptotic protein Bcl-2, or a truncated and non-

functional human nerve growth factor receptor (NGF) marker as a control (Figure 

4.1C).  Cell surface Glut1 was observed by flow cytometric staining (Figure 4.1D) 

[Wieman et al 2007].  In each cell population, 4OHT treatment resulted in 

decreased Atg3 expression (Figure 4.1E). 
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Figure 4.1  Atg3 can be inducibly excised in the hematopoietic A3C cell population and A3C 
overexpression lines. 

A.  Generation and model of immortalization, culture conditions, and Atg3 excision from Atg3F/F 
Rosa26-Cre-ER mouse of A3C cells.  B.  A3C cells were cultured with ethanol or 0.5 μM 4-
hydroxytamoxifen (4OHT) for the indicated times, and loss of Atg3 was observed by 
immunoblot.  A non-specific band is indicated by <.  C.  The expression of Glut1 and Bcl-2 in 
A3C cells was established by immunoblot, with NGF being the vector control.  D.  NGF, Glut1, 
and Bcl-2 A3C cells were cultured with ethanol or 4OHT, and Atg3 protein levels were analyzed 
by immunoblot.  E.  Live NGF and Myc-Glut1-expressing cells were stained with anti-myc and 
FITC anti-mouse IgG1, and Myc-Glut1 surface expression was assessed by flow cytometry.   
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 It was important to ensure that 4OHT treatment and Cre-mediated excision 

did not result in non-specific effects or toxicities.  4OHT itself did not cause Atg3 

loss (Figure 4.2A) or cytotoxicity in control cells lacking Cre-ER (Figure 4.2B).  It 

has previously been reported that Cre-mediated excision may itself initiate the 

DNA damage-response and cell death [Loonstra et al 2001], but activation of Cre 

by 4OHT in cells with wild-type Atg3 did not result in loss of viability or growth 

(Figure 4.2C,D).  To ensure Cre-mediated DNA excision did not elicit a DNA damage 

response that may have impacted cell fate, bone marrow from control and IL7RF/F 

Cre-ER mice [Jacobs et al 2010] was harvested and treated with either 4OHT to 

delete IL7R, a gene not expressed in hematopoietic precursor cells, or etoposide to 

directly cause DNA damage.  γH2A.X, a marker of DNA double-strand breaks [Kurz 

and Lees-Miller 2004], was observed after etoposide treatment, but not 4OHT 

treatment (Figure 4.2E).  Together these data indicate that 4OHT and activation of 

Cre-ER are not cytotoxic and do not result in DNA damage on their own. 
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Figure 4.2  4-hydroxytamoxifen excision of Atg3 is specific, and Cre-mediated excision is 
not inherently toxic. 

A.  A7F cells (which do not express Cre-ER) and A3C cells were cultured with 4OHT for the 
indicated times, and Atg3 protein was analyzed by immunoblot.  A non-specific band is indicated 
by <.  B.  A7F cells were cultured with 4OHT for the indicated times, with media being changed, 
cells being split, and new 4OHT being added on day 2, and survival was assessed by propidium 
iodide exclusion flow cytometry.  C,D.  CrePos cells (which express Cre-ER and are Atg3+/+) 
were cultured in the presence or absence of 4OHT.  (C) Cell accumulation over time was 
measured by quantitation on a Coulter Z2 Particle Counter, and (D) survival was measured by 
flow cytometry.  E.  Bone marrow from IL7RF/F Cre-ER or Cre-ER negative mice was cultured in 
either 4OHT for two days or 4 μM etoposide for 12 hours, and γH2A.X (phospho histone H2A.X 
serine 139), and Cre protein levels were analyzed by immunoblot.  Means and standard deviations 
of triplicate samples are shown.  Asterisks denote p < 0.05 by Student’s t-Test of experimental 
samples compared to control samples.  Data shown are representative of three or more 
experiments. 

 

 Functionally, Atg3 deletion disrupted autophagy, as treatment with 4OHT 

impaired accumulation of the autophagy markers and Atg3 targets LC3-II, 

GABARAP, and Gate-16, and increased accumulation of p62, a protein normally 

degraded by autophagy [Bjorkoy et al 2005] (Figure 4.3A).  Because autophagy 

leads to lysosomal degradation of autophagosomes and total levels of LC3-II, 

GABARAP, and Gate-16 reflect both processing and degradation, cells were treated 

with chloroquine to block lysosomal proteolysis (Figure 4.3B).  In each case, Atg3 

excision prevented protein processing.  A3C cells were also analyzed in the 

presence or absence of 4OHT by high throughput image analysis on the Amnis 

Imagestream X to rapidly and objectively quantitate GFP-LC3 punctae in many 

individual cells (Figure 4.3C).  Imagestream analysis combines the technologies of 

flow cytometry and fluorescent microscopy to allow large-scale quantitative 

fluorescent analysis of individual cells.  4OHT-treated cells had fewer GFP-LC3 

punctae, indicating that Atg3-deletion disrupted basal levels of autophagy.  



 

 116

Together, these data show that 4OHT and Cre recombination are not intrinsically 

cytotoxic and that Atg3 can be efficiently excised in the A3C cell population 

leading to acute genetic blockade of autophagy. 

 

Figure 4.3  Autophagy can be acutely disrupted by inducible excision of Atg3 in A3C cells.   

A,B.  Bcl-2-expressing A3C cells were cultured with ethanol or 4OHT for 4 days, then cultured 
in the absence (A) or presence (B) of 40 μM chloroquine (CQ) for 10 hours, and LC3-II, 
GABARAP, Gate-16, and p62 protein accumulation were assessed by immunoblot.  LC3 
antibody used preferentially recognized LC3-II.  C.  A3C GFP-LC3-expressing cells were 
cultured with ethanol or 4OHT for two days and subjected to analysis on the Amnis 
ImagestreamX Multispectral Imaging Flow Cytometer for LC3-puncta.  Left panel shows 
histogram of the number of LC3-puncta in individual cells, right panel shows examples of more 
punctate vs less punctate patterns.  Data shown are representative of three or more experiments. 
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4.2.2  Atg3 Deletion Leads to Cell Cycle Arrest and Enhanced 
Death 

 The establishment of A3C cells allowed direct examination of the role of 

autophagy on cell growth and survival.  Surprisingly, Atg3 was essential for cell 

accumulation over time in culture with IL3 (Figure 4.4A).   
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Figure 4.4  Disruption of autophagy causes cell cycle arrest in culture.   

A.  NGF-expressing A3C control cells were cultured in the presence or absence of 4OHT, and 
cell number was assessed daily using a Coulter Z2 Particle Counter.  B,C.  Bcl-2-expressing A3C 
cells were cultured with ethanol or 4OHT for three days, with media being changed and new drug 
being added on day two, then cultured with Bromo-2-deoxyuridine (BrdU) and BrdU 
incorporation and PI staining (to indicate DNA content) were assessed by flow cytometry for (B) 
BrdU incorporation and (C) PI cell-cycle analysis.  Quantitations of experiments are shown in 
bottom panels.  Means and standard deviations of triplicate samples are shown.  Asterisks denote 
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p < 0.05 by Student’s t-Test of 4OHT-treated samples compared to control-treated samples.  Data 
are representative of two or more experiments. 
 

This failure to accumulate in vitro was due in part to cell cycle arrest, as A3C cells 

expressing the anti-apoptotic protein Bcl-2 did not efficiently incorporate BrdU 

(Figure 4.4B) and arrested in G1 or G2 of the cell cycle (Figure 4.4C) after Atg3-

deletion.  Growth factor deprivation leads to atrophy and decreased cell 

metabolism through increased proteolysis and reduced nutrient uptake [Edinger 

and Thompson 2002, Rathmell et al 2000, Wieman et al 2007], and Atg3 deletion 

partially prevented atrophy to maintain cell size of apoptosis-resistant Bcl-2 

expressing A3C cells deprived IL3 (Figure 4.5A).  Importantly, deletion of Atg3 led 

to increased cell death in both the presence and absence of IL3, but this death was 

partially inhibited by expression of Bcl-2, which will suppress apoptosis and 

allowed extended survival in the absence of both Atg3 and IL3 (Figure 4.5B.C).  

Thus, excision of Atg3 and disruption of autophagy in A3C cells results in rapid cell 

cycle arrest and eventual death though a pathway that can be attenuated by 

expression of Bcl-2. 
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Figure 4.5  Autophagy disruption delays atrophy and enhances cell death in both the 
presence and absence of growth factor.   

A.  Bcl-2-expressing cells were cultured for four days in the presence or absence of 4OHT to 
delete Atg3, then cultured in the presence or absence of both 4OHT and IL3.  Cell size of Bcl-2-
expressing cells was assessed by forward scan flow cytometry.  B,C.  (B) Control-NGF or (C) 
Bcl-2-expressing A3C cells were cultured for two days with ethanol or 4OHT, then cultured in 
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the presence or absence of both 4OHT and IL3, and survival of control-NGF and Bcl-2-
expressing cells was assessed by propidium iodide exclusion flow cytometry.  Note different time 
scales.  Means and standard deviations of triplicate samples are shown.  Data shown are 
representative of three or more experiments.  Asterisks denote p < 0.05 by Student’s t-Test of 
4OHT-treated samples compared to control-treated samples. 

 

 The observation that Bcl-2 prevented A3C cells from autophagy-disruption-

induced death (Figure 4.5C) suggested a role for apoptosis and Bcl-2 family 

proteins in the death of IL3 deprived Atg3-deficient cells.  Indeed, IL3 withdrawal 

led to loss of Mcl-1 and induction of the pro-apoptotic proteins Puma and Bim, and 

this induction of Bim and Puma was enhanced in Atg3-deficient cells (Figure 4.6A).  

Further supporting apoptosis as the mechanism of cell death, deletion of Atg3 also 

resulted in accumulation of cells with activated Bax (Figure 4.6B) and DNA 

degraded to sub-diploid amounts (Figure 4.6C).  Interestingly, the large 17 / 19 

kDa fragment of cleaved caspase 3 increased less in Bcl-2 cells treated with 4OHT 

and withdrawn from IL3 as compared to control-treated cells, using an antibody 

that only recognizes cleaved caspase-3 (Figure 4.6D).  However, the relative ratio 

of the 17 kDa fragment to the 19 kDa fragment was greater in 4OHT-treated cells. 
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Figure 4.6  Atg3 excision leads to induction of pro-apoptotic proteins and apoptosis.   

A.  Bcl-2-expressing A3C cells were cultured for two days with ethanol or 4OHT to prevent 
autophagy, and withdrawn from IL3 for indicated times.  Mcl-1, Puma, Bim, and Bax, were 
analyzed by immunoblot.  B,C.  NGF cells were treated with 4OHT for the indicated times, and 
stained with anti-Bax and propidium iodide.  (B) Active Bax and (C) sub-diploid DNA content 
were assessed by flow cytometry.  D.  Bcl-2-expressing A3C cells were cultured for two days 
with ethanol or 4OHT to prevent autophagy, withdrawn from IL3 for indicated times, and cleaved 
caspase-3 (Cl. Casp3) was analyzed by immunoblot.  Means and standard deviations of triplicate 
samples are shown.  Asterisks denote p < 0.05 by Student’s t-Test of 4OHT-treated samples 
compared to control-treated samples.  Data shown are representative of three or more 
experiments.   
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4.2.3  Autophagy Supports but Does Not Appear Essential for 
Metabolism of Acutely Growth Factor-Deprived Cells 

 Pharmacologic inhibition or chronic genetic deletion experiments have 

shown that oxidation of intracellular components made available through 

autophagic degradation can support the survival of metabolically stressed cells 

[Altman et al 2009, Degenhardt et al 2006, Singh et al 2009].  Indeed, Atg3-

deficient cells were more sensitive to metabolic stress and underwent increased 

cell death upon treatment with the glycolytic inhibitor 2-deoxyglucose (2DG) 

(Figure 4.7A).  Autophagy may also support cell metabolism upon decreased 

nutrient uptake following growth factor deprivation, similar to direct inhibition of 

glycolysis [Lum et al 2005a].  IL3 deprivation decreased glycolytic flux (Figure 

4.7B), demonstrating that growth factors mediate control of glycolytic metabolism 

in A3C cells.  To directly establish the contribution of autophagy to cell 

metabolism in this isogenic system, we undertook mass spectrometry-based 

metabolomic analyses of A3C cells that were either treated or untreated with 

4OHT to delete Atg3 and cultured in the presence or absence of IL3.  Consistent 

with growth factor regulation of glycolytic rate, IL3 deprivation reduced levels of 

intracellular lactate and some organic acids derived from glucose metabolism and 

the tri-carboyxlic acid (TCA) cycle regardless of Atg3 status (Figures 4.7C,E).   
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Figure 4.7  Autophagy is critical for survival in metabolic stress as well as production of 
long chain fatty acids in growth factor withdrawal.   

A.  A3C NGF cells were cultured with ethanol or 4OHT to delete Atg3, then cultured in media 
with or without addition of 2 mM 2-deoxyglucose (2DG), and viability was assessed.  B-E.  Bcl-
2-expressing A3C cells were cultured with ethanol or 4OHT to delete Atg3, then cultured in the 
presence or absence of IL3 for 24 hours and (B) glycolysis, (C) intracellular lactate, (D) short-
chain C2 (acetyl) and the long-chain acyl-carnitines C16 (palmitate), C18:1 (oleate) and C18 
(stearate), and (E) organic acids were measured.  Means and standard deviations of triplicate 
samples are shown, standard errors for mass spectrometry experiments.  Data shown are 
representative of three or more experiments.  Asterisks denote p < 0.05 by Student’s t-Test of 
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treated samples compared to control samples for A, IL3-withdrawn samples compared to control 
samples for B-E. 

 

Acyl-carnitines, which are indicative of fuels available for mitochondrial oxidation 

and are derived from fatty acids that may be produced from the breakdown of 

membranes, were increased upon IL3 deprivation in an Atg3- and autophagy-

dependent manner [Altman et al 2009, An et al 2004] (Figure 4.7D).  Intracellular 

levels of some amino acids also increased in IL3 deprived cells that expressed Atg3 

but not in Atg3-deficient cells (Figures 4.8A-C), similar to what we previously 

observed in Atg5-deficient MEFs withdrawn from serum [Altman et al 2009]. 

 

Figure 4.8  Disruption of autophagy leads to minor changes in amino acid levels.   

A-C.  Bcl-2-expressing A3C cells were cultured for two days with either ethanol or 4OHT to 
inhibit autophagy, then cultured in the presence or absence of both 4OHT and IL3 for twenty four 
hours, and (A) high-abundance amino acids, (B) medium-abundance amino acids, and (C) low-
abundance amino acids were measured by tandem mass-spectrometry.  Means and standard errors 
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of triplicate samples are shown.  Data shown are representative of three or more experiments.  
Asterisks denote p < 0.05 by Student’s t-Test of IL3-withdrawn samples compared to control 
samples. 

 

 Provision of nutrients may mediate the survival benefits of autophagy in 

growth factor deprivation.  In this case, addition of exogenous nutrients may 

replace autophagy to support the viability of growth factor-deprived cells.  Control 

and Bcl-2 expressing cells were cultured in the presence or absence of 4OHT, 

withdrawn from IL3, and provided methyl-pyruvate, a cell permeable form of the 

end-glycolytic product pyruvate, a 1:1 mixture of the long-chain fatty acids oleate 

and palmitate (OP), or a combination of these nutrients (Figure 4.9A,B).  No 

condition rescued Atg3-deficient cells from enhanced death after growth factor 

withdrawal.  Neither methyl-pyruvate nor OP significantly altered cellular ATP 

levels (Figure 4.9C), suggesting that autophagy deficient cells were not under 

strong metabolic stress or were unable to efficiently uptake and utilize these 

nutrients.  To ensure nutrient access, the glucose transporter Glut1 was expressed 

to enhance and maintain glucose uptake even after removal of IL3 [Zhao et al 

2007].  While Glut1 expression itself did not affect cell death of Atg3-deleted 

cells, provision of both methyl-pyruvate and OP modestly increased survival –IL3 in 

both control and 4OHT treated Glut1-expressing cells (Figure 4.9D).  The inability 

to fully rescue survival suggested a lack of metabolic stress.  To further support a 

lack of distinct metabolic stress, the metabolic stress protein phospho-AMP kinase 

(AMPK), its downstream target phospho-acetyl-CoA carboxylase (ACC), as well as 
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phospho-S6-ribosomal protein were unchanged following Atg3 deletion (Figure 

4.9E). 

 

Figure 4.9  The impact of autophagy on metabolism is not critical to mediate survival early 
in growth factor withdrawal, and autophagy disruption does not cause overt metabolic 

stress.   
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(A) Control NGF or (B) Bcl-2-expressing A3C cells were cultured for two days with either 
ethanol or 4OHT to inhibit autophagy, then cultured in the presence or absence of IL3 along with 
a 1:1 mixture of 5 mM oleate and palmitate (OP), 10 mM methyl-pyruvate (MeP), OP + MeP, or 
BSA as a control, and cell viability was assessed.  Note different time scales.  C.  Bcl-2-
expressing cells were treated ± 4OHT for two days, then cultured with the nutrients indicated and 
without IL3 for 24 hours, and ATP levels were measured from cell lysates.  D.  Glut1-expressing 
A3C cells were cultured for two days with either ethanol or 4OHT to inhibit autophagy, then 
cultured in the presence or absence of IL3 along with a 1:1 mixture of 5 mM oleate and palmitate 
(OP), 10 mM methyl-pyruvate (MeP), OP + MeP, or BSA as a control, and cell viability was 
assessed.  E.  Bcl-2-expressing cells were cultured for two days with either ethanol or 4OHT to 
inhibit autophagy, then cultured in the presence or absence of both 4OHT and IL3 for twenty four 
hours, and expression of components of the AMP-kinase pathway were measured by immunoblot.  
Means and standard deviations of triplicate samples are shown.  Asterisks denote p < 0.05 by 
Student’s t-Test of 4OHT treated samples compared to control samples.  Data shown are 
representative of three or more experiments. 

 

Together, these data suggest that autophagy-derived nutrients may be essential in 

response to direct metabolic stress and eventually become essential in long-term 

growth factor deprivation [Lum et al 2005a], but not in the initial days after loss of 

growth signals. 

  

4.2.4  Disruption of Autophagy Leads to Induction of Pro-
Apoptotic Proteins and p53 Activation 

 In addition to promoting metabolism, autophagy has been implicated as a 

regulatory mechanism in the homeostasis of many pathways and organelles, 

including the mitochondria and endoplasmic reticulum [Bernales et al 2006, Hoyer-

Hansen and Jaattela 2007a, Kim et al 2007].  Consistent with this, we found that 

acute disruption of autophagy led to a small increase in induction of the ER stress 

marker Chop, though this was modest compared to treatment with the ER-stress-

inducing compound Tunicamycin.  Atg3 deletion led to no increase in the markers 

BiP or Calnexin (Figure 4.10A).  Autophagy disruption may also lead to 
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mitochondrial dysfunction and ROS stress [Mathew et al 2009], which may activate 

the p53 pathway [Karawajew et al 2005, Liu et al 2008, Niizuma et al 2009].  

Indeed, p53 was strongly phosphorylated on serine 18 (equivalent of human S15), 

and total p53 protein accumulated after Atg3 deletion (Figure 4.10B).  In addition 

to induction of Puma (Figure 4.6A), the p53 target gene p21 was induced after 

Atg3 deletion.  Interestingly, γH2A.X, a marker of DNA double-strand breaks that 

may be upstream of p53 activation [Kurz and Lees-Miller 2004], was also increased 

by disruption of autophagy, particularly after grown factor withdrawal. 

 

Figure 4.10  Atg3 deletion leads to cell stress and p53 activation.   

A,B.  Bcl-2-expressing A3C cells were cultured in the presence or absence of 4OHT for two days 
followed by withdrawal from IL3 for indicated times.  (A) The ER stress markers Chop, BiP, and 
Calnexin were analyzed by immunoblot.  Some cells were treated with 2 μg/mL tunicamycin 
(Tun) for 12 hours.  (B) Phospho-p53 serine 18, total p53, p21, and the DNA damage response 
protein γH2A.X (phospho histone H2A.X serine 139) were analyzed by immunoblot.  C.  FL5.12 
cells were withdrawn from IL3 for the indicated times, and γH2A.X and p21 were analyzed by 
immunoblot.  Data shown are representative of three or more experiments. 
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 While appearance of γH2A.X suggested DNA damage, it was unclear why this 

followed p53 phosphorylation and induction of the cell-cycle arrest protein p21 

(Figure 4.10B).  Temporal differences in detection of γH2A.X and markers of the 

DNA damage response may account for this discrepancy, but γH2A.X may also be 

induced independent of DNA damage or after apoptosis has commenced.  

Consistent with this latter possibility, IL3 withdrawal of the IL3-dependent cell line 

FL5.12 cells also led to accumulation of γH2A.X but not p21 (Figure 4.10C).  There 

is no published evidence that IL3 withdrawal leads to DNA damage before onset of 

apoptosis, so this data suggests that γH2A.X may be a general marker of cell stress 

or apoptosis in this instance.  These data suggest that disruption of autophagy in 

A3C cells may cause growth arrest and eventual death through p53 

phosphorylation, activation, and induction of pro-apoptotic target genes including 

Puma. 

  

4.2.5  Autophagy Is Critical for Growth and Survival of p185 BCR-
Abl-Transformed A3C Cells 

 Oncogenic kinases such as BCR-Abl mimic growth factor signals and are the 

targets of selective kinase inhibitors in cancer therapy [Bellodi et al 2009, 

Kamitsuji et al 2008].  To examine the role of autophagy in cells expressing an 

oncogenic kinase, p185 BCR-Abl, often associated with aggressive acute 

lymphoblastic leukemia [McLaughlin et al 1989] was stably expressed in A3C cells 

alone or with Glut1 (Figure 4.11A,B).  Efficient Atg3 excision was observed in the 
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BCR-Abl and BCR-Abl/Glut1-expressing cells (Figure 4.11C) and autophagy was 

suppressed, indicated by accumulation of p62 (Figure 4.11C) and decreased LC3-II 

(Figure 4.11D).  Interestingly, BCR-Abl-expressing cells appeared to have less basal 

LC3-II than control cells (Figure 4.11D), suggesting lower levels of basal autophagy.   

 

Figure 4.11  Excision of Atg3 in Bcr-Abl-expressing A3C cells disrupts autophagy and 
sensitizes to imatinib treatment.   
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A.  The expression of p185 BCR-Abl and BCR-Abl / Glut1 (B/G) was established by 
immunoblot.  B.  NGF and BCR-Abl-expressing cells were run on a low percentage 
polyacrylamide gel to resolve BCR-Abl, c-Abl, and phospho-BCR-Abl (pBCR Tyr 177) 
expression by immunoblot.  HSP90 serves as a loading control.  C.  Control NGF, BCR-Abl, and 
B/G-expressing cells were cultured with ethanol or 4OHT for two days, and Atg3 loss and p62 
accumulation were observed by immunoblot.  D.  NGF, Bcl-2, and BCR-Abl-expressing cells 
were cultured with ethanol or 4OHT for 2 days, then cultured without IL3 and with 40 μM 
chloroquine (CQ) for 10 hours, and LC3-II protein accumulation was assessed by immunoblot.  
E.  BCR-Abl-expressing cells were cultured in the presence or absence of 0.1 μM imatinib for 12 
hours, and phospho-BCR-Abl and downstream targets of BCR-Abl signaling were assessed by 
immunoblot.  F.  BCR-Abl-expressing A3C cells were cultured for two days in the presence or 
absence of 4OHT and 0.1 μM imatinib, and survival was assessed.  Means and standard 
deviations of triplicate samples are shown.  Asterisks denote p < 0.05 by Student’s t-Test of 
treated samples compared to control samples. Data shown are representative of three or more 
experiments. 

 

Consistent with a survival role for autophagy in BCR-Abl-expressing cells, imatinib 

treatment blocked BCR-Abl kinase activity and signaling (Figure 4.11E) [Kharas and 

Fruman 2005, Modi et al 2007] and led to cell death that was augmented by Atg3 

deletion (Figure 4.11F). 

 As a test of transformation and clonogenicity, control-NGF and BCR-Abl-

expressing cells were grown in methylcellulose to determine the capacity to form 

colonies (Figure 4.12) [Hamburger and Salmon 1977, Schneider et al 2000]. 

 

Figure 4.12  BCR-Abl-expressing cells are clonogenic and transformed.   
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Control NGF or BCR-Abl expressing cells were plated in Methocult® methylcellulose medium at 
the indicated densities with the indicated cytokine conditions.  One week later, colonies were 
counted.  Means and standard deviations of duplicate samples are shown.   
 

While control A3C cells could form colonies in the presence of IL3, BCR-Abl-

expressing cells were able to form robust colonies in the absence of any cytokine 

(Figure 4.12), suggesting that BCR-Abl was functioning as an oncogenic kinase.  

Additionally, BCR-Abl-expressing cells were capable of growth independent of IL3 

(Figures 4.13A,B).  Thus, BCR-Abl expression in A3C cells resulted in a growth 

factor-independent, transformed population. 

 Given the enhancement of death with simultaneous disruption of autophagy 

and BCR-Abl inhibition, we next sought to determine how basal levels of autophagy 

impacted cell growth and survival in BCR-Abl-expressing cells.  Importantly, Atg3 

excision in BCR-Abl-expressing cells in either the presence or absence of IL3 led to 

cell cycle arrest and rapid cell death that was greater than that of control cells 

(Figures 4.13A,B).  Some BCR-Abl cells treated with 4OHT persisted and grew out 

from the samples in Figures 4.13A,B.  This was likely the consequence of 

inefficient Atg3 deletion and outgrowth of autophagy-competent Atg3-expressing 

cells, as Atg3 and processed LC3-II were readily detected in cells surviving at these 

later time points (Figure 4.13C).  This was consistent with the observation that 

BCR-Abl-expressing cells were clonogenic (Figure 4.12) and could continue to grow 

at extremely low density [Hanahan and Weinberg 2000, Hug et al 1985].   
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Figure 4.13  BCR-Abl-transformed A3C cells are sensitive to loss of autophagy.  

A,B.  Control NGF and BCR-Abl-expressing cells were cultured in the presence or absence of 
both IL3 and 4OHT for ten days, with media being changed and new 4OHT added on day two, 
and growing cells being split every two days.  (A) Cell accumulation over time was measured by 
quantitation on a Coulter Z2 Particle Counter, and (B) death was measured by flow cytometry.  
Means and standard deviations of triplicate samples are shown.  Asterisks denote p < 0.05 by 
Student’s t-Test of 4OHT-treated samples compared to control-treated samples.  Data shown are 
representative of three or more experiments.  C.  Some BCR-Abl-expressing cells from A,B 
began to grow in the culture after 10 days of 4OHT treatment.  After fifteen days, cells from each 
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triplicate sample that grew out of the cultures 4OHT ± IL3 4OHT were analyzed by immunoblot 
for Atg3 and LC3-II.  Samples were compared to untreated BCR-Abl-expressing A3C cells and 
cells treated with 4OHT for three days (left panel) 

 

Thus, transformed BCR-Abl expressing A3C cells exhibited enhanced death after 

imatinib treatment when autophagy was disrupted, and were more sensitive to 

disruption of autophagy under basal conditions than control A3C cells. 

 

4.2.6  BCR-Abl Expressing A3C Cells Exhibit Altered Metabolism 
and Are Not Dependent on Autophagy-Derived Nutrients 

 BCR-Abl expression is known to promote glucose uptake and metabolism in 

leukemic cells [Bentley et al 2001].  We therefore sought to determine how BCR-

Abl transformation affected metabolism in A3C cells and if autophagy regulated 

these metabolic pathways in a manner that may impact cell viability.  A3C cells 

died when autophagy was disrupted even in the presence of active BCR-Abl (Figure 

4.13), and the ability of BCR-Abl to alter metabolism may have impacted this 

process.  Compared to A3C Bcl-2-expressing cells with or without 4OHT, BCR-Abl-

expressing cells had slightly elevated C2 acyl-carnitine and greatly increased acyl-

carnitines derived from fatty acids, C14-C18 (Figure 4.14A).  Like untransformed 

A3C cells cultured in the presence of IL3 (Figure 4.7D), disruption of autophagy by 

4OHT treatment had no effect on levels of long-chain fatty-acid acyl-carnitines in 

BCR-Abl expressing cells (Figure 4.14A), suggesting that autophagy was not 

supplying nutrients to these cells in basal conditions.   
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Figure 4.14  BCR-Abl-expressing cells exhibit altered metabolism do not rely on autophagy 
for nutritional benefit.   

A.  Bcl-2-expressing or BCR-Abl-expressing A3C cells were cultured with ethanol or 4OHT to 
delete Atg3, then cultured in the presence or absence of IL3 as indicated, and short-chain C2 
(acetyl) and the long-chain acyl-carnitines C14 (myristate), C16:1 (palmitoleate), C16 
(palmitate), C18:1 (oleate) and C18 (stearate) were measured.  B.  NGF and p185 BCR-Abl-
expressing cells were cultured with either ethanol or 4OHT for the indicated times to inhibit 
autophagy, and phosphorylation of the AMPK downstream target acetyl-CoA carboxylase, as 
well as the phosphorylation of S6-ribosomal protein, were measured by immunoblot.  C,D.  (C) 
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BCR-Abl or (D) BCR-Abl/Glut1-expressing cells were cultured for two days with either ethanol 
or 4OHT to delete Atg3, then cultured in the presence or absence of both 4OHT and IL3, and 
viability was assessed.  Means and standard deviations of triplicate samples are shown, standard 
errors for mass spectrometry experiments.  Asterisks denote p < 0.05 by Student’s t-Test of Bcl-
2-expressing samples compared to BCR-Abl expressing samples for A, 4OHT-treated samples 
compared to control-treated samples for B,C.  Data shown are representative of three or more 
experiments. 

 

Supporting the notion that autophagy-derived nutrients did not play an essential 

role in the survival of BCR-Abl-expressing cells, treatment with 4OHT did not 

provoke an apparent metabolic stress and AMPK response.  Phosphorylation of ACC 

and S6-ribosomal protein were not altered following Atg3 deletion (Figure 4.14B).  

BCR-Abl has been shown to regulate Glut1 trafficking to the cell surface [Bentley 

et al 2001], but Glut1 expression did not confer protection from death after 

autophagy disruption (Figures 4.14C,D), indicating that glucose uptake was not 

limiting in this circumstance.  Thus, BCR-Abl-transformed A3C cells exhibit a 

greatly altered metabolic profile relative to control A3C cells, particularly in 

regards to altered metabolism of fatty acids.  However, disruption of autophagy 

cannot be rescued by additional glucose uptake and does not cause any additional 

apparent metabolic changes or metabolic stress. 

 

4.2.7  Autophagy Disruption Causes Enhanced p53-Pathway 
Activation in BCR-Abl-Expressing A3C Cells Through a Possible 
DNA-Damage Response 

 Given that the p53 pathway was activated in control A3C cells after 

autophagy disruption (Figure 4.10B) and that BCR-Abl-expressing cells exhibited 
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increased sensitivity to Atg3 excision (Figure 4.13), we sought to determine the 

molecular basis for this increased sensitivity.   

 

Figure 4.15  BCR-Abl-expressing cells exhibit enhanced p53 pathway activation with 
evidence of DNA damage after Atg3 excision.   

A.  Control NGF and BCR-Abl-expressing cells were treated with 4OHT for the times indicated, 
and phospho-p53 serine 18, total p53, p21, Puma, and γH2A.X were analyzed by immunoblot.  
B,C.  Control-NGF or BCR-Abl-expressing were treated with or without 4OHT and increasing 
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amounts of the DNA-damaging agent etoposide (Etop) for the indicated times, and viability was 
assessed.  Means and standard deviations of triplicate samples are shown.  Asterisks denote p < 
0.05 by Student’s t-Test of 4OHT-treated samples compared to control-treated samples.  Data 
shown are representative of three or more experiments. 
 
Interestingly, disruption of autophagy in BCR-Abl-expressing cells led to greater 

p53 phosphorylation and accumulation, as well as increased induction of p21, 

Puma, and γH2A.X as compared to control-NGF cells (Figure 4.15A).  Since it was 

not clear that γH2A.X resulted from DNA damage (Figure 4.10C), we sought to 

determine if DNA damage was involved in the death of A3C cells after Atg3 

excision.  To examine the role of DNA damage in autophagy disruption, cells were 

treated with either ethanol or 4OHT along with increasing doses of the 

topoisomerase-II inhibitor and DNA-damaging agent etoposide (Figure 4.15B,C).  A 

synergistic effect of 4OHT and etoposide may indicate that autophagy disruption 

led to a stress other than DNA damage, while a lack of synergy might suggest that 

Atg3 excision was in fact leading to DNA damage.  While very low doses of 

etoposide enhanced the death of 4OHT treated NGF and BCR-Abl-expressing cells, 

low and moderate doses did not enhance death after deletion of Atg3.  Further 

increasing doses of etoposide progressively decreased the difference in survival 

between control-treated and 4OHT-treated samples (Figure 4.15B,C).  Importantly, 

BCR-Abl-expressing cells exhibited greater sensitivity to etoposide overall 

(4.2.15C), suggesting a possible mechanism for increased p53 pathway activation 

after 4OHT treatment.  Thus, disruption of autophagy causes increased p53-

pathway activation in A3C cells transformed with BCR-Abl, and DNA damage 

susceptibility may play a role in this response. 
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4.2.8  Autophagy Disruption Does Not Result in Reactive Oxygen 
Species, Oxidative Stress, Mitochondrial Dysfunction, or Protein 
Aggregate Stress 

 Autophagy has previously been shown to prevent DNA damage by regulating 

intracellular levels of reactive oxygen species (ROS) to reduce genotoxic stress 

[Mathew et al 2007b, Mathew et al 2009, Rouschop et al 2009, Tal et al 2009].  As 

there was an apparent component of DNA damage after autophagy disruption in 

A3C cells (Figure 4.15B,C), we next sought to determine if the absence of 

autophagy led to increased ROS and oxidative DNA damage.  ROS induction in 

control-NGF or BCR-Abl-expressing cells was assayed with the pan-ROS detection 

dye CM-H2DCFDA in the absence or presence of 4OHT.  There was, however, no 

significant increase in ROS after one or two days of 4OHT treatment in control 

cells, and a very slight increase in ROS in BCR-Abl-expressing cells (Figure 4.16A). 

Despite small increases in ROS with Atg3 deletion, we did not observe any 

accumulation of the guanosine oxidation product 8-hydroxy-2-deoxy-guanosine (8-

OH-2dG) [Piconi et al 2006], a common form of DNA damage observed after ROS 

stress (Figure 4.16B).  As a control, 8-OH-2dG was observed in cells exposed to 

UVC radiation to initiate DNA damage (Figure 4.16B).  It was possible that modest 

or transient increases in ROS and oxidative damage were not detected by CM-

H2DCFDA or 8-OH-2dG assays and contributed to cell death.  Control-NGF and BCR-

Abl-expressing cells were therefore cultured in the presence of 4OHT together 

with the antioxidants N-acetylcysteine (NAC) or MnTBAP.  Neither antioxidant, 
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however, provided a survival advantage after autophagy disruption (Figures 

4.16C,D). 

 

Figure 4.16  Autophagy disruption in A3C cells does not cause induction of reactive oxygen 
species or oxidative DNA damage.   

A.  Control-NGF (left panel) and BCR-Abl-expressing (right panel) cells were treated with 4OHT 
for up to two days, and reactive oxygen species were measured by staining with CM-H2DCFDA 
and flow cytometry analysis.  Note: Baseline CM-H2DCFDA channel signal is altered in BCR-
Abl-expressing cells due to GFP expression.  B.  Control-NGF and BCR-Abl-expressing cells 
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were treated with or without 4OHT for 24 hours, or as a positive control, Bcl-2-expressing cells 
were treated with or without 600 mJ/cm2 UVC to induce oxidative DNA damage.  DNA from 
cells was harvested and completely digested with Nuclease P1, and presence of 8-hydroxy-2-
deoxy guanosine (8-OH-2dG) was measured by colorimetric ELISA.  C,D.  (C) NGF or (D) 
BCR-Abl expressing cells cultured in 4OHT for two days to excise Atg3, then were withdrawn 
from IL3 in the presence or absence of NAC or MnTBAP, and viability was assessed by flow 
cytometry.  Means and standard deviations of triplicate samples are shown.  Asterisks denote p < 
0.05 by Student’s t-Test of 4OHT-treated samples compared to control-treated samples. 
 

Rather, NAC appeared to be toxic to both populations of A3C cells (Figures 

4.16C,D), suggesting that the cells were very sensitive to changes in ROS levels.  

Thus, eventual cell death of autophagy-deficient A3C cells does not appear to be 

mediated by changes in ROS. 

 Autophagy can also protect cells by degrading ubiquitinated protein 

aggregates, [Bjorkoy et al 2005, Mathew et al 2009, Pankiv et al 2007] as well as 

by regulating mitochondrial integrity [Colell et al 2007, Wu et al 2009] and number 

[Mortensen et al 2010, Pua et al 2009].  To test the integrity of the mitochondria 

in Atg3-deficient A3C cells, mitochondria membrane potential was measured by 

staining with TMRE (tetramethylrhodamine ethyl ester perchlorate).  However, 

there was no significant loss of mitochondrial membrane potential in either 

control-NGF or BCR-Abl-expressing cells after up to two days of 4OHT treatment 

(Figure 4.17A).  In addition, the total population of mitochondria in either control-

NGF or BCR-Abl-expressing cells did not change after twenty-four hours of 4OHT 

treatment, as detected by Mito Tracker (Figure 4.17B).  Thus, Atg3 excision and 

autophagy disruption in A3C cells did not cause either direct mitochondria stress or 

gross alterations in total mitochondria population.  Total amounts of ubiquitinated 

proteins, which can suggest the degree of intracellular protein aggregates, were 
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also examined in control-NGF and BCR-Abl-expressing cells treated with 4OHT for 

up for two days. Disruption of autophagy did not lead to accumulation of medium 

or high molecular weight ubiquitinated proteins (Figure 4.17C), suggesting that the 

cells were not undergoing stress from buildup of protein aggregates. 

 

Figure 4.17  Autophagy disruption in A3C cells does not cause mitochondrial dysfunction or 
accumulation of ubiquitinated proteins.   
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A.  Control-NGF (left panel) and BCR-Abl-expressing (right panel) cells were treated with 4OHT 
for up to two days, and mitochondrial membrane potential was measured by staining with TMRE 
and flow cytometry analysis.  B.  Control-NGF and BCR-Abl-expressing cells were treated with 
or without 4OHT for 24 hours, and stained with Mito Tracker Deep Red along with 10 μM FCCP 
to depolarize mitochondria.  Total mitochondria content was measured by flow cytometry.  C.  
Control-NGF and BCR-Abl-expressing cells were treated with 4OHT the specified times, and 
total ubiquitinated proteins were analyzed by immunoblot.  Means and standard deviations of 
triplicate samples are shown for B.  Data shown are representative of three or more experiments. 
   

4.2.9  Chloroquine And 3-Methyladenine Cause Death of BCR-Abl-
Expressing A3C Cells Through a Potentially Alternate Pathway 
from Atg3 Excision-Induced Death 

 Inhibition of proliferation and viability upon Atg3 deletion may have been 

due to general disruption of autophagy or potential Atg3-specific effects.  We 

therefore pharmacologically inhibited autophagy by culturing A3C control and BCR-

Abl-expressing cells in chloroquine, which can inhibit the final lysosomal 

degradation step of autophagic digestion [Solomon and Lee 2009], or 3-

methyladenine (3MA), which inhibits class III PI3K activity upstream of autophagy 

[Seglen and Gordon 1982].  Chloroquine had a minor effect on growth and survival 

of control A3C cells cultured in IL3, but strongly inhibited both growth and survival 

of BCR-Abl-expressing cells (Figures 14.18A,B).  Interestingly, chloroquine 

treatment of BCR-Abl-expressing cells did not result in a detectable increase in 

phosphorylation of p53 or induction of p53 downstream targets such as p21 and 

Puma (Figure 4.18C), though γH2A.X still increased after chloroquine treatment.  

It may be the timing of these events is different under this condition or that 

chloroquine leads to a distinct stress pathway. 
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Figure 4.18  Inhibition of autophagy by chloroquine promotes arrest and death of BCR-
Abl-transformed A3C cells by an alternate pathway.   

A,B.  Control NGF and BCR-Abl-expressing cells were cultured in the presence or absence of 
both IL3 and 10 μM chloroquine (CQ), with media being changed, new 4OHT being added, and 
growing cells being split on day two.  (A) Cell accumulation over time was measured by 
quantitation on a Coulter Z2 Particle Counter, and (B) death was measured by flow cytometry.  
C.  Control-NGF or BCR-Abl-expressing cells were treated with or without 10 μM chloroquine 
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for one day, and p53 pathway proteins, γH2A.X, and LC3-II were analyzed by immunoblot.  
Means and standard deviations of triplicate samples are shown.  Data shown are representative of 
three or more experiments.  Asterisks denote p < 0.05 by Student’s t-Test of 4OHT-treated 
samples compared to control-treated samples.  
 

Similarly, 3MA treatment inhibited cell accumulation and led to death in control 

and BCR-Abl-expressing cells (Figures 4.19A,B), though BCR-Abl expressing cells 

were somewhat more resistant to 3MA.  Together, these data support the notion 

that BCR-Abl-expressing A3C cells are reliant on autophagy rather than an Atg3-

specific function. 

 

Figure 4.19  Inhibition of autophagy by 3-methyladenine promotes arrest and death of 
control and BCR-Abl-transformed A3C cells.   

A,B.  Control NGF and BCR-Abl-expressing cells were cultured in the presence of IL3 or 
absence of IL3 for BCR-Abl-expressing cells, and with 0, 5, or 10 mM 3-methyladenine (3MA).  
(A) Cell accumulation over time was measured by quantitation on a Coulter Z2 Particle Counter, 
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and (B) death was measured by flow cytometry  Means and standard deviations of triplicate 
samples are shown.  Data shown are representative of three or more experiments.  Asterisks 
denote p < 0.05 by Student’s t-Test of 4OHT-treated samples compared to control-treated 
samples.  

 

4.2.10  Growth Arrest After Disruption of Autophagy in A3C Cells 
Is p53-Dependent 

 Cell cycle arrest and apoptosis upon Atg3 deletion may have been due to 

the p53 pathway, which was activated in control-NGF A3C cells and even more 

strongly in BCR-Abl-expressing cells after 4OHT treatment (Figure 4.15A).  To 

examine the importance of the p53 pathway in the death of Atg3-deficient BCR-

Abl-expressing cells, cells were transduced to stably express a p53 shRNAi [Mason 

et al 2010].  This resulted in a partial p53 knockdown that reduced induction of 

both p21 and Puma in 4OHT-treated cells Figure (4.2.20A).  Importantly, this 

allowed continued cell accumulation (Figure 4.20B) and a modest reduction in 

death (Figure 4.20C) relative to control-transduced cells with Atg3 deletion.  p53 

was also stably knocked down in control-NGF A3C cells, and while this resulted in 

continued cell accumulation (Figure 4.20D) and increased survival (Figure 4.20E) 

the effects were markedly smaller than observed in BCR-Abl-expressing cells 

(Figure 4.10B,C).  These data further support an increased sensitivity of BCR-Abl-

expressing cells to disruption of autophagy and a role of p53 in this sensitivity.  

The tumor suppressor p53, therefore, is essential for cell cycle arrest and may 

contribute to apoptosis in BCR-Abl expressing cells following deletion of Atg3, a 

potentially important finding given general interest in inhibiting autophagy in 

cancer therapy. 
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Figure 4.20  shRNAi targeting of p53 alleviates some effects of Atg3 excision.   

A.  BCR-Abl-expressing cells stably transduced with a control vector or p53 shRNAi were 
treated with 4OHT for the indicated times, and phospho-p53 serine 18, total p53, p21, Puma, and 
γH2A.X were analyzed by immunoblot.  B-E.  (B,C) BCR-Abl-expressing or (D,E) control-NGF 
cells with or without p53 shRNAi were treated with 4OHT for the indicated times, with media 
being changed, new 4OHT added, and growing cells being split on day two.  (B,D) Cell 
accumulation over time was measured by quantitation on a Coulter Z2 Particle Counter, and 
(C,E) death was measured by flow cytometry.  Data shown are representative of three or more 



 

 149

experiments.  Asterisks denote p < 0.05 by Student’s t-Test of 4OHT-treated samples compared 
to control-treated samples. 
 

4.2.11  Inhibition of Autophagy Prevents Formation and 
Progression of BCR-Abl+ Leukemia 

 The sensitivity of BCR-Abl-expressing cells to disruption of autophagy 

suggested that autophagy may play an important role to support BCR-Abl-driven 

leukemia in vivo.  To directly examine the role of autophagy in leukemia, control 

or BCR-Abl-expressing A3C cells were intravenously injected into immuno-deficient 

recipients.  Mice were then control-treated or were treated with tamoxifen for 

three days to activate Cre-ER and promote in vivo deletion of Atg3 (Figure 4.21A).  

At no point did animals that received control A3C cells develop disease.  In 

contrast, mice that received BCR-Abl-expressing A3C cells and were control-

treated all developed leukemia (Figure 4.21A) that were characterized by 

splenomegaly (Figure 4.21B) and disruption of splenic architecture (Figure 4.21C).  

None of the animals that received BCR-Abl cells and were treated with tamoxifen 

to delete Atg3, however, showed signs of leukemia or significant alteration of 

spleen size or architecture in this period.   
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Figure 4.21  Loss of autophagy prevents formation of BCR-Abl+ cancer in an allograft 
model of leukemia.   

A.  Immunocompromised mice were injected with control or BCR-Abl-expressing A3C cells and 
mice received intraperitoneal injections vehicle or tamoxifen for three days and time of disease-
free survival was measured.  B,C.  Spleens were removed from each animal and (B) weighed, 
with representative spleens are shown in the bottom panel and (C) subject to histological 
examination with hematoxylin and eosin.  Means and standard deviations are from six mice each 
for injections with BCR-Abl-expressing cells, and four mice each for injections with NGF-
expressing cells.  Asterisks denote p < 0.05 by Student’s t-Test.   
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 In a separate experiment to test the role of autophagy in more established 

leukemia, mice were injected with BCR-Abl cells and treated with tamoxifen or 

vehicle control immediately or after two weeks after cell injection.  All mice that 

received BCR-Abl cells and no tamoxifen died over the course of the experiment 

(Figure 4.22A), and while two mice out of six receiving cells and tamoxifen at the 

beginning of the experiment died, none of the mice receiving delayed tamoxifen 

injection became sick or died over the course of the experiment (Figure 4.22A).  

Mice that became sick developed enlarged spleens compared to mice that were 

treated and remained visibly healthy (Figure 4.22B).  These data suggested that 

disruption of autophagy can affect the course of an established cancer.  Thus, 

BCR-Abl expressing cells rely on autophagy and acute deletion of Atg3 and 

disruption of autophagy was sufficient to prevent formation and progression of 

BCR-Abl-dependent leukemia in vivo. 
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Figure 4.22  Loss of autophagy halts progression of established BCR-Abl+ leukemia in an 
allograft model.   

A.  Immunocompromised mice were injected with control or BCR-Abl A3C cells and mice 
received intraperitoneal injections vehicle (Atg3F/F) or tamoxifen (Atg3-/-) for three days either 
immediately after cell injection, or three consecutive days two weeks after cell injection (delayed 
Atg3-/-), as indicated.  Time of disease-free survival was measured.  B.  Spleens were removed 
from each animal and weighed.  Weight distribution graph and averages are shown. 
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4.3  Discussion 
 Autophagy can play a critical role to promote survival or can promote cell 

death [Altman et al 2009].  To better examine the role of autophagy in cell 

survival and leukemia, we generated a growth-factor dependent cell model in 

which the autophagy-essential gene Atg3 could be inducibly excised by activation 

of Cre-ER.  This acute genetic approach to disrupt autophagy avoided non-specific 

or partial effects from pharmacologic or RNAi-mediated approaches [Altman et al 

2009].  In addition, the conditional nature of this model circumvented potential 

developmental compensation from germline knockouts.  Cells lacking Atg3 

underwent more rapid cell death, had reduced levels of lipid metabolism, and 

showed a mild ER stress and robust activation of the p53 pathway that was 

essential for efficient p21 and Puma induction as well cell cycle arrest.  This rapid 

arrest and death was not due to overt oxidative stress, protein aggregate stress, or 

damage to the mitochondria, but may have partially resulted from DNA damage.  

Importantly, transformed BCR-Abl-expressing cells relied on autophagy, as Atg3 

excision or pharmacologic inhibition of autophagy led to cell death and prevented 

formation and progression of BCR-Abl-dependent leukemia.  The acute genetic 

disruption of autophagy demonstrates the critical importance of this pathway in 

control of cell stress and survival.   

 Deletion of Atg3 appears to have strongly suppressed autophagy.  Atg3 is a 

highly conserved E2-like enzyme responsible for the lipidation of several 

downstream targets critical in autophagy, including LC3, GABARAP, and Gate-16 

[Chakrama et al 2010, Kabeya et al 2004, Weidberg et al 2010], which each 
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showed decreased processing upon Atg3 excision (Figures 4.3A,B).  Protection of 

p62 (Figures 4.3A,B) and decreased GFP-LC3 punctae formation in Atg3-deficient 

cells (Figure 4.3C) further suggested autophagic disruption.  Although complete 

blockade of autophagy was not observed in the entire cell population at timepoints 

considered, this may have been due to incomplete deletion of Atg3 or degradation 

of Atg3 protein after gene excision across the cell population.  Additionally, while 

Atg3 targets are important in autophagy, GABARAP and Gate-16 have been shown 

to be critical in multiple membrane trafficking events unrelated to autophagy 

[Lainez et al 2010, Legesse-Miller et al 2000, Sagiv et al 2000].  Altered lipidation 

of these proteins may therefore also affect other cellular processes independent of 

autophagy.  Similar findings using pharmacologic inhibitors 3-MA and chloroquine, 

however, suggest that autophagy itself was essential to growth and survival. 

 It remains unclear why autophagy was necessary for cell survival.  While 

growth factors are essential to promote glucose uptake and glycolysis, autophagy 

can generate metabolic precursors from lysosomal digestion of organelles and 

other materials for metabolism in the absence of growth factor input [Altman et al 

2009, Lum et al 2005a, Singh et al 2009].  Here we show that autophagy was 

essential to increase mitochondrial oxidation of long chain fatty acids and some 

amino acids in growth factor-deprived cells (Figures 4.7, 4.8).  This autophagy-

dependent contribution to cell metabolism was critical when glycolysis was 

directly disrupted (Figure 4.7A), but did not appear essential in growth factor 

withdrawal (Figures 4.9A-D).  Interestingly, transformed BCR-Abl-expressing cells 

had a greatly altered metabolic profile, as they possessed exponentially higher 
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levels of long chain fatty acids for metabolism (Figure 4.14A).  This may have been 

due to the ability of BCR-Abl to direct increased glucose uptake [Bentley et al 

2001], thus allowing increased generation of fatty acid precursors.  Nevertheless, 

autophagy did not strongly contribute to metabolism or prevention of metabolic 

stress in BCR-Abl-expressing cells, and provision of additional glucose uptake did 

not rescue these cells from death after autophagy disruption (Figure 4.14).  These 

findings contrast with that of Lum et al, in which apoptosis-deficient cells that 

were chronically growth factor deprived relied on autophagy to support basal cell 

metabolism [Lum et al 2005a].  It is likely that in apoptosis-competent cells, 

autophagy provides nutrients, yet is essential to alleviate other acute cell stresses 

and prevent apoptosis that was not possible in the studies of Lum et al.  Autophagy 

can also contribute to apoptosis by promoting induction of the pro-apoptotic 

protein Bim [Altman et al 2009, Kiyono et al 2009].  In these cases, RNAi partially 

suppressed autophagy rather than the more complete blockade caused by Atg3 

deletion. Therefore, autophagy may affect cell stress and death through multiple 

means that appear to depend in part on the overall levels of autophagic flux and 

cell sensitivity to apoptosis.   

 Autophagy can degrade damaged organelles such as mitochondria [Colell et 

al 2007] and endoplasmic reticulum [Bernales et al 2006], mitigate ROS stress, 

degrade protein aggregates, and prevent DNA damage [Mathew et al 2007b, 

Mathew et al 2009, Pankiv et al 2007].  Given that autophagy can regulate so many 

processes within the cell, it was not surprising that genetic disruption of autophagy 

led to induction of the pro-apoptotic proteins Bim and Puma (Figure 4.6A), 



 

 156

activated Bax, and DNA degradation (Figures 4.6B,C).  Despite these clear markers 

of apoptosis, cleaved caspase-3 did not increase to the same extent after growth 

factor withdrawal in Atg3-deleted cells as from control treated cells (Figure 4.6D).  

The smaller 17 kDa fragment represented a larger ratio of cleaved caspase in 4OHT 

treated cells, and perhaps this fragment is more active.  Alternately, this 

phenomenon may perhaps be due to regulation of caspase-3 after cleavage, by IAP 

proteins, or by the activity of other ‘executioner’ caspases such as Caspase-6 and 

Caspase-7 [MacKenzie and Clark 2008].   

 Two distinct stress pathways downstream of autophagy disruption appear to 

contribute to the cellular need for autophagy to prevent apoptosis.  We observed 

an apparent mild ER stress characterized by a modest induction of the pro-

apoptotic transcription factor Chop/GADD153 (Figure 4.10A).  The endoplasmic 

reticulum can be regulated by autophagy [Bernales et al 2006, Hoyer-Hansen and 

Jaattela 2007a].  ER stress can induce Chop, an important transcriptional regulator 

of the pro-apoptotic proteins Bim and Puma [Altman et al 2009, Ishihara et al 

2007, Puthalakath et al 2007], which were induced upon autophagy disruption 

(Figure 4.6A).  Previously we used shRNAi to partially inhibit of autophagy and 

showed that decreased Chop induction could suppress Bim induction and protect 

from apoptosis [Altman et al 2009]. Changes in levels of autophagy may, therefore, 

have distinct effects of cellular outcome.  Alternatively, cell-type specific effects 

of autophagy-deficiency may also lead to distinct effects on Chop. 

 Loss of autophagy led to a robust stress response that included activation of 

p53 and accumulation of the double-strand DNA break marker γH2A.X [Kurz and 
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Lees-Miller 2004].  p53 was strongly phosphorylated and accumulated after 

autophagy disruption, and we observed induction of p53 targets including the cell 

cycle inhibitor p21 and the pro-apoptotic Bcl-2 family protein Puma (Figures 4.9E, 

4.10B).  While p53 can be upstream of autophagy [Crighton et al 2006, Feng et al 

2005, Wan et al 2008], this induction of the p53 pathway downstream of autophagy 

disruption may reflect a novel mechanism by which autophagy can suppress cell 

stress.  Indeed, p53 was critical in cell cycle arrest and contributed to cell death 

after Atg3 deletion, particularly in BCR-Abl-expressing cells (Figure 4.20).  γH2A.X 

accumulation suggested DNA damage, but this marker was also induced upon 

growth factor withdrawal in the absence of p21 accumulation (Figure 4.10C).  

However, the lack of synergy between autophagy disruption and moderate 

amounts of etoposide-induced DNA damage in causing death (Figures 4.15B,C) 

suggested that DNA damage may be a component of the stress caused by Atg3 

deletion.  It is not clear, therefore, if the discrepancy between γH2A.X and 

phospho-p53 and p21 accumulation, and effect of etoposide on A3C cells, is due to 

a low level of DNA damage or an alternate cell stress pathway to activate p53.  

Similar findings of cell stress upon inhibition of autophagy have been reported in 

other systems and may be due to reactive oxygen species or protein aggregates 

[Mathew et al 2007b, Mathew et al 2009].  While the partial effects on cell cycle 

and death by p53 RNAi may be due to remaining p53 protein or through an 

alternate pathway, these data nevertheless indicate for the first time that p53 

regulates cell fate when autophagy is suppressed. 
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 The cell stress leading to p53 pathway activation and possible DNA damage 

remains undefined.  The presence of γH2A.X (Figures 4.10B, 4.15A) and lack of 

synergy between autophagy disruption and etoposide treatment (Figures 4.15B,C) 

suggested DNA damage occurred in A3C cells.  Reactive oxygen species can be 

induced by disruption of autophagy to cause genotoxic stress [Mathew et al 2007b, 

Mathew et al 2009, Rouschop et al 2009, Tal et al 2009], but we did not observe a 

significant increase in ROS or oxidative DNA damage (Figure 4.15).  Autophagy is 

also well known to control the integrity of individual mitochondrion as well as 

control the mitochondria population in general [Colell et al 2007, Pua et al 2009], 

but there was no loss in mitochondrial membrane potential or change in overall 

mitochondria population after Atg3 deletion (Figures 4.17A,B).  Finally, despite the 

role of autophagy in degrading protein aggregates to prevent cell stress [Bjorkoy et 

al 2005], no change in total ubiquitinated proteins was observed after Atg3 

deletion (Figure 4.17C).  These findings raise the question of what stresses may be 

induced by autophagy disruption.  A recent study has shown that genetic inhibition 

of autophagy may lead to dysregulation of ER calcium stores [Jia et al 2011], and 

we observed a mild ER stress in A3C cells treated with 4OHT (Figure 4.10A).  It will 

be important to assess the state of calcium homeostasis in Atg3-deleted cells.  

Indeed, an increase in intracellular calcium has been linked to p53 phosphorylation 

and activation [Li et al 2005].  In addition, while there was no overt increase in 

oxidative DNA damage after 4OHT treatment, other types of DNA damage and 

adducts may occur and could be assayed by immunoblot and immunofluorescent 

detection of other DNA damage-response proteins besides γH2A.X.   
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 There has been significant interest in determining if manipulation of 

autophagy may provide alternative approaches to cancer therapy.  Cancer cells 

that resist apoptosis have previously been shown to require autophagy to survive 

nutrient stress [Degenhardt et al 2006, Jin and White 2007, Karantza-Wadsworth et 

al 2007] and clear protein aggregates [Mathew et al 2009, Pankiv et al 2007].  

Importantly, we found that while autophagy can serve as a source of nutrients, this 

did not appear to represent the critical function for autophagy to support cell 

viability in acute settings when growth signals were suppressed or in cells with 

active BCR-Abl.  Rather, a key function of autophagy was to alleviate cell stress 

and p53 activation.  Autophagy is constitutively activated at low levels in p185 

BCR-Abl-expressing cells (Figure 4.11D) and is cytoprotective both under normal 

conditions and after treatment with the kinase inhibitor imatinib (Figures 4.11, 

4.13).  Given the reliance of BCR-Abl expressing cells on autophagy and that 

autophagy can be activated by many cancer treatments [Bellodi et al 2009, Carew 

et al 2007b, Kamitsuji et al 2008, Lomonaco et al 2009, Ren et al 2010b], cancer 

cells may have a “non-oncogene addiction” to autophagy that could be exploited 

even in nutrient-replete conditions [Luo et al 2009].  Consistent with this notion, 

the autophagy and lysosome-inhibiting drug chloroquine has shown efficacy in 

enhancing cell death following treatment with other chemotherapeutics 

[Amaravadi et al 2007, Kamitsuji et al 2008, Solomon and Lee 2009].  It will be 

important in future studies to further examine and understand how autophagy 

impacts cell stress and the p53 pathway in cancer cells that express oncogenic 
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kinases so that inhibition of autophagy may be effectively combined with targeted 

therapies to treat cancer. 
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5  Conclusions and Future Directions 
 

5.1  Autophagy as a Multi-Function Regulator in Growth Factor 
Dependent Cells 
 Autophagy is a mechanism of cytoplasm, protein, and organelle degradation 

that all metazoan cells employ to maintain cell survival.  This ancient pathway is 

conserved back to yeast and constitutively active at low levels in all cells.  In 

growth factor-replete conditions, autophagy is partially inhibited by the PI3K-

mTOR-Akt pathway [Ganley et al 2009] and thus held to basal levels.  Basal 

autophagy is important in maintenance of cell survival by degrading old or 

damaged organelles, sequestering protein aggregates, and turning over proteins 

not targeted by the ubiquitin proteasome pathway [Kelekar 2005].  In contrast, 

autophagy is induced and increased after growth factor withdrawal or other cell 

stresses and can remove damaged components such as mitochondria as well as 

provide nutrients for survival [Colell et al 2007, Lum et al 2005a].  Autophagy may 

also directly lead to cell death in early developmental patterning [Qu et al 2007, 

Tsukamoto et al 2008] or if excessive [Pattingre et al 2005].  Given that the role of 

autophagy is very context dependent, the impact of autophagy on cancer 

development is complex and still not well understood.  Autophagy may function as 

a tumor suppressor in early cancer by suppressing mutation from DNA damage and 

chromosomal instability [Liang and Jung 2010] but acts in a protective role for 

developed cancers by protecting cells from damage caused by chemotherapeutic 
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agents, gamma irradiation, and targeted treatments [Carew et al 2007b, Lomonaco 

et al 2009, Ren et al 2010b].  Thus, determining the role for autophagy in cell 

survival or cell death in growth factor dependent cells and cancer cells is 

important in evaluating autophagy in cancer treatment and when targeting it 

might be most effective. 

 Here we have demonstrated in several different cytokine dependent cell 

models that autophagy is induced after withdrawal from growth factor, and 

produces nutrients that can be metabolized by the mitochondria.  Autophagy was 

induced after growth factor withdrawal even in the presence of overexpressed Bcl-

2 or Bcl-xL, which have been shown to inhibit the role of the Beclin1-VPS34 

complex in autophagy in some instances [Erlich et al 2007, Pattingre et al 2005].  

Autophagy has been previously shown to be important in survival of cells 

withdrawn from growth factor for prolonged periods, and this survival depends in 

part on the ability of autophagy to provide nutrients [Lum et al 2005a, Singh et al 

2009].  We for the first time showed direct evidence of production of long chain 

fatty acids by autophagy in FL5.12 and A3C cells and production of amino acids in 

A3C cells and MEFs, and increased oxidation of fatty acids in growth factor 

withdrawal.  While these nutrients were critical in cells subjected to metabolic 

stress, we did not determine that autophagy-derived nutrients were critical for 

survival in either basal conditions of under growth factor withdrawal. 

 The role of autophagy in promoting cell survival or cell death is highly 

context dependent, and the balance of autophagy in a cell may determine how it 

affects cell fate.  We observed a dual role for autophagy dependent on how levels 
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of autophagy were modulated.  Reduction of induced autophagy to basal levels in 

pro B-cells and MEFs expressing Bcl-2 led to increased survival.  Autophagy in this 

instance promoted death by inducing transcription of Bim, thus identifying 

autophagy as a death mechanism in these cells under growth factor withdrawal.  In 

contrast, disruption of autophagy by genetic ablation or chemical means led to 

increased death of control and BCR-Abl-transformed A3C cells both in the presence 

and absence of growth factor, possibly because autophagy was reduced below 

basal levels.  This death was not related to provision of nutrients from autophagy, 

but rather was p53-dependent and may have been due to DNA damage.  BCR-Abl 

expressing cells had lower levels of basal autophagy and were more sensitive to 

autophagy disruption, with more p53 pathway activation and cell death after Atg3 

was deleted.  Importantly, this increased sensitivity meant that disruption of 

autophagy prevented formation and progression of BCR-Abl dependent leukemia in 

a mouse allograft model.  Overall, these findings have enhanced our understanding 

of how autophagy is induced in growth factor dependent cells and the specific 

metabolic contributions of this pathway in nutrient-limiting conditions.  These 

data also suggest that autophagy plays a dual-role in survival or cell death in 

normal and transformed cells depending on the specific level of autophagy in a cell 

and how this autophagic flux is modulated. 
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5.2  Autophagy and Metabolic Contributions 
 Autophagy has long been recognized as a potential source of nutrients.  

Degradation by the autolysosome of organelles, proteins, and aggregates will yield 

precursor molecules that would then be available to the cell for mitochondrial 

metabolism.  Indeed, Lum et al demonstrated that apoptosis-deficient Bax-/- Bak-/- 

(dKO) cells withdrawn from growth factor rely on autophagy for survival when 

glucose uptake is lost and that inhibition of autophagy could be rescued by 

provision of exogenous nutrients [Lum et al 2005a].  However, direct evidence of 

nutrient production and utilization from autophagy had not previously been shown.  

Here, we analyzed three different cell lines, FL5.12, MEF, and A3C, and used three 

different methods of autophagy inhibition, chloroquine, Tet-off silencing of Atg5, 

and Cre-mediated excision of Atg3, to determine the role of autophagy in 

metabolism.  We demonstrated production of fatty acids for metabolism in FL5.12 

and A3C cells after IL3 withdrawal, and production of amino acids in MEFs and A3C 

cells withdrawn from growth factor, by utilization of acyl-carnitine analysis by 

tandem mass spectrometry.  Importantly, β-oxidation of fatty acids increased in 

FL5.12 cells deprived of cytokine, suggesting that the cells underwent a metabolic 

shift to utilize new fuels in the face of decreased glucose uptake.  Since our initial 

publication on autophagy and metabolism in FL5.12 cells, several studies have 

been published showing the role of autophagy in basal lipid metabolism and 

homeostasis [Singh et al 2009] as well as mitochondrial oxidative capacity [Guo et 

al 2011] that confirm our findings.  However, unlike in the case of dKO cells, we 

did not establish a role for nutrients produced by autophagy in cell survival after 
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growth factor withdrawal.  Future studies of autophagy and metabolism should 

focus on determining conditions in which autophagy-derived nutrients become 

critical for survival, to better understand this important feature of autophagic 

degradation. 

 Increased intracellular amino acids were autophagy-dependent in growth 

factor withdrawal of both MEFs and A3C cells.  It will now be important to further 

analyze amino acid metabolism to determine if these changes in intracellular 

amino acid levels provided cells metabolic benefit.  Since the catabolic pathway of 

nearly every amino acid is different, examining the metabolism of a single amino 

acid is likely not sufficient to provide a robust picture of the metabolic role of 

amino acids.  In general, measurement of amino acid metabolism can be 

accomplished by a similar method to determination of palmitate oxidation: culture 

cells in tritiated amino acids and assay for appearance of tritiated water indicating 

metabolism.  As provision of additional amino acids, especially branch-chain amino 

acids, can inhibit autophagy, it will be important to use media lacking the amino 

acid to be assayed so as to not alter autophagic flux.  For example, this can be 

accomplished by using glutamine-free media to study the catabolism of tritiated 

glutamine, an amino acid we saw to be produced by autophagic degradation in 

MEFs and A3C cells.  An increase in tritiated water that can be blocked by 

disruption of autophagy would suggest that autophagy is also contributing to 

metabolism by supplying nutrients in the form of amino acids. 

 While we looked at production of specific nutrients and induction of stress 

pathways such as the AMPK pathway to assess the role of autophagy-derived 
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nutrients in growth factor withdrawal, we have not yet considered broad 

metabolic alterations that may presage induction of stress pathways.  Specifically, 

glycolytic rate and oxygen consumption should be analyzed to determine if 

inhibition of autophagy broadly affects cellular metabolism.  Both these 

measurements can be determined on the XF24 Extracellular Flux Analyzer 

(Seahorse Biosciences, North Billerica, MA) in cells cultured in the presence or 

absence of growth factor and with or without inhibition of autophagy.  Indeed, 

Guo et al have recently shown that basal oxygen consumption is lower in Ras-

transformed mouse kidney cells in which autophagy has been inhibited by genetic 

ablation [Guo et al 2011].  Establishing global metabolic consequences of 

autophagy disruption will better allow for determination of the role of individual 

nutrients produced by autophagy. 

 Finally, blocking pathways used to metabolize nutrients derived from 

autophagy may resolve to what extent these nutrients are important for survival.  

Fatty acids provide more energy per molecule than amino acids and catabolism of 

fatty acids converges on a single pathway, so it would be advantageous to attack 

this pathway to assess autophagic contributions to cell metabolism.  To prevent 

oxidation of fatty acids, Cpt1, which is necessary for transport into the 

mitochondria [Zammit 1999], can be inhibited either with the specific chemical 

inhibitor Etomoxir or with shRNAi.  Blocking activity of this protein in cells under 

prolonged growth factor withdrawal (such as those that express Bcl-2) and 

observing if these cells die faster would help to determine at what point fatty acid 

metabolism becomes critical for cell survival. 
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5.3  Autophagy and the Bcl-2 Family 
 Anti-apoptotic members of the Bcl-2 family have been reported to inhibit 

autophagy under certain conditions such as metabolic stress by binding to and 

sequestering the autophagy-essential protein Beclin-1 [Pattingre et al 2005].  We 

have overexpressed Bcl-2 and Bcl-xL in multiple cell models, including FL5.12, 

Ba/F3, 32D, MEF, and A3C, and in none of these models did we observe strong 

evidence of changes in autophagic flux compared to cells without overexpressed 

Bcl-2 family members, either in basal conditions or under growth factor 

withdrawal.  Interestingly, knocking down Beclin-1 in FL5.12 cells increased Bim 

protein levels, suggesting that Beclin-1 may still modulate the stoichiometry of 

Bcl-2 family interactions even though Bcl-2 does not inhibit autophagy in these 

cells.  As anti-apoptotic Bcl-2 family proteins are frequently overexpressed in 

cancer [Cory et al 2003], it will be important to determine under what 

circumstances autophagy can be inhibited by Bcl-2 family proteins and how 

manipulation of autophagy impacts this family of apoptotic regulators. 

 The circumstances under which Bcl-2 can inhibit autophagy have been 

partially defined.  Specifically, Bcl-2 or Bcl-xL must be localized at the ER to 

inhibit autophagy [Pattingre et al 2005], constitutive expression of BH3-only 

proteins can prevent interaction between Bcl-2 and Beclin-1 [Maiuri et al 2007], 

and phosphorylation by Jnk or Erk [Kang et al 2011] can also inhibit this 

interaction.  To determine which of these parameters is not met for Bcl-2 to 
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inhibit autophagy in growth factor dependent cells, various mutated forms of Bcl-2 

can be expressed.  Pattingre et al have described a Bcl-2 chimera protein that 

localizes specifically to the ER, and Wei et al have identified three sites for Jnk1 

phosphorylation that have been mutated to prevent phosphorylation [Wei et al 

2008].  Sites for Erk1 phosphorylation have not yet been identified.  Expression of 

a mutant Bcl-2 with either of these sets of mutations should serve to inhibit basal 

and induced autophagy.  If they do not, chemical Erk inhibitors can be used to 

determine the importance of Erk phosphorylation.  Furthermore, the binding 

profile of Bcl-2 to BH3-only proteins in basal conditions can be explored with 

coimmunoprecipitation studies.  Determining why Bcl-2 expression does not inhibit 

autophagy in some cell types could help to establish parameters for evaluating 

autophagy as a possible target in cancer treatment.  

 

5.4  Autophagy and Bim Modulation 
 While autophagy is typically though to be cytoprotective, the process has 

been previously shown to directly potentiate apoptosis in some situations, 

including Drosophila development and MEF response to ultraviolet radiation [Scott 

et al 2007, Wang et al 2008b].  In FL5.12 cells, we demonstrated with short hairpin 

RNAi (shRNAi) that induced autophagy in cells expressing Bcl-2 plays a direct but 

still unclear role in stimulating production of Bim mRNA in the absence of growth 

factor.  A similar regulation revealed by shRNAi has since been identified in 

hepatocellular carcimona cells [Kiyono et al 2009], establishing this mechanism in 
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a very different cellular model.  Knockdown of autophagy genes merely reduces 

but does not completely abolish their expression, and so reducing autophagy by 

these means may result in increased survival, as opposed to genetic disruption of 

autophagy, which will lead to complete inhibition of autophagy and cell death as 

demonstrated in A3C cells.  Determining the mechanism by which autophagy 

regulates Bim expression may uncover novel biology linking autophagy to gene 

regulation as well as provide additional insight on how modulation of autophagy by 

different means may affect cancer cell survival. 

 Studies to determine how autophagy specifically regulates Bim should focus 

on regulation of the Bim promoter, since regulation by autophagy led to lower 

mRNA levels and was likely to be transcriptional in nature.  To confirm that 

autophagy regulation of Bim is transcriptional and not due to mRNA stability, 

portions of the Bim promoter can be cloned into a luciferase reporter construct.  

Changes in luciferase expression when autophagy is inhibited would suggest a 

transcriptional regulation of Bim.  Once transcriptional regulation is established, 

transcription factors that may regulate Bim can be assayed.  One approach will 

focus on the transcription factor FoxO3a, which is known to be activated in FL5.12 

cells as well as T cells downstream of cytokine withdrawal and can induce 

transcription of Bim [Essafi et al 2005, Park et al 2009, Stahl et al 2002].  To assay 

whether FoxO3a regulation by autophagy is responsible for Bim induction, cells can 

be transduced with a luciferase construct bearing a promoter response element for 

FoxO3a and then assayed in the presence or absence of autophagy shRNAi.  

Changes in luciferase expression correlating with changes in autophagy will suggest 
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regulation of FoxO3a by autophagy.  If FoxO3a is not regulated by autophagy, a 

similar approach can be taken with promoter elements for other transcription 

factors known to regulate Bim, such as Myb and C-Jun [Biswas et al 2007].  Finally, 

if none of these transcription factors are regulated by induced autophagy after 

growth factor withdrawal, an unbiased approach could be undertaken by cloning 

portions of the Bim promoter itself into luciferase reporter vectors and using 

either an overexpression or RNAi library to identify factors that regulate the 

promoter and are modified by autophagy induction. 

 

5.5  Roles of Basal and Induced Autophagy in Cell Survival 
 As autophagy is absolutely integral to how a cell degrades old and damaged 

components and responds to stress, it is not surprising that it can play paradoxical 

roles in survival or death purely depending on context.  We observed differing 

roles for autophagy in growth factor dependent cells in survival depending on cell 

type as well as mode of autophagy inhibition.  In FL5.12, Ba/F3, and 32D cells, 

inhibition of autophagy by shRNAi increased cell death in basal and growth factor 

deprived conditions while at the same time promoting increased survival in Bcl-2 

or Bcl-xL and withdrawn from cytokine for longer periods of time.  Similarly, 

inhibiting autophagy by a Tet-off silencing of Atg5 increased death in serum-

starved control MEFs but increased long term survival in serum-starved MEFs 

expressing Bcl-2.  In contrast, complete disruption of autophagy in the IL3-

dependent population of A3C cells by Cre-mediated excision of Atg3 or by chemical 
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inhibition uniformly caused enhanced death in the presence or absence of growth 

factor.  Reconciling when autophagy inhibition will cause enhanced death or 

enhanced survival will be important in furthering our understanding of how this 

pathway regulates homeostasis on a cell-wide scale. 

 The key factor in determining how autophagy disruption will affect a cell is 

likely consideration of basal versus induced autophagy.  Basal autophagy may be 

essential to cell survival, as a cell would be unable to remove certain long-lived 

proteins or components such as damaged mitochondria or protein aggregates in its 

absence [Colell et al 2007, Pua et al 2009].  In FL5.12 cells, autophagy shRNAi did 

not completely ablate expression of target genes, merely reducing their expression 

by 50-80%.  This was also true in MEFs with conditional Atg5 expression, where 

Atg5 was only silenced approximately 60%.  Under cytokine-replete conditions, this 

degree in reduction of autophagy gene expression may be sufficient to impact 

basal autophagy, as growth factor stimulated cells had increased death with RNAi 

of autophagy-essential genes.  In contrast, autophagy is strongly upregulated in the 

absence of growth factor, and in this instance, shRNAi or tetracycline-induced 

silencing may have merely reduced autophagic flux to basal levels rather than 

truly inhibiting it.  A3C cells with genetic deletion of Atg3, however, would 

eventually completely halt processing of LC3-family proteins and thus have a more 

complete block on autophagy.  This may explain why Bim was induced by Atg3 

deletion in A3C cells both in the presence and absence of IL3, while Bim induction 

was reduced by autophagy inhibition by shRNAi in FL5.12 cells.  Thus, the balance 
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of autophagy in a cell is critical in determining how it will impact cell fate.  An 

illustration of this balance is depicted in Figure 5.1. 

 

Figure 5.1  The balance of autophagy affects cell fate. 

Basal autophagy is generally positive in cell survival, but excessive autophagy can lead to 
autophagy-induced death.  Autophagy induced in cells expressing Bcl-2 or Bcl-xL can lead to 
apoptosis.  In contrast, autophagy reduced below basal levels can also lead to apoptosis. 
 
 To examine and better understand the role of basal and induced autophagy 

in FL5.12 and A3C cells, it would be advantageous to recreate the conditions of 

autophagy disruption in each cell type.  More specifically, basal autophagy 

induction in FL5.12 cells could be studied more closely and autophagy shRNAi 

could be utilized in A3C cells.  In FL5.12 cells, autophagy inhibition in the presence 

of growth factor leads to death.  It would be useful to study this death more 

closely and see if stress markers that appear in A3C cells after Atg3 deletion, such 

as phosphorylation of p53 and induction of Puma, also appear in FL5.12 cells.  

Conversely, A3C cells are not readily transfected with shRNAi (data not shown); 
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however, the cells could be transduced by retrovirus to stably express either 

tetracycline or Cre-inducible shRNAi vectors.  In this scenario, we could then 

observe if reduction by shRNAi of autophagy induced by growth factor withdrawal 

leads to increased survival, especially in Bcl-2 expressing cells.  These experiments 

will help to illuminate the importance of basal and induced autophagy in survival, 

and underline the importance of the proper balance of autophagy in a cell to 

promote cell survival rather than lead to death. 

 

5.6  Autophagy and Cancer 
 Autophagy plays differing roles in cancer development depending on the 

degree of transformation of the cancer cell.  Early in cancer development, 

autophagy may suppress tumorigenesis by limiting cell stresses that promote DNA 

damage, genomic instability, and possible oncogenic mutagenesis [Liang et al 

1999, Mathew et al 2007b].  In this circumstance it would be advantageous for a 

cancer cell to downregulate autophagy [Kisen et al 1993].  However, in established 

cancers, autophagy has been shown to play a cytoprotective role in response to a 

wide variety of chemotherapeutics and other stresses, as discussed in detail in the 

Introduction.  In A3C cells transformed by expression of p185 BCR-Abl, autophagy 

was required for survival and BCR-Abl expressing cells were more sensitive to 

deletion of Atg3 than control cells.  These cancer cells were also sensitive to the 

chemical inhibitors of autophagy, chloroquine or 3MA, supporting the conclusion 

that findings in A3C cells were due to disruption of autophagy rather than Atg3-
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specific affects.  Importantly, disruption was necessary for leukemia progression in 

a mouse allograft model. Thus, BCR-Abl expressing cells may be acutely reliant on 

autophagy for survival, even though oncogenic activation of these cells reduced 

the basal level and did not appear to alter the essential functions of autophagy.  

Consistent with this finding, it was recently published that cancer cells with active 

Ras are also dependent on autophagy for survival [Guo et al 2011].  Autophagy may 

thus represent a ‘non-oncogene addiction’ [Luo et al 2009], a normal cellular 

pathway that cancer cells are much more dependent on than normal cells, and 

may be an attractive target for development of future single or combination 

cancer therapies.   

 p53 and pro-apoptotic Bcl-2 family members mediated cell death upon 

disruption of autophagy.  However, the mechanism leading to p53 activation, cell 

cycle arrest, and eventual apoptosis remains unclear.  We have examined some 

cellular components that may be regulated by autophagy, including cell 

metabolism, protein aggregates, the ER, mitochondria, and ROS levels, but none of 

these were strongly altered after Atg3 excision.  One important aspect of 

regulation of ER homeostasis by autophagy has not yet been considered in our 

system is calcium modulation.  The ER has a well-described role as a reservoir of 

cellular calcium, and autophagy has been shown to regulate calcium levels through 

preservation of ER integrity [Hoyer-Hansen and Jaattela 2007a].  Importantly, all 

of the ER stress markers we assayed after autophagy disruption, including Chop, 

Bip, and Calnexin, are part of the unfolded protein response [Caramelo and Parodi 

2008, Kaufman et al 2010] and may not reveal modest dysregulation of calcium 
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homeostasis.  Indeed, Jia et al recently demonstrated that autophagy is necessary 

to regulate ER calcium homeostasis in T-cells [Jia et al 2011], and importantly, 

released calcium can result in activation of the p53 pathway [Li et al 2005].  

Therefore, it will be important to consider defects intracellular calcium levels as a 

possible consequence of autophagy disruption.  Calcium levels can be observed 

using either single or ratiometric calcium-sensitive dyes, and calcium levels can be 

modulated down by treatment with the intracellular calcium chelator BAPTA-AM 

(1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetrakis(acetoxymethyl 

ester)), or can be increased with thapsigargin or ionomycin, which will release 

calcium from the ER.  Changes in calcium levels after autophagy disruption 

coupled with changes in survival after treatment with calcium-level modulators 

may suggest an important role for autophagy in calcium regulation in A3C cells. 

 As autophagy may regulate other cell processes in a way not yet fully 

appreciated, an unbiased approach may also be useful in determining the pathway 

leading to death after Atg3 excision.  To accomplish this, an shRNAi screen could 

be used in BCR-Abl expressing cells to identify proteins involved in the death of 

these cells after Atg3 disruption.  The shRNAi library would be stably transduced in 

BCR-Abl expressing cells, and then cells would be treated with 4OHT to excise 

Atg3.  Several days after Atg3 excision, surviving cells would be isolated, shRNAi 

plasmid collected from these cells, and transduced into new BCR-Abl cells.  

Several rounds of this process could enrich for shRNAis that strongly protect cells 

from death after autophagy disruption.  After a highly death-resistant population is 

generated, cells would be cloned so individual shRNAi targets could be identified 
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and studied further as candidate proteins to modify the cell stress pathways 

downstream of autophagy. 

 It will be important to further study whether death after Atg3 excision in 

BCR-Abl expressing cells is specific to Atg3 or to autophagy in general.  Our use of 

chemical inhibitors supports the notion that autophagy itself is critical for cancer 

cell survival, but an alternate genetic model would be more specific.  Likewise, 

our findings that BCR-Abl-dependent cancers rely heavily on autophagy may be 

specific to BCR-Abl or could have general implication to a variety of malignancies.  

In support of a generally increased dependence of cancer cells on autophagy, Guo 

et al recently found that Ras transformed cells also required autophagy [Guo et al 

2011].  To address the issue of Atg3 specificity, we have generated Atg7F/F Cre-ER 

mice, with the Cre-Er on a ubiquitin promoter.  The Atg7F/F mice were generously 

provided by Dr. You-Wen He and originally described by Chiba et al [Komatsu et al 

2005].  In these mice, we can generate BCR-Abl dependent malignancies, both by a 

similar mechanism to A3C cell creation as well as a more in vivo model involving 

direct BCR-Abl-dependent transformation of bone marrow cells [Kharas et al 2008].  

Decrease in survival of these transformed cells after excision of Atg7 would suggest 

an autophagy-specific rather than Atg3-specific effect.  To examine the role of 

autophagy in other forms of cancer, T-cell acute lymphoblastic leukemia (T-ALL) 

can be generated in Atg7F/F Cre-ER mice, or in Atg3F/F Cre-ER mice in collaboration 

with Dr. You-Wen He.  To accomplish this, bone marrow cells from these mice are 

transduced with intracellular Notch (ICN), mixed with wild-type bone marrow, and 

then injected into irradiated recipient mice.  ICN is not sufficient to transform 
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immature T-cells without additional mutations, so T-ALLs formed in this model 

represent a more naturally-arising form of cancer [Allenspach et al 2002].  These 

leukemic cells can be harvested from mice and studied for sensitivity to genetic 

autophagy ablation, and further studies can focus on disrupting autophagy in vivo 

to inhibit cancer growth in the mice.  Sensitivity to autophagy disruption would 

suggest that blood cancers other than BCR-Abl dependent leukemia rely on 

autophagy for survival. 

 Finally, Atg3 itself may represent a useful target for cancer therapy and 

should be considered as a possible candidate for drug design.  While Atg3 is similar 

to E2 ubiquitin conjugating enzymes, it is unique in that it alone is responsible for 

processing of LC3, GABARAP, and Gate-16 [Tanida et al 2002], which have essential 

roles in autophagy and in other endosomal trafficking, discussed in the 

Introduction.  Atg3 has no known redundant family members which can fulfill its 

role, and we have shown that it is essential for survival of BCR-Abl-expressing 

cancer cells.  Finally, the crystal structure of Atg3 has been solved in yeast, 

providing a good starting point for molecule design [Yamada et al 2007].  Before 

embarking on a small molecule screen, further studies should be performed to 

establish the role of Atg3 in cancer, by making T-ALLs from Atg3F/F Cre-ER mice, 

described above, and generating shRNAi against Atg3 to use in transformed FL5.12 

cells.  To perform a small molecule screen, a ‘split-GFP’ system could be used to 

monitor inhibition of the covalent binding of Atg3 to LC3 [Ozawa 2009].  Two 

chimera proteins would be generated, one for Atg3 which would have a portion of 

GFP near the binding pocket, and one for LC3, which would have a portion of GFP 
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near the N-terminal binding domain.  Binding of these proteins would result in a 

GFP signal, and a molecule screen would assay for compounds that strongly inhibit 

this fluorescence.  After the screen, molecules could be assayed for their ability to 

disrupt Atg3 function and to kill cancer cells. 

 

5.7  Concluding Remarks 
 In this work, we have contributed to the fields of autophagy and cell death 

research by expanding our understanding of the role of autophagy in growth factor 

dependent cells and cancer cells.  We have shown that autophagy is active in basal 

cell conditions but induced in growth factor withdrawal, even in cells that express 

anti-apoptotic proteins such as Bcl-2 or Bcl-xL.  Induced autophagy contributes 

nutrients in the form of fatty acids and amino acids that are catabolized 

mitochondria, but these nutrients may not become critical for survival until after 

prolonged periods of growth factor deprivation.  Importantly, the amount of 

autophagy is critical in determining cell fate.  Suppression of induced autophagy 

by shRNAi led to increased survival in Bcl-2 expressing cells, while disruption of 

induced and basal autophagy widely caused an apoptotic and p53-dependent cell 

death.   

 Autophagy is likely active to some degree in all metazoan cells at all times.  

Thus, this thesis illustrates that in addition to examining when autophagy is 

affecting cell survival, it is also important to consider what autophagy might be 

doing in a given cell under a given condition.  Bcl-2 may inhibit autophagy in some 
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cells and not others, and knowledge of these conditions will be important in 

evaluating cancer cells for targeting of autophagic and apoptotic proteins.  

Similarly, we demonstrated that autophagy can generate nutrients, but it will be 

important to understand when these nutrients become important if we are to 

target metabolic pathways utilizing these nutrients.  Finally, our data uncovered 

seemingly paradoxical roles for autophagy in increased cell survival or increased 

cell death, depending on method of modulation.  This suggests that in considering 

autophagy as a cancer target, we must not just determine if we should target the 

pathway, but also how and to what extent we will target it, as different 

approaches may result in wildly different outcomes.  Further study of the 

mechanisms linking autophagy to both survival and death pathways will further 

illuminate the incredible variety of ways that this pathway is responsible for 

determining the fate of both normal and cancer cells.  
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