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Cell proliferation requires the coordination of multiple signaling pathways as well as the
provision of metabolic substrates. Nutrients are required to generate such building
blocks and their form of utilization differs to significant extents between malignant tis-
sues and their nontransformed counterparts. Thus, oncogenes and tumor suppressor
genes regulate the proliferation of cancer cells also by controlling their metabolism.
Here, we discuss the central anabolic functions of the signaling pathways emanating
from mammalian target of rapamycin, MYC, and hypoxia-inducible factor-1. Moreover,
we analyze how oncogenic proteins like phosphoinositide-3-kinase, AKT, and RAS,
tumor suppressors such as phosphatase and tensin homolog, retinoblastoma, and
P53, as well as other factors associated with the proliferation or survival of cancer cells,

such as NF-kB, regulate cellular metabolism.
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ABBREVIATIONS

AMPK AMP-activated protein kinase

COX cytochrome ¢ oxidase

GLS1 glutaminase 1

HIF-1 hypoxia-inducible factor 1

IKB inhibitor of KB proteins

LDH lactate dehydrogenase

LKB1 liver kinase B1

mTOR mammalian (or mechanistic) target of rapamycin
PDH pyruvate dehydrogenase

PDK1 pyruvate dehydrogenase kinase 1

PHD prolyl-4-hydroxylase domain protein

pRb retinoblastoma protein

PtdIns(3,4,5) P3 phosphatidylinositol-3,4,5-trisphosphate
PTEN phosphatase and tensin homologue

SCO2 synthesis of cytochrome ¢ oxidase 2

SREBP sterol regulatory element-binding protein
TIGAR TP53 (tumor protein 53)-induced glycolysis and apoptosis regulator
TSC1/2 tuberous sclerosis 1/2

VHL von Hippel-Lindau

1. INTRODUCTION

Most oncogenes and tumor suppressor genes encode proteins that
promote cellular proliferation or cell cycle arrest. In recent years, we are
learning that proliferation is tightly coupled with metabolic changes. For
this reason, cancer metabolism is an area of intense research, since the
metabolism of cancer cells can be exploited for therapeutic purposes
(Munoz-Pinedo, El Mjiyad, & Ricci, 2012). In accordance to the normal
function of their encoded proteins, oncogenes or tumor suppressors regulate
cellular metabolism (Vander Heiden, Cantley, & Thompson, 2009). This is
an intrinsic part of their program to reduce or promote cell proliferation.
Oncogenes promote glucose and amino acid uptake and metabolism in
order to make new lipids, nucleotides, and proteins. Conversely, tumor
suppressors upregulate mitochondrial respiration and Krebs (TCA) cycle
(see review by Frezza and colleagues, Chapter 1 of this volume). We will
discuss how several oncogenes and tumor suppressors regulate cellular
metabolism.
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2. HIF-1: REGULATOR OF HYPOXIC RESPONSES
AND CANCER METABOLISM

Highly proliferating tumor cells are characterized by a hypoxic micro-
environment due to the increased oxygen consumption, which stimulates
metabolic reprogramming (Vaupel, Thews, & Hoeckel, 2001). The master
regulator of cellular responses to low oxygen is hypoxia-inducible factor 1
(HIF-1), a transcription factor induced by hypoxic conditions and whose
levels are increased in many human cancers even under normoxia
(Semenza, 2010). Under normal oxygen conditions, HIF-1 is degraded
by the proteasome after prolyl hydroxylation by prolyl-4-hydroxylase
domain proteins (PHDs) and ubiquitination by the tumor suppressor von
Hippel-Lindau (VHL) (Kaelin & Ratclifte, 2008; Fig. 3.1). HIF-1 can also
be constitutively activated by genetic alterations, such as the loss of function
of VHL in renal cancer cells, or due to the accumulation of metabolites such
as fumarate or succinate (Boulahbel, Duran, & Gottlieb, 2009). Cancer cells
frequently undergo oxygen shortage which inhibits the prolyl hydroxylases
and stabilizes HIF-1, which induces the expression of hundreds of genes
involved in angiogenesis, metabolism, apoptosis, and proliferation.

The major metabolic effect of HIF-1 is to trigger the switch from mito-
chondrial oxidative phosphorylation (OXPHOS) to anaerobic glycolysis.
HIF-1 induces the expression of glucose transporters (GLUT-1, GLUT-3)
to enhance glucose uptake anditupregulates glycolytic enzymesand the lactate
dehydrogenase A (LDHA) subunitto stimulate the conversion of pyruvate into
lactate (Brahimi-Horn, Chiche, & Pouyssegur, 2007; Semenza, 2011;
Fig. 3.1). Importantly, HIF-1 activates the pyruvate dehydrogenase kinase 1
(PDK1; Kim, Tchernyshyov, Semenza, & Dang, 2006; McFate et al.,
2008), anegative regulator of pyruvate dehydrogenase (PDH). PDH converts
pyruvate into acetyl-CoA to enter the Krebs cycle in the mitochondria
(Fig. 3.1). The eftect ofinhibiting PDH is the inhibition of mitochondrial oxy-
gen consumption and reduction of R OS production, and this promotes anaer-
obic glycolysis and thus the Warburg effect (Papandreou, Cairns, Fontana,
Lim, & Denko, 2006).

HIF-1 also controls respiration by regulating expression and stability of
the cytochrome oxidase subunits cytochrome ¢ oxidase (COX)4-1 and
COX4-2 (Fukuda etal., 2007). Additionally, HIF-1 upregulates the expres-
sion of the proteins BNIP3 and BNIP3L, which trigger mitochondrial
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Figure 3.1 Regulation of cancer metabolism by HIF-1. HIF-1 switches metabolism from
oxidative respiration to anaerobic glycolysis. Hypoxia induces HIF-1 by blocking its
inhibitors prolyl-4-hydroxylase domain proteins (PHDs) and von Hippel-Lindau (VHL)
protein that need O, to exert their functions. Once activated, HIF-1 upregulates the glu-
cose transporters GLUT1 and GLUTS3, thus enhancing glucose uptake. HIF-1 induces the
expression of almost every enzyme of the glycolytic pathway and lactate dehydroge-
nase A (LDHA), thus resulting in lactate production. Importantly, HIF-1 induces the pyru-
vate dehydrogenase kinase 1 (PDK1) that phosphorylates pyruvate dehydrogenase
(PDH) blocking the entry of pyruvate into the mitochondria. HIF-1 also induces the
expression of miR210, inhibiting important enzymes of Krebs cycle, and upregulates
the protein BNIP3 that promotes mitochondrial autophagy.

autophagy, another possible mechanism by which HIF-1 reduces oxidative
metabolism (Zhang et al., 2008). HIF-1 can also activate the transcription of
miR-210, a microRNA which blocks the expression or activity of some
enzymes of the Krebs cycle and the Complex I of the electron transport
chain (Chen, Li, Zhang, Huang, & Luthra, 2010; Favaro et al., 2010;
Fig. 3.1).

3. THE PI3K-AKT-PTEN PATHWAY REGULATES
METABOLISM

The PI3K—-AKT pathway is one of the main prosurvival pathways acti-
vated in human cancers. The phosphatidylinositol 3-kinases (PI3Ks) are a
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family of proteins that phosphorylate phoshoinositides at the D-3 position of
the inositol ring, and their functions are linked to difterent biological roles,
like regulation of cell growth, organismal metabolism, cell proliferation, and
vesicle trafficking (Cantley, 2002; Engelman, Luo, & Cantley, 2006).

The best known effector downstream of PI3K is AKT (also known as Pro-
tein Kinase B, PKB). Oncogenic mutations in PI3K increase the PI3K and
AKT signaling, promoting factor-independent growth and increasing cell
invasion and metastasis (Manning & Cantley, 2007). Activated AKT is also
an important driver of oncogenic metabolism. It was recognized early that
AKT activation drives the glycolytic metabolism of tumor cells (Fig. 3.2;
Elstrom et al., 2004). Activation of AKT increases cellular glucose uptake by
inducing the expression and membrane translocation of glucose transporters
(Barthel et al., 1999; Kohn, Summers, Birnbaum, & Roth, 1996). AKT also
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Figure 3.2 Regulation of cancer metabolism by the PI3K-AKT-PTEN and LKB1-AMPK-
mTORC1 pathways. Growth factor receptors activate Ras and phosphatidylinositol
3-kinase (PI3K) leading to the activation of AKT. Once activated, AKT induces glycolysis
by regulating glycolytic enzymes and glucose transporters. These effects are
counteracted by the phosphatase and tensin homologue (PTEN). AKT can indirectly acti-
vate the mTORC1 pathway that promotes lipid, protein, and nucleotide synthesis, con-
tributing to the building of bioblocks necessary for tumor proliferation. Under stress
conditions, the AMP-activated protein kinase (AMPK) activation through the liver kinase
B1 (LKB1), opposes glycolytic metabolism in part by inhibiting mTORC1. PPP, pentose
phosphate pathway.
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increases glycolysis by activating the enzyme phosphofructokinase-1 (PFK1)
through phosphorylation of phosphofructokinase-2 (PFK2) (Deprez,
Vertommen, Alessi, Hue, & Rider, 1997), which leads to allosteric activation
of PFK1. Inaddition, AKT stimulates the mammalian (or mechanistic) target of
rapamycin (mTOR) pathway, thus promoting many other metabolic branches
as we will discuss below.

PI3K/AKT signaling pathway can be inhibited by the tumor suppressor
gene phosphatase and tensin homologue (PTEN). PTEN dephosphorylates
phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5) P3), the second mes-
senger generated by the activation of PI3K, and the main activator of AKT,
thereby inhibiting the PI3K—AKT-mTOR pathway. The main functions of
PTEN are the regulation of cell growth, metabolism, and survival, and thus it
has an important tumor-suppressive ability (Carracedo & Pandolfi, 2008).
Even a slight decrease of PTEN levels, or a fine change in PTEN gene ex-
pression, is sufficient to induce cancer susceptibility (Alimonti et al., 2010).
Consistently, loss of PTEN promotes glycolysis (Tandon etal., 2011) and ele-
vation of PTEN levels can reverse the cancer metabolic reprogramming
from glycolysis to OXPHOS (Garcia-Cao et al., 2012). For example, trans-
genic mice carrying additional copies of PTEN (referred to as Super-PTEN
mice), are less prone to cancer development. In this model, PTEN elevation
resulted in a healthier metabolism, with systemic metabolic reprogramming;
mice display increased oxygen consumption and energy expenditure, higher
mitochondrial biogenesis increasing the mitochondrial ATP production, and
an important reduction of body fat accumulation. Cells derived from these
mice show reduced glucose and glutamine uptake, increased mitochondrial
OXPHOS, and resistance to oncogenic transformation (Garcia-Cao et al.,
2012). Conversely, in nontransformed thyrocytes of a PTEN-deficient
mouse model, the constitutive PTEN deficiency caused a downregulation
of Krebs cycle and OXPHOS, defective mitochondria and reduction of res-
piration with compensatory glycolysis. In this case, the metabolic switch to
glycolysis is driven by PI3K-dependent AMP-activated protein kinase
(AMPK) inactivation (Antico Arciuch, Russo, Kang, & Di Cristofano, 2013).

4. mTOR CONTROLS ANABOLISM AND IT IS INHIBITED
BY AMPK UPON METABOLIC STRESS

mTOR is a serine/threonine kinase that is part of two distinct com-
plexes, TORC1 and TORC2, which have different sensitivity to
rapamycin. We will discuss the role of the rapamycin sensitive complex,
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mTORCI1, which controls cell growth and metabolism in response to envi-
ronmental signals (Wullschleger, Loewith, & Hall, 2006). The mTOR path-
way is one of the most deregulated signaling pathways in human cancer, and
growth-factor-independent activation of mMTORCT1 is observed in up to
80% of tumors, across nearly all lineages (Guertin & Sabatini, 2007;
Menon & Manning, 2009). mTOR is also deregulated in metabolic disor-
ders, such as obesity and type 2 diabetes. Mice with hyperactive mTORCI1
signaling in the liver display metabolic abnormalities, including defects
in glucose and lipid homeostasis, and subsequently develop hepatocellular
carcinoma (Menon et al., 2012).

mTOR integrates diverse signals to regulate cell growth: growth factors,
nutrients, oxygen, energy, and several forms of stress. mTOR, downstream
of PI3K, responds to growth factors via the inactivation of tuberous sclerosis
(TSC)1 and TSC2 by AKT; these proteins are negative regulators of
mTORC1 (Manning & Cantley, 2007; Fig. 3.2). Nutrients, particularly
amino acids, also regulate mTORCI1 signaling, which controls protein
translation. The molecular mechanism by which mTORC1 senses intracel-
lular amino acids is not fully understood, but it requires the Rag GTPases
(Kim, Goraksha-Hicks, Li, Neufeld, & Guan, 2008; Sancak et al., 2010).

mTOR regulates many anabolic pathways. Through regulation of HIF1
it activates glycolysis and the pentose phosphate pathway (PPP) (Figs. 3.1
and 3.2), and by activating the transcription factor sterol regulatory
element-binding protein (SREBP)1, it also stimulates lipid synthesis
(Divel et al., 2010; Fig. 3.2). Nucleotide synthesis is also regulated by
mTOR in two different manners: through regulation of the PPP and by
activation of an enzyme of pyrimidine synthesis (Ben-Sahra, Howell,
Asara, & Manning, 2013; Robitaille et al., 2013). Thus, cells with active
mTOR are stimulated to proliferate by making all necessary building blocks.

mTOR is inhibited in conditions of nutritional stress by the AMPK.
Tumors under metabolic stress adapt to these conditions by altering the liver
kinase B1 (LKB1)-AMPK pathway (Sebbagh, Olschwang, Santoni, & Borg,
2011). As a result, the LKB1-AMPK pathway works as a metabolic check-
point and inhibits cancer metabolic reprogramming (Jones et al., 2005;
Kuhajda, 2008). AMPK is an ATP sensor that checks and regulates cellular
energy homeostasis. AMPK is activated in response to nutrient deprivation
or hypoxia, when ATP levels decline and the AMP and ADP levels increase
(Fig. 3.2) (Hardie, 2011; Xiao et al., 2011). Under conditions of energy
stress, LKB1 (serine—threonine kinase LKB1) acts as the main upstream
kinase that activates AMPK (Shaw, Bardeesy, et al., 2004; Woods et al.,
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2003). Once activated, AMPK can target a wide range of downstream met-
abolic pathways, especially the mTOR pathway. During energetic stress,
AMPK can inhibit mMTORC1 through two different mechanism; phosphor-
ylating TSC2 (Corradetti, Inoki, Bardeesy, DePinho, & Guan, 2004; Inoki,
Zhu, & Guan, 2003; Shaw, Kosmatka, et al., 2004) or by direct phosphor-
ylation of Raptor, a component of mMTORC1 (Scott, Norman, Hawley,
Kontogiannis, & Hardie, 2002). LKB1-deficient cells and mutant mice
for LKB1, or MEFs deficient for TSC2, show hyperactive mTORC1 sig-
naling in response to energy stress (Shaw, Bardeesy, et al., 2004). Thus,
AMPK alters important cellular responses, like cell growth, proliferation
and autophagy (Shackelford et al., 2009). The lack of AMPK signaling
increase tumorigenesis and enhances the glycolytic metabolism in cancer
cells (Faubert et al., 2012). However, AMPK can also promote survival
of tumor cells: LKB1 deficiency reduces the AMPK signaling in tumor cells
(Godlewski et al., 2010; Shackelford & Shaw, 2009; Zheng et al., 2009), and
deletion of LKB1 makes the cells more sensitive to nutrient deprivation
(Shaw, Bardeesy, et al., 2004). Additionally, by inhibiting lipid synthesis
and promoting lipid oxidation, AMPK contributes to maintenance of
NADPH levels thus mitigating redox stress (Jeon, Chandel, & Hay, 2012).

5. c-MYC PROMOTES AEROBIC ANABOLISM

c-Myc has been reported to be the master regulator of metabolic
processes involved in cell proliferation. Myc is deregulated in many human
cancers in which it triggers tumorogenesis through the transcriptional mod-
ulation of many genes. In fact, it has been recently proposed that Myc is a
“general” transcription factor, in the sense that high levels of c-Myc in
tumor cells produce elevated levels of transcripts from the existing gene
expression program of tumor cells (Lin et al., 2012). This includes genes
involved in glucose metabolism, nucleotide, lipid, amino acid, and protein
synthesis (Dang, 2013; Li & Simon, 2013). Once activated, c-Myc binds,
with its cofactor Max, to the consensus sequences called “E-boxes” present
in genes driven by all three RNA polymerases, resulting in ribosomal RNNA
synthesis and ribosome biogenesis, necessary to build the increasing cell mass
(Grandori et al., 2005; van Riggelen, Yetil, & Felsher, 2010).
c-Myc also regulates mitochondrial biogenesis by inducing the expres-
sion of genes involved in mitochondrial structure and function, such as
TFAM which encodes a protein involved in mitochondrial transcription
and mitochondrial DNA replication (Li, 2005; Fig. 3.3). To trigger biomass
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Figure 3.3 Myc regulates cancer metabolism. Myc promotes cancer cell metabolism at
several levels. Myc upregulates the glucose transporters GLUT1 and GLUT3 increasing
glucose uptake. It induces several glycolytic enzymes such as the lactate dehydroge-
nase A (LDHA) resulting in lactate production. Like HIF-1, Myc induces pyruvate dehy-
drogenase kinase 1 (PDK1) expression, which prevents pyruvate entry into the
mitochondria. Myc also regulates glutaminolysis: it upregulates glutamine transporters
SLCTAS5 and SLC7A5 and induces glutaminase 1 (GLS1) expression. Myc also promotes
biomass accumulation essential for proliferating tumor cells. It regulates ribosome
biogenesis, mitochondrial biogenesis, and several enzymes involved in fatty acids
synthesis such as acetyl-CoA carboxylase (ACACA), fatty acid synthetase (FASN), and
stearoyl-CoA desaturase (SCD). Additionally, Myc regulates enzymes involved in
nucleotide synthesis such as phosphoglycerate dehydrogenase (PHGDH) and serine
hydroxymethyltransferase (SHMT).

accumulation necessary for cell proliferation, c-Myc induces the expression
of almost every glycolytic gene, redirecting cells to glucose consumption for
ATP but also for biomolecule production. c-Myc also stimulates the tran-
scription of LDHA that is necessary for c-Myc mediated tumorigenesis in
some models (Shim et al., 1997; Fig. 3.3).

Like HIF-1, c-Myc regulates other important glycolytic enzymes such as
hexokinase 2 -that phosphorylates glucose to make glucose-6-phosphate-
and PDK1 -which phosphorylates and inhibits PDH, blocking the entry
of pyruvate into the mitochondria (Kim, Gao, Liu, Semenza, & Dang,
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2007; Fig. 3.3). It has been shown by in vivo imaging techniques that in
c-Myc-driven liver tumors pyruvate is converted preferentially to lactate
(Hu et al., 2011). Interestingly, metabolic changes were detected prior to
the appearance of tumors: in pretumor tissues, an accumulation of alanine
due to increased expression of transaminases was observed.

c-Myc also controls glutamine metabolism, achieved through regulation
of mitochondrial glutaminase 1 (GLS1) expression (Gao et al., 2009). Glu-
tamine is converted to glutamate by GLS1, whose expression is increased in
c-Myc-dependent tumors. Glutamate then enters the Krebs cycle to pro-
duce ATP or glutathione. There are evidences that GLS1 is regulated by
c-Myc also at posttranscriptional level. c-Myc suppresses the expression
of two miRNAs, miR -23a and miR-23b, which target GLS1 in its 3UTR,
resulting in increased glutaminase expression and glutamine metabolism.
c-Myc also stimulates the transport of glutamine inside the cell by increasing
the expression of the glutamine transporters SLC1A5 and SLC7A5
(Fig. 3.3).

It has been shown that c-Myc can regulate nucleotide biosynthesis by
transcriptional regulation of several key enzymes, redirecting glycolysis to
the synthesis of serine and glycine that are essential for nucleotide building
(Mannava et al., 2008). Recently, Myc has also been associated to lipid syn-
thesis as many enzymes of fatty acid biosynthesis are its direct targets and they
contribute to the building of bioblocks needed in the c-Myc-driven prolif-
eration program (Loven et al., 2012; Fig. 3.3). Thus, Myc has been shown to
activate all pathways necessary to build new cells.

6. RAS STIMULATES GLYCOLYSIS AND THE PPP

The Ras family encompasses a number of small GTPases that trans-
duce signals to induce proliferation, including the metabolic switch. Trans-
fection of a constitutively activated form of Ras is sufficient to stimulate
glycolysis and the PPP (Vizan et al., 2005). Ras proteins are activated down-
stream of growth factors or they are constitutively active in tumors, and they
signal through MAP kinases and/or through PI3K. Some of the metabolic
effects of Ras, thus, may be mediated through the PI3K/AKT/mTOR
pathway, while other effects can be due to stimulation of Myc. H-Ras,
for instance, upregulates Glut-1 mRNA through the PI3-kinase pathway.
This effect is indirect, through the PI3K-mediated upregulation of HIF-1
(Chen, Pore, Behrooz, Ismail-Beigi, & Maity, 2001). Since Ras can indi-
rectly regulate HIF-1, it can regulate metabolism in the same manner,
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and this is for instance the case in colon cancer cells with hyperactivated
KRas, in which KRas inhibits mitochondrial metabolism through activation
of HIF-1 (Chun et al., 2010).

Pancreatic tumors often carry activating KRAS mutations. In these
cells, KRas regulates multiple metabolic pathways at the transcriptional
level. It stimulates glucose uptake and it channels glucose intermediates
into the hexosamine biosynthesis and PPPs. These effects are mediated
by MAP kinases and Myc (Ying et al., 2012). Additionally, pancreatic duc-
tal adenocarcinomas have recently been shown to depend on a nonclassical
glutamine utilization pathway stimulated transcriptionally by Kras. Kras
directs the metabolism of these cells in toward the use of glutamine as a
source of pyruvate and NADPH to maintain the cellular redox balance
(Son et al., 2013).

Ras is also a regulator of autophagy, a cellular process that can provide
nutrients by self-digestion of intracellular components. This process is also
responsible for clearance of damaged mitochondria. Ras-mediated transfor-
mation induces autophagy, which is required to maintain mitochondrial
metabolic functions in Ras-driven tumors (Guo et al., 2011). In these
tumors, knockdown of essential autophagy genes can promote the accumu-
lation of abnormal mitochondria unable to metabolize lipids through fatty
acid oxidation (White, 2013). Similarly, tumors driven by a Ras downstream
effector, the oncogene BRAF, rely on autophagy to maintain healthy mito-
chondria and glutamine metabolism (Strohecker et al., 2013).

7. NF-kappaB REGULATES INFLAMMATION AND
PROLIFERATION BUT ALSO METABOLISM

NF-KB is a transcription factor of the Rel-homology-domain family.
Its subunit p65/RelA is the most important in transactivation of several tar-
get genes involved in immunity, inflammation, and proliferation. Its activity
is tightly regulated by the inhibitors of KB proteins (IKBs) and the IKB kinase
proteins (IKKs), and it results in the expression of growth factors, cytokines,
and promotion of cell proliferation (Hayden & Ghosh, 2004). Although
NF-KB is not considered a classical oncogene, its expression can be regulated
by several oncogenes, suggesting a role of NF-KB in promotion of
tumorogenesis (Basseres & Baldwin, 2006). It has been reported that onco-
genic H-Ras activates NF-KB (Finco et al., 1997) inducing lung tumor pro-
gression in vivo in a p53-dependent (Meylan et al., 2009) or independent
manner (Basseres, Ebbs, Levantini, & Baldwin, 2010). In cells with mutated
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p53, the activation of Ras induces a metabolic switch from oxidative mito-
chondrial phosphorylation to aerobic glycolysis that has been related to
NF-KB activation (Kawauchi, Araki, Tobiume, & Tanaka, 2008). In this
model, the loss of p53 activity resulted in transcriptional activation of
NF-KB that was essential for the enhanced glucose consumption and lactate
production. GLUT3 expression was directly regulated by NF-KB, accord-
ingly with the observed increase of glucose uptake in those cells. Recently,
it has been shown that NF-KB activation by the epidermal growth factor
receptor (EGFR) in cancer cells induces the expression of pyruvate kinase
M2 (PKM2), triggering lactate production and glucose uptake (Yang
et al.,, 2012). However, NF-xB has also been shown to contribute to
tumorogenesis by sustaining mitochondrial function. This effect was medi-
ated through p53 and its target synthesis of cytochrome ¢ oxidase 2 (SCO?2),
which increases OXPHOS (Mauro et al., 2011). Although NF-KB is not a
typical oncogene, all these findings suggest an involvement of NF-KB in
metabolic reprogramming and tumorigenesis. However, the manner by
which NF-KB regulates cancer metabolism is still unclear and may be context
dependent.

8. RETINOBLASTOMA: SUPPRESSING TUMOROGENESIS
AND ANABOLISM

The retinoblastoma protein (pRb) is one of the tumor suppressors
whose role in cancer metabolism has been most extensively studied
(Nicolay & Dyson, 2013). The major function of pRb is the inhibition of
cell cycle progression exerted through repression of the E2F1 transcription
factor. This function is reverted by pRb phosphorylation by cyclin
D-CDK4/6, which inactivates Rb and promotes E2F1-mediated transcrip-
tion. Many signals can regulate pRb expression; among those, AMPK has
been shown to phosphorylate directly pRb controlling the G1/S phase tran-
sition based on the energy status of the cell (Dasgupta & Milbrandt, 2009).
Recently, pRb was shown to regulate starvation-induced stress response in
Caenorhabditis elegans (Cui, Cohen, Teng, & Han, 2013) and similar results
have been recently provided in a Drosophila model, suggesting an involve-
ment of pRb in cancer metabolism (Nicolay et al., 2013). This study shows
that flies with mutant RBF1 (Drosophila Rb homolog) are hypersensitive
to fasting conditions and present deregulated glutamine and nucleotide
metabolism. Also human cancers with inactivated pRb show an increase
in glutamine uptake due to upregulation of expression of the glutamine
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transporter ASCT2, and an increase in glutamine utilization in the Krebs
cycle resulting in glutathione accumulation (Reynolds et al., 2014). pRb
and E2F1 can regulate in an opposite way the oxidative metabolism, mod-
ulating the expression of different genes at their promoters. pRb deletion in
murine erythrocytes causes a block in differentiation and impairs mitochon-
drial biogenesis uncovering a positive role of pRb on mitochondrial activity
(Sankaran, Orkin, & Walkley, 2008), while other studies show that E2F1
induces a switch from oxidative to glycolytic metabolism by repressing mul-
tiple genes involved in mitochondrial function (Blanchet et al., 2011). Some
studies have described a role of pRb in lipid metabolism, showing that pRb
deletion induces E2F-dependent expression of fatty acid biosynthesis
enzymes and SREBP (Shamma et al., 2009). Additionally, pRb has been
shown to play a role in nucleotide metabolism by inhibiting enzymes such
as dihydrofolate reductase and thymidylate synthase (Angus et al., 2002).
All these data indicate a connection of pRb in cell cycle progression and
regulation of tumor metabolism.

9. p53 REGULATES MULTIPLE METABOLIC PATHWAYS

p53 function is lost in most human cancers (Soussi & Beroud, 2001).
p53 exerts an important defense mechanism against tumor development
(Vousden & Ryan, 2009). It is a transcription factor that regulates a large
range of functions like DNA damage response, apoptosis, and senescence.
Mutations in p53 found in tumors can produce a variety of biological effects,
for example: lack of control in cell cycle, defective apoptosis, and inefticient
DNA repair (Resnick & Inga, 2003). In p53 knockout mice, tumor devel-
opment is rapid and spontaneous (Donehower et al., 1992). p53 also plays an
important role in metabolic stress response (Vousden & Ryan, 2009). Cells
lacking p53 and deprived of glucose cannot undergo cell cycle arrest, since
p53 controls a metabolic checkpoint. This makes p53-defective cells more
sensitive than nontransformed cells to metabolic stress, what has led to pro-
pose the use of antiglycolytic drugs for therapy of p53-deficient tumors
(Jones et al., 2005). p53 also responds to lack of serine and allows de novo
synthesized serine to be channeled to production of reduced glutathione
to counter oxidative stress (Maddocks et al., 2013). For this reason, p53-
deficient cells are more sensitive to serine depletion.

As part of the antitumor activity of p53, it promotes glucose OXPHOS
and it inhibits glycolysis (Fig. 3.4). Disruption of TP53 in mice promotes a
significant decrease in oxygen consumption that closely correlates with p53
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Figure 3.4 p53 regulates multiple metabolic pathways. p53 responds to metabolic stress
and it can inhibit the tumorigenic metabolic switch by suppressing glycolysis and acti-
vating the phosphatase and tensin homologue (PTEN). p53 inhibits the transcription of
GLUT1 and GLUT4 reducing glucose uptake and it upregulates the TP53 (tumor protein
53)-induced glycolysis and apoptosis regulator (TIGAR), which results in glycolysis inhi-
bition. p53 increases the mitochondrial metabolism by activation of the synthesis of
cytochrome c oxidase 2 (SCO2), thus promoting oxidative phosphorylation. p53 can also
induce, contradictorily, prosurvival responses in cancer cells, for instance when it
increases the flux through the pentose phosphate pathway (PPP) or glutamine utiliza-
tion. P53 can regulate positively autophagy by increasing the expression of DRAM.

Glutamine

deficiency, as p53 increases OXPHOS through upregulation of the gene
SCO2, whose product participates in the assembly of COX in the mito-
chondria (Matoba et al., 2006). p53 upregulates TP53-induced glycolysis
and apoptosis regulator (TIGAR), an enzyme that decreases the levels of
the glycolytic activator fructose-2,6-bisphosphate (Bensaad et al., 20006).
It also inhibits glucose uptake by inhibiting the transcription of GLUT1
and GLUT4 (Schwartzenberg-Bar-Yoseph, Armoni, & Karnieli, 2004).
P53 can also inhibit the glycolytic pathway indirectly by activating PTEN,
thus inhibiting the PI3K pathway (Stambolic et al., 2001).
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p53 is also involved in somewhat contradictory responses, since it has
been associated with pathways that may support tumor growth and survival.
For example, in some tumor cells it can increase the flux through the PPP,
reducing oxidative stress and promoting anabolism, thus helping the growth
of cancer cells (Vousden & Ryan, 2009). p53 is also able to contribute to
glutaminolysis, an alternative fuel bioenergetic pathway, where glutamine
is metabolized to produce o-ketoglutarate from glutamate in the Krebs
cycle. This pathway is important in the process of oncogenic transformation:
the enzyme which converts glutamine to glutamate, glutaminase 1 (GLS1/
KGA) has been shown to help tumor development (Wang et al., 2010). p53
can play a role in the regulation of glutaminolysis by the activation of another
isoform of glutaminase (GLS2/LGA), helping the cells produce ATP in
periods of glucose deprivation (Hu et al., 2010; Suzuki et al., 2010). Both
the activation of the PPP and glutaminolysis could have a function in reduc-
tion of oxidative stress.

Another function of p53 is related to autophagy. The control of p53 in
autophagy is context specific, and it could work like a prodeath or cell sur-
vival mechanism. One of the ways by which p53 regulates autophagy is by
upregulating damage regulated autophagy modulator (DRAM), a lysosomal
protein that positively regulates autophagy (Crighton et al., 2006).

The family of transcription factors of p53 includes p63 and p73, both
functional homologs with high sequential and structural similarity
(Kaghad etal., 1997; Yang et al., 1998). These two members of the p53 fam-
ily have functions that are markedly different from those of p53 (Allocati
et al., 2012), but they also have many similarities and overlapping activity
with p53, including the regulation of cellular metabolism (Berkers,
Maddocks, Cheung, Mor, & Vousden, 2013). Tp63 and Tp73 genes are
transcribed from two different promoters, and the final product can be either
full length proteins that retain a full transactivation (TA) domain (TAp63 and
TAp73) or N-terminally truncated isoforms (ANp63 and ANp73)
(De Laurenzi & Melino, 2000). TAp63 can control fat and glucose metab-
olism, because is a positive regulator of the transcription of Sirt1, AMPKa2,
and LKB1. TAp73 can promote cancer cell proliferation, controlling bio-
synthetic pathways and cellular antioxidant capacity through the regulation
of glucose metabolism. TAp73 regulates the expression of glucose-6-
phosphate dehydrogenase (GO6PD), an enzyme involved in glucose metab-
olism through the PPP (Du et al., 2013). p73 can be negatively regulated
by AMPKa by direct interaction without affecting p53, which represses
the TAp73 transcription program (Lee, Lee, Sin, Kim, & Um, 2008).
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And recently it was discovered that like p53, TAp73 is implicated in the
maintenance of mitochondrial Complex IV (Rufini et al., 2012).

In summary, p53 opposes the PI3K pathway to inhibit anabolism, it pro-
motes mitochondrial metabolism and it regulates oxidative stress. The met-
abolic roles of p53 may well be more important for its tumor suppressor
abilities than its roles as a proapoptotic or prosenescent proteins, as recently
revealed by a study employing a mutant that had lost these functions and still
suppressed tumorogenesis (Li et al., 2012).

10. CONCLUSIONS

To date, a good number of oncogenes and tumor suppressors have been
shown to play arole as regulators of metabolism. The vast literature is growing
quickly, and we have only summarized here the roles of a few of these genes.
However, many other proteins involved in cancer have been shown to play
roles in metabolism, from the breast cancer associated receptor tyrosine kinase
ErbB2 (Her2/neu) (Zhao et al., 2009) to the promyelocytic leukemia
tumor suppressor (Carracedo et al., 2012) or many of the Bcl-2 family of
antiapoptotic proteins (reviewed by Fulda and colleagues, Chapter 4 of this
volume). Metabolic rewiring is such an important part of the cellular growth
process that we will likely see this field expanding in the future.
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Apolipoprotein L2 contains a BH3-like domain but it
does not behave as a BH3-only protein

J Galindo-Moreno', R lurlaro', N El Mjiyad', J Diez-Pérez**, T Gabaldon?** and C Mufioz-Pinedo*"’

Apolipoproteins of the L family are lipid-binding proteins whose function is largely unknown. Apolipoprotein L1
and apolipoprotein L6 have been recently described as novel pro-death BH3-only proteins that are also capable of regulating
autophagy. In an in-silico screening to discover novel putative BH3-only proteins, we identified yet another member of
the apolipoprotein L family, apolipoprotein L2 (ApoL2), as a BH3 motif-containing protein. ApoL2 has been suggested to behave
as a BH3-only protein and mediate cell death induced by interferon-gamma or viral infection. As previously described, we
observed that ApoL2 protein was induced by interferon-gamma. However, knocking down its expression in HelLa cells did not
regulate cell death induced by interferon-gamma. Overexpression of ApoL2 did not induce cell death on its own. ApolL2 did
not sensitize or protect cells from overexpression of the BH3-only proteins Bmf or Noxa. Furthermore, siRNA against ApoL2 did
not alter sensitivity to a variety of death stimuli. We could, however, detect a weak interaction between ApoL2 and Bcl-2 by
immunoprecipitation of the former, suggesting a role of ApoL2 in a Bel-2-regulated process like autophagy. However, in contrast
to what has been described about its homologs ApoL1 and ApoL6, ApoL2 did not regulate autophagy. Thus, the role, if any, of

ApoL2 in cell death remains to be clarified.

Cell Death and Disease (2014) 5, e1275; doi:10.1038/cddis.2014.237; published online 5 June 2014

Subject Category: Immunity

Bcl-2 family proteins regulate mitochondrial permeability to
control apoptosis. These proteins induce or inhibit cell death,
and they are associated with a growing number of patho-
logies, including cancer and immune diseases."? For this
reason, the search of new members of this family is of crucial
importance. A subfamily of Bcl-2 homologs termed ‘BH3-only
proteins’ comprises a growing number of proteins that only
share a small motif of 1521 amino acid residues.>* This
region, known as the ‘BH3-domain’, is essential for the
apoptotic function of Bcl-2 family proteins. The homology in
this region is relatively loose, and only a few residues are
conserved among the members of the family. For this reason,
BH3-only proteins have been identified by functional means
rather than by sequence homology.

To identify novel BH3-only proteins we used a bio-
informatics approach known as profile-based homology
search. In brief, we constructed a so-called Hidden Markov
Model (HMM) of the BH3-domain from the alignment of a set
of proteins known to bear this domain. This HMM describes
the probabilities of finding a given amino acid at a given
position of the domain. This probabilistic model is then used to
search in a sequence database for proteins that are likely to
encode the same domain.

One of the proteins identified by this method was the
apolipoprotein L2 (ApoL2). Two other members of this family,
ApoL1 and ApolL6 have been described to behave as

proapoptotic BH3-only proteins.>~ Although the functions of
these proteins are still unclear, proteins of this family have
been shown to bind lipids and they have been suggested to
work as pore-forming proteins in intracellular membranes,
based on the ability of ApoL1 to form pores in the lysosomal
membrane of trypanosomes.®® ApoL2 is highly homologous
to ApoL1, and its BH3-like domain is very similar to those of
ApoL1 and ApoL6. For these reasons, we explored the
function of ApolL2 as a putative new BH3-only protein.

Results

Identification of novel BH3-containing proteins by using
a profile-based homology search. Profile-based searches
with profiles of BH3 domains as defined in ProSite'® and
PFAM,"" as well as regular expression searches with motifs
defined in the literature failed to provide satisfactory results in
terms of specificity and sensitivity of detecting known human
BHS3 proteins (Table 1). Therefore, to efficiently identify novel
putative BH3-only proteins, we collected the sequences of all
human and mouse BH3 motifs annotated in Uniprot as well
as those described in the literature, and aligned them to
subsequently build an HMM for the BH3-domain (see
Materials and Methods) (Figure 1a). This HMM provided
better results in finding known BH3 than existing profiles at
Pfam (Table 1), and was therefore used to search for
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putative novel BH3-containing proteins in the human
proteome and genome.

Our screening identified BFK, a known Bcl-2 homolog
originally left out from the list of proteins used to build the
model," and PXT1, a protein that has been recently
described as a BH3-only protein that kills HeLa cells in a
manner dependent of its BH3 motif'® (Table 2). Another
protein identified by this screening was the apolipoprotein L2
protein (Figure 1b, Table 2). Two apolipoproteins of the
L family, ApoL1 and ApoL6, have been previously identified as
BH3-only proteins.>~” ApolL2, due to its homology with ApoL1
and ApolL6 has indeed been proposed to be a BH3-only
protein.’ ApoL2 mRNA is ubiquitously expressed, according

Table 1 Summary of the results obtained from direct motif searches in the
human proteome when using different strategies

Motif search Hits in human Known Sensitivity

proteome BCL’s (TP) (TP/TP +FN)
1. Youle et al* 5908 13 68.4%
2. Liu etal” 152 16 84.2%
3. Prosite 28 9 47.36%
4. Novel HMM 26 19 100%

First column indicates the search strategy: using a direct search with (1) The
consensus BH3 motif (LXXXGD) as defined in Youle et al.* (2) The extended
motif (LXXX[GAS][DE]) used by Liu et al.” in their identification of Apol6; (3) The
motif defined by Prosite'® as of December 2008; and (4) an HMM-based search
with the profile derived in this work. The following columns indicate,
respectively, the number of total hits in the human proteome (Ensembl42
version), the number of known Bcl-2 family members identified of a total of 19
human members described in Youle et al.* and Uniprot (2008), and, finally the
sensitivity of the search as computed by dividing the total number of correctly
identified Bcl-2 family members (TP) by the total number of known Bcl-2 family
members (TP +FN=19). TP and FN stand for True Positives and False
Negatives, respectively

°

probability @
o
[+,

to the database IST Online (Supplementary Figure 1). We
checked that this protein is expressed in a variety of cell lines
of different origins (Figure 2a), and highly expressed in HeLa
cervical cancer cell line, as predicted due to its high
expression in cervical cancer.’® Apol2 is localized in HelLa
cells outside the nucleus in a punctate state (Figure 2b) and it
is not secreted (Figure 2c). Although it had been predicted to
interact with membranes,’® we observed that it did not
colocalize with mitochondrial, endoplasmic reticulum or
lysosomal markers (Figure 2b).

ApoL2 is transcriptionally induced by interferon-gamma in
a number of non-transformed tissues.'* In human bronchial
epithelial cells its downregulation sensitized cells to cell
death induced by IFN-y, indicating that ApolL2 is an
antiapoptotic protein in this context.’* We observed that in
Hela cells IFN-y induces Apol2 (Figure 2d). However, when
we downregulated ApolL2 using two different silencing
sequences, we could not observe sensitization to cell death
(Figure 2e).

ApolL2 is not a proapoptotic BH3-only protein. To
check whether ApolL2 behaves as a proapoptotic Bcl-2
family member, we overexpressed ApolL2 in HelLa cells.
Overexpression was confirmed by immunofluorescence
(Supplementary Figure 2) and western blot (Supplementary
Figure 3). We used Noxa and Bmf as proapoptotic BH3-only
proteins, and verified that these proteins killed HelLa cells
(Figure 3a). However, ApolL2 did not. We observed a trend of
lower background death in cells overexpressing Apol2,
suggesting that ApolL2 is an antiapoptotic Bcl-2 family
protein. To test this we overexpressed ApolL2 in combination
with Noxa or Bmf. Our results indicate that ApoL2 confers a
minor protection from Noxa (Figure 3a). However, this did not

BH3 motive sequence

IAQELRRIGDEFNAY

YGRELRRMSDEFVDS

IGAQLRRMADDLNAQ

CATQLRRFGDKLNFR

MEDCLAHLGEKVSQE

LSRRLKVTGDLFDIM

NIDKLRALADDIDKT

NIRRLRALADGVQKV

Protein UniProt ID
Bim 043521
Bad 092934
Puma Q9BXH1
Noxa Q13794
Bcl-Rambo Q9BXK5S
Beclin-1 Q14457
ApoL6 Q9BWWS
Apol1 014791
ApolL2 Q9BQES

HIRKLRALAEEVEQV

Figure 1

ApoL.2 contains a BH3-like motif. (a) Logo representation of the protein profile used in the search for new BH3-domain proteins. The logo indicates the probability

of finding a given amino acid at each of the 15 positions of the BH3-domain. Amino acids are represented by the one-letter code, and their height is proportional to the
probability of appearing at a given position in the BH3-domain. (b) Alignment of ApoL2 BH3 motif with other BH3 motifs
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Table 2 Summary of the putative BH3-only proteins predicted using HMM
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Name UniProt NM ID Amino acid Ensembl ID
ID number

Apolipoprotein L2 (ApoL2) Q9BQE5 NM_030882.2 and NM_145637.1 337 ENSG00000128335
Arf-GAP with coiled-coil, ANK repeat and PH Q96P50 NM_030649.2 834 ENSG00000131584
domain-containing protein 3 (ACAP3)

GDP-fucose protein O-fucosyltransferase 2 (POFUT2) Q9Y2G5 NM_015227.4 429 ENSG00000186866
Phenylalanine-4-hydroxylase(PHA) P00439 NM_000277.1 452 ENSGO00000171759
Peroxisomal testis-specific protein 1 (PXT1) J3KR74 NM_152990.3 134 ENSGO00000179165
Uncharacterized protein C190rf55 (C190rf55) Q2NL68 NM_001039887 480 (putative) ENSGO00000167595

The table shows the different identification codes of the gene from the major databases. Uniprot ID (http://www.uniprot.org/), NM ID (http://www.ncbi.nlm.nih.gov/)
and Ensembl ID (http://www.ensembl.org/) as well as the number of amino acids of the protein
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Figure 2 Cytosolic ApoL2 is widely expressed in different cell lines and induced by interferon-gamma. (a) ApoL2 expression was tested in different cell lines by western
blot: A549 (A5), FaDu, A-431 (A4), HCT116 (H), 435P (43), HLE, HepG2 (G), HEK293 (293) and HeLa cells. (b) Intracellular localization of ApoL2. HeLa cells were stained
with MitoTracker red (MTR) as mitochondrial marker. Antibodies against Grp94 and Calnexin were used as endoplasmic reticulum markers. Lysosomal localization was
studied using Lamp-2 antibody. Scale bars of 20 um are shown. (c) ApoL2 is not secreted. Western blot of trichloroacetic acid (TCA)-concentrated medium or cell lysate is
shown. DMEM and DMEM complemented with FBS were used as controls. CM FBS — : conditioned medium of HeLa cells grown for 48 h in DMEM without FBS. Lysate: cell
lysate of HeLa cells grown in FBS containing medium for 48 h. CM: conditioned medium of HeLa cells grown in FBS containing medium for indicated times. Antibodies against
ApoL2, tubulin, actin and the secreted protein metalloproteinase-2 (MMP-2) were used for immunoblotting. (d) HeLa cells were transfected with sSiRNA ApoL2-Il, treated with
interferon-gamma (IFN) at 100 or 500 nM for 24 h and collected for western blot. NT means non treated. () HeLa cells were transfected with SiRNA control 1 or siRNA against
ApoL2 and treated with [FN-y 100 nM for 72 h. Cell death was measured by Pl incorporation at the flow cytometer. Figure shows average and S.E.M. of three independent
experiments

reach statistical significance (n=3). Bcl-2 was employed as
a control (expression checked in Supplementary Figure 3)
and it protected from Noxa and Bmf.

Next we analyzed whether ApolL2 would regulate cell death
induced by a variety of stimuli, either by behaving as an
antiapoptotic protein as described'* or as a proapoptotic
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Figure 3 ApoL2 does not regulate cell death of HeLa cells. (a) Plasmids encoding two different BH3-only proteins (0.5 g of Bmf and 0.8 1.g of Noxa plasmids) were
cotransfected with ApoL2 or Bcl-2 and analyzed by microscopy. GFP (0.3 ug) was used as transfection marker. ApoL2 and Bcl-2 plasmids were used at amounts shown.
Empty plasmid was used to normalize the amount of transfected DNA. Dead green cells were scored by shrunk morphology and counted from images using fluorescence
microscopy. Figure shows average and S.E.M. of three experiments. For statistical analysis, each ApoL2 or Bcl-2 overexpressing condition has been compared with the empty
plasmid condition transfected with the same BH3-only protein. NS, nonsignificant. (b, ¢, d). HeLa cells were transfected with different control siRNAs or siRNA against ApoL2
and then treated with chloroquine, deprived of glucose (glc — ), incubated in starvation buffer (EBSS) or treated with tumor necrosis factor (TNF) or actinomycin D (ActD) for
24h (b, c), or deprived of serum (FBS — ) or treated with thapsigargin (Thaps) for 72 h (d). Cell death was measured by PI incorporation by flow cytometry. Figure shows
average and S.E.M. of three (d) or five experiments (b, c). Asterisks or NS (nonsignificant) denote significance versus Control 2 (b) or Control 1 (c)

BH3-only protein like ApoL1 and ApoL6. We knocked down
Apol2 using different siRNA sequences and treated Hela
cells with the endoplasmic reticulum stressor thapsigargin, the
DNA damaging agent actinomycin D, the lysosomal inhibitor
chloroquine, or starvation of serum, glucose or serum/amino
acid/vitamins (culture in EBSS buffer) (Figures 3b—d). We only
observed a minor difference in cell death induced by
actinomycin D that was significant when cells were depleted
of ApoL2 using one siRNA oligo but not the second one.
Apol2 has been shown to be induced by TNF.® We did not
observe induction of ApoL2 upon TNF treatment in HelLa or
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293T cells (Supplementary Figure 4). In addition, we treated
HelLa cells with TNF in the presence of cycloheximide to
induce cell death, and we did not observe any difference when
ApolL2 was silenced (Figure 3c).

ApolL2 interacts weakly with Bcl-2 but it does not
regulate autophagy. We could not detect a role of ApolL2
in cell death. However, not all BH3-only proteins described to
date regulate cell death. Some proteins like Beclin-1 regulate
autophagy through its interaction with Bcl-2 family proteins.
ApoL6, which induces cell death and inhibits autophagy, has



been shown to bind Bcl-xL."” We thus tested whether
endogenous ApolL2 interacted with other BH3-containing
proteins. We immunoprecipitated ApolL2 and blotted for
multidomain Bcl-2 family proteins. Bcl-2 was reproducibly
immunoprecipitated with ApoL2 (Figure 4a). We were unable
to immunoprecipitate endogenous Bcl-2 under the same
conditions (not shown). For these reasons, to confirm
these interactions in a different manner we overexpressed
HA-tagged Bcl-2."® Under these conditions, we were
unable to immunoprecipitate ApolL2 with anti-HA antibody
(Figure 4b) or to detect HA upon immunoprecipitation of
ApolL2, neither in HelLa nor in 293T cells (not shown).
We next checked whether the weak interaction between
ApolL2 and Bcl-2 (detected only using endogenous proteins)
would alter the sensitivity of HeLa cells to the Bcl-2 and
Bcl-xL inhibitor ABT-737. Downregulation of ApolL2 did not
alter the amount of cell death induced by ABT-737 (Figure 5a).

One possibility is that ApolL2, by interacting with Bcl-2 or
signaling lipids, would regulate cell proliferation. We tested
this and could not observe any effects on cellular proliferation
by downregulation of ApoL2 (Figure 5b). We next investigated
whether ApolL2 could act like Beclin-1 or ApoL6 regulating
autophagy.'” We downregulated ApolL2 (Figures 6a and b)
and measured basal autophagy (lipidation of LC3 and
degradation of p62 in the presence or absence of protease
inhibitors) and starvation-induced autophagy (same measure-
ments after incubation in starvation buffer EBSS). Our results
indicate that ApoL2 does not alter basal or starvation-induced
autophagic flux as measured by levels of LC3-1l (Figures 6a
and c). We did observe a significant reduction of p62 levels
after ApolL2 was downregulated, suggesting that this protein
regulates basal autophagy (Figures 6a and d), but this was not
accompanied by a difference in levels of LC3-Il at these
conditions (Figure 6c¢).

Altogether, our data indicate that ApoL2 is not a classical
BH3-only protein, and its exact function in cell death by
interferon treatment remains to be determined.
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Discussion

BH3-only proteins do not share a high degree of homology
between them, and it is possible that the BH3-domain arose
either randomly during evolution or by a process of con-
vergent evolution.’® Moreover, the BH3-domain is not
extremely well conserved even among Bcl-2 family proteins
that share more domains than the BH3.2 Many BH3-only
proteins have not been identified by sequence, but on the
basis of their interaction with Bcl-2 family proteins. Other
members of this family have been found to be proapoptotic
proteins and the putative BH3-motif was identified later. We
have performed here a search based on a newly-generated
protein composition profile that was shown to identify all
known BH3-only proteins plus few additional candidates in the
human genome.

Our screening identified the protein PXT1, which has a
BHS3-like domain. This protein has been described to induce
cytochrome c release and apoptosis in HeLa cells in a manner
dependent on its BH3 motif.'® In addition, apolipoprotein L2
(ApoL2) caught our attention due to the recent description of
ApolL2 homologs as BH3-only proteins. ApoL1, the founding
member of the family, was identified as a component of a
class of high density lipoproteins (HDL) in human blood.?° In
subsequent years, a number of homologous proteins have
been described: the apolipoprotein L family comprises six
members in humans and 8-14 members in rodents.'®!
ApoL1 is the only member of the family expected to be
secreted, and when internalized by trypanosomes it gener-
ates pores in their lysosomal membrane.® ApolL.1 and ApolL6
also kill mammalian cells when overexpressed, and it has
been proposed that all members of the family could share this
ability with these two proteins.® Induction of cell death by
ApoL1 and ApolL6 was prevented when their BH3 motif was
deleted.>” Both proteins bind lipids;>” interestingly, ApoL1
binds cardiolipin which is a lipid required for permeabilization
of liposomes by Bcl-2 family members.?? ApoL6 binds Bcl-xL

IP-HA Input

Empty HA-Bcl-2 Empty HA-Bcl-2 (transfected plasmid)

<+—ApolL2

Blot: HA

<— HA-Bcl-2

<— 1gG light chain

Blot: Bel-2

4— HA-Bcl-2

<— Bcl-2 (endogenous)
19G light chain

Immunoprecipitation of ApoL2 in HeLa cells. (a) Endogenous ApoL2 was immunoprecipitated (IP) and the presence of the indicated proteins was assayed by

western blot. Blots from a single experiment representative of three independent experiments are shown. (b) HeLa cells were transfected with HA-Bcl-2 or empty vector. Anti-
HA was used for immunoprecipitation and the presence of ApolL2, Bcl-2 and HA was assayed by western blot. Panel shown is representative of three independent

experiments. Left and right panels were cropped from the same films

o
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Figure 5 ApolL2 does not regulate cell proliferation or sensitivity to ABT-737.
(a) HeLa cells were transfected with control siRNA or siRNA targeting ApoL2 and
then they were treated with the BH3 mimetic ABT-737 at 30 uM for 24 h. Cell death
was measured by Pl incorporation and flow cytometry. Panel shows average and
S.E.M. of five independent experiments. (b) HeLa cells were transfected with control
1 siRNA or siRNAs against ApoL2 and growth analysis was performed at indicated
time points by crystal violet coloration. The lower panel shows western blot analysis
of ApoL2 silencing over time

and it regulates autophagy.'” So indeed, many similarities
exist between some members of the apolipoprotein L family
and ‘classic’ Bcl-2 family proteins.

ApolL2 has been shown to be antiapoptotic in primary cells
treated with interferon-gamma.'* Recently, ApoL2 has been
identified as a protein that translocates to mitochondria in cells
infected with H3N2 swine influenza virus.2® These two facts,
together with the description of other proteins of the family as
BH3-only proteins has led to propose that ApoL2 has a role in
apoptosis, which we have not been able to confirm. It is
possible that the aspartic residue in position 10 of the motif
(Figure 1) is essential for their proapoptotic function. The
function of other Bcl-2 family members with a glutamic acid in
that position, Bcl-Rambo (Bcl2L13) and Bcl-G (Bcl2L14), is
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still not fully defined, but their main function may be unrelated
to cell death.?#2%

We have detected a weak interaction between Bcl-2 and
ApoL2. However, this did not alter apoptosis induced by many
stimuli or starvation-induced autophagy. We did observe a
basal regulation of p62, an autophagic protein, which could
suggest that this protein regulates autophagy under certain
conditions due to its interaction with Bcl-2. On the other hand,
Bcl-2 regulates multiple metabolic pathways, Ca®* stores in
the endoplasmic reticulum, mitochondrial morphology and
DNA repair.?®2” We have not explored here the possibility that
Apol2 regulates these functions of Bcl-2. Nonetheless, it is
also possible that the ApolL2 has a cell-type or stimulus-
dependent role on cell death that according to our data is not
general or ubiquitous.

Materials and Methods

Building the HMM. Sequences of vertebrate proteins annotated with the
BH3-domain in Uniprot and the literature as of November 2008 (Bcl-2, Bcl-XL,
Bel-w, Mcl-1, Bcl-Rambo, Bcl-G, Bax, Bak, Bok, Bim, Bid, Bad, Bmf, Noxa, Hrk,
Puma, Bik, Blk, Mule, Spike, Nix, BNIP3, Map-1, Cul7, Beclin-1, p53, ApolL6,
ApoL1 and AVEN) were aligned with MAFFT.?® A 15-residue long region from the
alignment containing the annotated BH3 domains was selected using trimAl 1.3,%°
and a HMM model was built for the region using HMMER v1.8.5.° HMMER was
used to search in the entire human proteome, as retrieved from Ensembl database
version 50.%' To detect the domain in putative unpredicted proteins we ran
Exonerate® using that profile over the genome sequence. The results were
compared with similar searches using the profiles available at PFAM (which
rendered only already-annotated proteins) and Prosite databases, as well as with
regular expression searches with motifs described in the literature (Table 1).

Cell culture and treatments. Hela cells from American Type Culture
Collection and 293T were cultured in pyruvate-free high glucose Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco Life Technologies, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA),
200 mg/ml of penicillin, 100 ug/ml of streptomycin and glutamine 2mM (hereafter
referred to as PSQ). Cells were maintained at 37 °C and in a 5% CO, atmosphere.
Cell maintenance is based on three splits per week using trypsin EDTA-Solution
0.05% (Invitrogen). HelLa cells were plated at a concentration of 150 000/ml in 6-
or 12-well plates and treated 24 h later, when they reached the concentration of
500 000/ml. 293T cells were plated at a concentration of 1 x 10%ml in 10cm
plates for transfections.

Before glucose-deprivation or FBS-deprivation treatments, cells were washed
twice with FBS-free, pyruvate-free DMEM medium without glucose (Gibco Life
Technologies) or high-glucose, FBS-free DMEM, respectively. Glucose-deprivation
treatment is performed in PSQ-containing, glucose-free DMEM medium without
glucose supplemented with 10% dialyzed FBS. FBS-deprivation treatment was
performed in PSQ-containing high-glucose DMEM. For induction of cell death by
starvation in Earle’s Balanced Salt Solution (EBSS, Gibco Life Technologies), cells
were washed twice with EBSS before treating with EBSS supplemented with Hepes
25mM.

ABT-737 (Selleck Chemicals, Houston, TX, USA) is used at 30 M, chloroquine,
thapsigargin and actinomycin D (Sigma-Aldrich, St. Louis, MO, USA) at 100xM,
100 ug/ml and 50 nM, respectively, interferon-gamma (Novus Bionova, Madrid,
Spain) at 100 ng/ml. TNF-o (Peprotech, Le-Perray-en-Yvelines, France, 10 ng/ml) is
added in combination with 10 M cycloheximide (Sigma-Aldrich) to induce cell
death.

For autophagy induction, cells were incubated in home-made EBSS (potassium
chloride 400 mg/ml, sodium bicarbonate 2.2 g/ml, sodium chloride 6.8 g/ml,
NaH2P0O4-H20 140 mg/ml, D-Glucose 1g/ml) supplemented with 25 mM Hepes.
EBSS-Hepes treatment is performed after washing the cells twice with EBSS.

Autophagy flux was blocked by adding the protease inhibitors pepstatin A and
E64d (Sigma, St. Louis, MO, USA, 10 uM each) simultaneously with the treatments.

Cell viability. For analysis of viability, cells were harvested by combining
floating cells in the medium and adherent cells detached by trypsinization, and
subjected to FACS analysis to detect incorporation of propidium iodide 1 xg/ml
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Figure 6 Apol2 does not regulate autophagy. HeLa cells were transfected with SIRNA Control 1 (labeled as siC) or siRNA against ApoL2-1l (labeled as siApo) for 48 h and
then the medium was changed or they were incubated with EBSS for 6 h to induce autophagy. The protease inhibitors pepstatin and E64D (10 M each) were used to block
autophagic flux. A representative western blot is shown in a. ApoL2 levels were quantified and are shown in b: data were weighted to ponceau or actin and then normalized
against Control 1-transfected untreated cells. (¢) Quantification of relative LC3-Il levels: data were weighted to ponceau or actin and then normalized against Control
1-transfected HeLa cells with protease inhibitors as control of basal autophagy. (d) Quantification of relative p62 levels: data were weighted to ponceau or actin and then
normalized against Control 1-transfected untreated cells. Graphs show average and S.D. of three independent experiments

(10min incubation in PBS) using Gallios Flow Cytometer Beckman Coulter.
Data were analyzed using FlowJo software, version 7.6.4.

Cell viability and number was additionally measured by crystal violet coloration. After
the indicated treatments, cells were covered with staining solution (0.2% crystal violet,
2% EtOH solution) and incubated for 20 min at room temperature. Cells were rinsed
twice with PBS and once with water and let dry for 16 h. Crystal violet-stained cells
were then resuspended in 10% SDS and absorbance was read at 595 nm in a BioTek
(Winooski, VT, USA) PowerWave XS microplate spectrophotometer.

Western blotting. Cell pellets were resuspended in RIPA buffer (Thermo
Scientific, Waltham, MA, USA) or lysis buffer (0.06 M Tris, 2% SDS) containing
protease inhibition cocktail (Roche, Basel, Switzerland) and phosphatase inhibitors
(PhosSTOP, Roche) and they were then sonicated.

For trichloroacetic acid (TCA) precipitation, the acid (Merck, Darmstadt,
Germany) was added to the sample at a final concentration of 13%, mixed
thoroughly and incubated overnight at 4 °C under rotation. The mixture was
centrifugated (16000 x g, 15min, 4 °C), and the supematant was discarded. The
pellet was resuspended in RIPA buffer.

Protein quantification was performed using Pierce BCA protein assay ki,
following the manufacturer's instructions. 40 g of protein were diluted in 10 ul of
laemmli buffer 4 x (63 mM Tris-HCI, 10% glycerol, 2% SDS, 0.01% bromophenol
blue and 5% 2-mercaptoethanol), and PBS was added until 40 ul of total volume.
Lysates were boiled for 10 min at 96 °C and loaded in a 12% acrylamide gel. Mini-
protean (Bio-Rad, Hercules, CA, USA) electrophoresis tank was used to perform the
electrophoresis assay. Proteins were transferred to polyvinylidene fluoride (PVDF,
Millipore, Darmstadt, Germany) or nitrocellulose membranes (Bio-Rad) through
semi-dry transfer (1 h at 0.2 A/membrane). Transfer validation and loading charge
control was checked by ponceau dye (Sigma). PVDF membranes were blocked with
5% nonfat dry milk in Tween Tris-buffered saline (TTBS) and processed for
immunoluminiscence. Nitrocellulose membranes were blocked with Odyssey
Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA) and processed for
immunofluorescence using Odyssey Fc Imaging system. Primary and secondary
antibodies were incubated for 1 h at room temperature or overnight at 4°C, in 5%
milk TTBS. Three 10-min TTBS washes in the shaker were performed before
developing by enhanced chemiluminescence (ECL; Pierce, Waltham, MA, USA) or
scanning the membrane using Odyssey Imaging System. Quantification of band
intensity was performed with Fiji/lmage J software 1.47b.

Primary antibodies used for western blotting were: anti-actin (ICN clone 4),
polyclonal anti-ApoL2 (Sigma, HPA001078), anti-tubulin (Sigma, Clone TUB 2.1).
polyclonal antibody against p62 (Progen, Heidelberg, Germany), polyclonal

anti-LC3 (Abcam, Cambridge, UK), anti-HA (Sigma, clone HA-7), anti-Bcl-xL (Cell
Signaling, Beverly, MA, USA, 54H6), anti-Bcl-2 (Santa Cruz, Dallas, TX, USA, 100),
polyclonal anti-Mcl-1 (Santa Cruz, sc-819), polyclonal anti-Atg5 (CosmoBio, Tokyo,
Japan), anti-beclin-1 (BD Biosciences, Franklin Lakes, NJ, USA, 20/Beclin). HRP
secondary antibodies were: antimouse and anti-rabbit (Zymax, Bideford, UK) or
anti-guinea pig (Abcam). IRDye secondary anti-bodies against mouse or rabbit
(IRDye 800CW donkey anti-rabbit IgG1 1/15.000 or IRDye 680LT anti-mouse IgG
1/20000) were from LI-COR Biosciences.

Plasmids and transient transfection. ApolL2 cDNA (NM_030882.2) was
purchased from Origene and subcloned into ampicillin resistant pcDNA3.1 plasmid
using EcoR1 and BamH1 restriction enzymes. Invitrogen PureLink kit was used to
extract the plasmid from competent bacteria (Promega, Fitchburg, WI, USA).

For death experiments, HeLa cells were transfected in six-well plates, using 4 ul
of Genejuice (Novagen, Darmstadt, Germany) and 2 g of total DNA. To normalize
until 2 ug, we completed with the empty plasmid pcDNA 3.1. pcDNA 3.1-Bcl-2
plasmid was generously provided by Dr. Jean-Ehrland Ricci (Nice, France). HA-
Noxa and pcDNA 3.1-Bmf were provided by Professor Seamus Martin (Dublin,
Ireland). pcDNA 3.1-HA-Bcl-2 and pcDNA 3.1-HA-Bcl-xL plasmids from Dr. Douglas
Green'’s laboratory (Memphis, TN, USA) were used in the immunoprecipitation
assay. Cell death was analyzed by counting GFP positive dead cells against total
GFP positive cells using an Olympus IX70 inverted microscope. For immunopre-
cipitation, HelLa cells were transfected in 10cm dishes, using 3ug of
polyethylenimine linear (PEI; Polyscience Europe, Heidelberg, Germany) per ug
of DNA. Cotransfection was performed using 10 ug of ApoL2 and 10 ug of HA-Bcl-
xL or HA-Bcl-2 plasmid.

siRNA transfection. Cells were transfected at a density of 300 000/ml using
1.5 ul of DharmaFECT 1 (Dharmacon, Lafayette, CO, USA) per milliliter of total
volume and following manufacturer's instructions. siRNA concentration was
100 nM. After 24 h, medium was replaced with growth medium. Control sequences
were: 5'-GUAAGACACGACUUAUCGCIAT][T] (‘control 1') and an ON-TARGET
plus siRNA pool of 4 oligos against mouse RIPK (Dharmacon; ‘control 2'). Three
different siRNA sequences were used against ApoL2: Apol2-l (GCGGCAC
CAAUGUAGCAAA[AT][dT]), ApoL2-Il (CAGUGUGGUAGAACUAGUA[AT][dT])
and ApoL2-lll (CAAUGUUCUUACCUUAGUU[AT][dT]).

Immunofluorescence. Cells were cultured on glass coverslips pretreated
with poly-L-Lysine (Sigma). After 24 h they were incubated for 15min in culture
medium at 37 °C and 5% CO, with MitoTracker red 200nM (Invitrogen) before
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fixing, or they were directly fixed with a fresh 4% solution of paraformaldehyde for
20 min. Cells were then incubated with blocking buffer: 0.05% Triton, 3% BSA in PBS
for 1h and kept overight at 4 °C with primary antibodies diluted 1:200 in blocking
buffer: Ab rabbit anti-ApoL2 (Sigma), mouse anti-Lamp-2 (BD pharmigen, Frankiin
Lakes, NJ, USA, CD107b, 555803), mouse anti-Calnexin (Santa Cruz, E-10,
sc-46669), goat anti-GRP94 (Santa Cruz, C-19, sc-1794). Cells were incubated with
secondary antibodies Alexa Fluor 568 red and 488 green (Life Technologies,
Carlsbad, CA, USA) diluted 1:400 in blocking buffer for 1 h. Then they were mounted
in Vectashield solution (Vector laboratories, Burlingame, CA, USA) on microscope
slides and visualized on a Leica TCS SP5 Spectral Confocal microscope with a HCX
PL APO lambda blue x 63 1.4 oil objective lens. Acquisition software was LEICA
(Wetzlar, Germany) Application Suite Advanced Fluorescence (LAS AF) version
2.6.0.7266 and pictures were analyzed with Fiji/image J software.

Immunoprecipitation. A total of 30 xl of Protein G Magnetic Beads (Millipore)
were washed 3 x in immunoprecipitation buffer and then incubated in 1ml of
immunoprecipitation buffer with 1 g of antibody for 4h at 4°C under rotation.
10 % 10° cells were lysed in 500 ul of immunoprecipitation buffer (20mM Tris-HCI
(pH7.5), 137 mM NaCl, 1% Triton X-100, 2mM EDTA (pH 8)) containing complete
protease inhibitor cocktail and incubated for 30 min in ice. A total of 1400 g of cell
extract were incubated overnight in 1 ml of immunoprecipitation buffer with the
antibody-coupled beads. The next day, beads were washed five times with
immunoprecipitation buffer and eluted with 60 ul of immunoprecipitation buffer
containing 2% SDS. Then 20 ul of laemmli buffer 4 x were added, and samples
were boiled for 10min at 95°C. Eluted proteins were split in two gels of
SDS-polyacrylamide gel electrophoresis. Ten percent of the total protein subjected to
immunoprecipitation was loaded as input and 30 z of the remaining supematant after
immunoprecipitation was also loaded to confirm immunodepletion. A total of 1 ug of
anti-HA and anti-ApoL2 described above were used for immunoprecipitation.

Statistics. Error bars in the figures represent the standard error of the mean
(S.E.M.). Data were statistically analyzed to find significant differences using two-
tailed, paired Student's ttest. Significant differences are marked in the figures with
* (P<0.05) or ** (P<0.0005).
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Background: Autophagy is a response to nutrient deprivation.

Results: Inhibition of autophagy does not sensitize cells to apoptotic or necrotic cell death induced by glucose starvation.

Moreover, glucose deprivation inhibits autophagy.

Conclusion: 2-Deoxyglucose, but not glucose deprivation, induces autophagy.
Significance: Not all forms of starvation induce cytoprotective autophagy in mammalian cells.

In response to nutrient shortage or organelle damage, cells
undergo macroautophagy. Starvation of glucose, an essential
nutrient, is thought to promote autophagy in mammalian cells.
We thus aimed to determine the role of autophagy in cell death
induced by glucose deprivation. Glucose withdrawal induces
cell death that can occur by apoptosis (in Bax, Bak-deficient
mouse embryonic fibroblasts or HeLa cells) or by necrosis (in
Rh4 rhabdomyosarcoma cells). Inhibition of autophagy by
chemical or genetic means by using 3-methyladenine, chloro-
quine, a dominant negative form of ATG4B or silencing
Beclin-1, Atg7, or p62 indicated that macroautophagy does not
protect cells undergoing necrosis or apoptosis upon glucose
deprivation. Moreover, glucose deprivation did not induce
autophagic flux in any of the four cell lines analyzed, even
though mTOR was inhibited. Indeed, glucose deprivation inhib-
ited basal autophagic flux. In contrast, the glycolytic inhibitor
2-deoxyglucose induced prosurvival autophagy. Further analy-
ses indicated that in the absence of glucose, autophagic flux
induced by other stimuli is inhibited. These data suggest that the
role of autophagy in response to nutrient starvation should be
reconsidered.

Autophagy is an evolutionarily conserved cellular process
activated upon starvation. In the absence of nutrients, cells
engulf their own components in double membrane organelles
called autophagosomes. These vesicles fuse to lysosomes,
which promotes degradation of the content of the autophago-
somes by digestive enzymes. This process produces new metab-
olites that can be used as new building blocks and as sources of
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energy (1, 2). For this reason, autophagy promotes cell survival
under starvation (3).

Knockdown of genes essential for autophagy has been widely
shown to enhance cell death in response to serum and amino
acid starvation. However, it is presently unclear whether
autophagy can help mammalian cells survive in the absence of
glucose. Autophagy protects cancer cells from the glycolytic
inhibitor 2-deoxyglucose (2-DG)® (4—6), which suggests that
autophagy is a prosurvival response to glucose deprivation in
mammalian cells. However, we and others (7, 8) have shown
that glucose deprivation and 2-deoxyglucose do not exert cyto-
toxicity through the same pathways. Autophagy is a highly
energy-consuming process, which involves organelle traffick-
ing and maintenance of the ATP-dependent lysosomal pH, and
it is unclear whether under conditions of low ATP autophagy
would provide more energy. For this reason, we hypothesized
that autophagy could actually be detrimental for cells deprived
of glucose because it may end up consuming more ATP that it
can produce by degrading intracellular components.

Nutrient starvation induces autophagy, at least in part,
through activation of the AMP-activated protein kinase
(AMPK)/mechanistic target of rapamycin (mTOR) energy
sensing pathway. Activity of the autophagy-initiating complex
containing ULK1 and ULK2 is controlled by mTOR and AMPK
(9, 10), which are pathways regulated both by amino acids and
glucose. This suggests that autophagy would be induced in a
similar manner by glucose or amino acid starvation to provide
nutrients for survival. Autophagy is protective for cells under-
going energetic stress such as hypoxic/hypoglycemic tumor
cells, and the inhibition of autophagy was shown to promote
necrotic cell death in apoptosis-deficient cells (11). We and
others have previously shown that glucose deprivation kills
cells either by apoptosis (caspase-dependent cell death) or
necrosis (reviewed in Refs. 12 and 13). We thus aimed to study

3 The abbreviations used are: 2-DG, 2-deoxyglucose; 3-MA, 3-methyladenine;
EBSS, Earle’s Balanced Salt Solution; MEF, mouse embryonic fibroblast;
mTOR, mechanistic target of rapamycin; Pl, propidium iodide; EGFP,
enhanced GFP.
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the role of autophagy in survival of cells that die by apoptosis
and in cells that die by necrosis upon glucose deprivation. Sur-
prisingly, we observed that in contrast to the current view,
autophagy does not protect cells from glucose deprivation.
Moreover, glucose deprivation did not induce autophagic flux.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—The alveolar rhabdomyosar-
coma cell line Rh4, Bax/Bak-deficient MEFs immortalized with
SV-40 (14), HEK293 cells, and HeLa cells (American Type Cul-
ture Collection) were maintained in high-glucose (25 mwm),
pyruvate-free DMEM (Invitrogen) supplemented with 2 mm
L-glutamine, 200 mg/ml penicillin, 100 mg/ml streptomycin
sulfate, and 10% FBS (Invitrogen).

For treatments, Rh4 cells were plated at a concentration of
200,000/ml and treated in fresh medium 24 h later at 70—80%
confluence (600,000/ml). HeLa and MEF cells were plated at a
concentration of 150,000/ml and treated 24 h later, when they
reached the concentration of 500,000/ml (1 X 10°/ml HEK293).

Glucose deprivation was performed by rinsing the cells twice
with glucose-free DMEM (Invitrogen/Invitrogen) and incubat-
ing them in glucose-free medium with freshly added 2 mm glu-
tamine and antibiotics, plus 10% FBS dialyzed against PBS.
Control cells were incubated in the same medium plus 25 mm
glucose. Q-VD-OPH (SM Biochemicals LLC) as caspase inhib-
itor was used at 20 uM. 10 mm 2-deoxyglucose (Sigma) was
added in regular culture medium. 10 mM metformin (1-1-di-
methylbiguanide hydrochloride, Sigma) was used.

For induction of autophagy, cells were incubated in amino
acid and serum-free, glucose-containing starvation buffers
(Earle’s starvation buffer (EBSS) or Hank’s balanced salt solu-
tion, Invitrogen) or with 2 um rapamycin (Calbiochem) or
NVP-BEZ-235 (Selleck) in regular medium. EBSS was supple-
mented with 25 mMm Hepes. Autophagy inhibitors as 20 nm bafi-
lomycin Al (Calbiochem, dissolved in dimethyl sulfoxide),
chloroquine (Sigma), 3-methyladenine (Calbiochem, prepared
in glucose-free medium or in starvation buffer), pepstatin A,
and E-64d (Sigma-Aldrich) were added simultaneously with the
treatments unless indicated. An equal amount of dimethyl
sulfoxide was added to the controls for treatments with
bafilomycin.

Measurement of Cell Death—For analysis of viability, cells
were harvested by combining floating cells in the medium with
adherent cells that were detached by trypsinization. Then they
were subjected to FACS analysis to detect incorporation of 1
pg/ml propidium iodide (10-min incubation in PBS). For
sub-G, analysis, cells were washed in PBS, fixed in 70% cold
ethanol while vortexing, and incubated for 1-10 days at —20 °C.
Cells were further washed, resuspended in PBS with 40 pg/ml
propidium iodide and 100 ng/ml RNase A (Sigma), and incu-
bated for 30 min at 37 °C before FACS analysis.

For analysis of cell death by incorporation of DAPI in the
microscope (Fig. 3C), cells were stained with 0.5 pug/ml DAPI.
70 transfected (red) cells per condition were analyzed on an
inverted Microscope Zeiss Axio Observer.Z1.

Western Blotting—Cells were trypsinized, washed with PBS,
lysed by resuspending them in Pierce radioimmune precipita-
tion assay (RIPA) buffer (Thermo Scientific: 25 mmol/liter

30388 JOURNAL OF BIOLOGICAL CHEMISTRY

Tris-HCI (pH 7.6), 150 mm NaCl, 1% Nonidet P-40, 1% sodium
deoxycholate, 0.1% SDS) plus Complete antiprotease mixture
(Roche Applied Science) and phosphatase inhibitor mixture
tablets PhosSTOP (Roche Applied Science), and frozen. After
sonication, protein concentration was measured with BCA pro-
tein assay reagent (Pierce). Equal amounts of protein were
mixed with Laemmli loading buffer. After electrophoresis, pro-
tein was transferred to a polyvinylidene difluoride membrane
(Millipore) or nitrocellulose blotting membranes (Bio-Rad).
PVDF membranes were blocked with 5% nonfat dry milk in
Tris-buffered saline/Tween 20 (0.1%). Secondary antibodies
(1:5000) were HRP-conjugated (Sigma) and detected with ECL
reagent (Pierce). Nitrocellulose membranes were blocked with
Odyssey blocking buffer (LI-COR Biosciences), and secondary
antibodies (IRDye 800CW donkey anti-rabbit IgG1 (1:15,000)
or IRDye 680LT anti-mouse IgG (1:20,000) from LI-COR Bio-
sciences) were detected by fluorescence with the Odyssey Fc
Imaging system. Primary antibodies used for Western blot were
as follows: actin (ICN clone C4), LC3 (Abcam, ab48394), p62
(Progen, GP 62-C; Enzo, BML-PW9860), phospho-S6 (Cell Sig-
naling, 2211), S6 (Upstate, 05-781R), Beclin-1 (BD Pharmingen,
612112), phospho-acetyl-CoA carboxylase (Ser-79; Cell Signal-
ing), acetyl-CoA carboxylase (Cell Signaling C83B10), phos-
pho-4E-BP1 (Thr-37/46) (Cell Signaling, 9459), and 4E-BP1
(Cell Signaling, 9452).

Quantification of band intensity was performed with Fiji/
Image] software 1.47b. Intensity of LC3 bands shown was cal-
culated relative to the actin band from the same membrane, and
each experiment was normalized to the control treated with
protease inhibitors or bafilomycin.

Virus Production and Generation of Stable Cell Lines—Plas-
mids encoding GFP-LC3 (15), Hit 60 (MoMuLV gag-pol
expression plasmid), and pCG (VSV-G envelope protein
expression vector) were transfected into HEK293T cells. Cells
were incubated in 10-cm dishes in antibiotic-free DMEM and
incubated for 6 h using 2 ul of Lipofectamine 2000 (Invitrogen)
and 10 pug of DNA. Viruses were collected after 24 h (first super-
natant) and 48 h (second supernatant). Then, virus-containing
medium was filtered (0.45-um SFCA membrane filter; Milli-
pore), and aliquots were frozen.

Target cells (Rh4 and HeLa) were plated at 50% confluence
and incubated overnight. For infections, the culture medium
was replaced by 1 ml of first supernatant supplemented with 8
pg/ml polybrene (Sigma) in a total volume of 5 ml of
DMEM+10% FBS and then incubated at 37 °C for 6 h or over-
night. The infection process was repeated using the second
supernatant. 48 h later, infected cell populations were selected
using 1 ug/ml Zeocin (InvivoGen).

DNA and RNA Transfections and Plasmids—For DNA trans-
fections at autophagic flux experiments, cells were incubated in
12-well dishes, and the tandem mRFP-EGFP-LC3 plasmid
(ptfLC3 (16)) was transfected in antibiotic-free DMEM and
incubated overnight with 1 ul of polyethylenimine (Poly-
sciences) and 1 ug of DNA; for AtgdB (C74A) plasmid, cells
were transfected with 3 ul of polyethylenimine and 1 ug of
DNA. pBabeBlast-Strawberry was generated by digestion of
pmStrawberry-C1 (Clontech) with Nhel and BamHI. The
excised insert was then blunt-ended and cloned into SnaBI-
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digested pBabeBlast. Orientation was determined by sequenc-
ing. mStrawberry-Atg4B-C74A was a kind gift of Tamotsu
Yoshimori (Osaka University). This plasmid was digested with
Nhel and BamHI to isolate mStrawberry-Atg4B-C74A. This
fragment was then blunt-ended and cloned into the SnaBI site
of pBabe-Blast to generate pBabe-Blast-mStrawberry-Atg4B-
C74A. Insert orientation was again determined by sequencing.

For transfections of siRNA, cells were incubated in antibiot-
ic-free DMEM with 75 nmol/liter siRNA premixed with Dhar-
maFECT 1 (Dharmacon) in 10-cm dishes. 18 h later, cells were
trypsinized, plated, and 48 h after transfection were treated as
indicated. Sense strain sequence for ATG7 was 5'-GUUU-
GUAGCCUCAAGUGUU-3'; Beclin-1 was 5'-CAGUUUG-
GCACAAUCAAUA-3'. As a control, a non-matching siRNA
oligonucleotide (pBlue, 5'-GUAAGACACGACUUAUCGC-
3') was used. p62/SQSTM1 was down-regulated using Dhar-
macon (Lafayette, CO) On-Target SMARTpool (catalog no.
M-047628-01); Dharmacon ON-TARGETplus non-targeting
pool was used as a control.

Confocal Microscopy—Cells were cultured on glass cover-
slips pretreated with poly-L-lysine (Sigma), transfected with
fluorescent constructs (if applicable), and treated with the indi-
cated agents. Then, they were fixed with a fresh solution of
paraformaldehyde for 15 min, washed with PBS twice, mounted
in Vectashield (Vector Laboratories), and visualized at room
temperature directly on a Leica TCS SP5 spectral confocal
microscope with a HCX PL APO A blue 63 X 1.4 oil objective
lense. Acquisition software was LEICA application suite
advanced fluorescence (version 2.6.0.7266). The projections of
Z-stacks are shown. Vesicles (dots) from Z-stacks of whole-
field images with multiple cells were analyzed with Fiji/Image]
software followed by the Laplacian filter. Results are presented
as mean rates and correlate with a measurement of the punctate
area in a minimum of four independent images and 40 cells.

ATP Detection Assay—Cells were cultured in 96-well plates
for 20 h before treatments. ATP levels were measured using
ATPlite 1step Kit (PerkinElmer Life Science) following the
manufacturer’s instructions. Luminescence was measured at a
microplate luminescence counter, Victor5 (PerkinElmer Life
Science). A standard curve of ATPs was set up in the same
microplate that was used for the experimental samples.

Statistics—Unless specified, a two-tailed, paired Student’s ¢
test was applied. N.S. indicates not significant; a single asterisk
indicates p < 0.05, a double asterisk indicates p < 0.01, and a
triple asterisk indicates p < 0.001.

RESULTS

Inhibition of Autophagy Does Not Sensitize Cells to Apoptosis
or Necrosis Induced by Glucose Deprivation—We aimed to
determine whether autophagy protects from apoptotic or
necrotic cell death induced by glucose deprivation. For that
aim, we subjected different cell lines to glucose deprivation in
the presence of two different chemical inhibitors of autophagy.
These inhibitors, although not selective, have been widely
employed to analyze the role of autophagy in cell death.
3-Methyladenine (3-MA) is a PI3K inhibitor that can inhibit the
phosphatidylinositol kinase VPS34 and thus prevent formation
of autophagosomes. Chloroquine blocks lysosomal function
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and thus inhibits macroautophagy, chaperone-mediated
autophagy, degradation of membrane proteins by endocytosis,
and other lysosome-dependent processes. We subjected cells to
glucose deprivation in the presence of 3-MA or chloroquine.
We have shown previously that HeLa cells die in part by apo-
ptosis (cell death prevented by caspase inhibitors) and in part by
necrosis when subjected to glucose deprivation (17). In these
cells, it was reported previously that autophagy is a protective
mechanism against complete starvation (3). We observed that
3-MA did not sensitize HeLa cells to glucose deprivation, even
though at doses commonly used to inhibit autophagy, 3-MA is
toxic for these cells (Fig. 1, A and B).

We have previously shown that Bax/Bak-deficient MEFs die
by caspase-8-mediated apoptosis when deprived of glucose
(17). Strikingly, these cells are protected from glucose depriva-
tion when incubated in the presence of 3-MA (Fig. 1, Cand D).
We analyzed a third cell type, the rhabdomyosarcoma cell line
Rh4. These cells die in a necrotic manner in the absence of
glucose as cell death cannot be rescued by caspase inhibitors
(Fig. 1E). Although 3-MA on its own was also quite toxic to
these cells, 3-MA prevented cell death of Rh4 cells by glucose
deprivation (Fig. 1, F-H).

Chloroquine is widely employed to inhibit the last steps of
autophagy because of its ability to neutralize the lysosomal pH.
We treated the same cell lines with chloroquine in combination
with starvation of glucose. The effects were in general quite
different from those obtained with 3-MA. In Rh4 cells, which
were markedly protected from cell death by 3-MA, chloroquine
did not reduce cell death (Fig. 24). Chloroquine mildly sensi-
tized Bax/Bak-deficient MEFs (Fig. 2B) and HeLa cells (Fig. 2, C
and D) to glucose deprivation. It should be noted that chloro-
quine is toxic to every cell line studied in a dose- and time-de-
pendent manner (Fig. 2, C and D) (data not shown), and the
sensitization observed is possibly due to an additive effect on
signals involved in cell death.

Inactivation of Autophagy Sensitizes Cells to 2-Deoxyglucose
and Starvation Buffer but Not to Glucose Deprivation—2-DG is
a glucose analog that kills tumor cells by apoptosis and has been
tested as an anti-tumor drug (12). Its toxic effects are generally
attributed to interference with glycolysis and ATP depletion.
However, we and others have shown that the effects of 2-deoxy-
glucose can be attributed to interference with N-glycosylation
and endoplasmic reticulum stress rather than ATP depletion
(7, 8). 2-D@ has been shown to induce autophagy, and toxicity
of 2-DG can be enhanced by treatment with 3-MA or with
siRNA against Beclin-1 or Atg7 (4, 5). We verified that 3-MA
but especially chloroquine sensitized Rh4 cells to 2-deoxyglu-
cose (Fig. 2, E and F), corroborating previous results that sug-
gest that the effects of 2-deoxyglucose and glucose deprivation
are different.

Because these chemical inhibitors are quite unspecific
(although we verified that they inhibit autophagy in our cells
(data not shown and Fig. 2G), we employed siRNA to knock
down genes involved in autophagy. We deliberately avoided the
use of cells from mice deficient in autophagy genes because it
has been shown that these cells up-regulate compensatory
protein degradation pathways such as chaperone-mediated
autophagy, which may protect from apoptosis and complicate
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FIGURE 1.3-Methyladenine inhibits apoptosis or necrosis induced by glu-
cose deprivation. A and B, Hela cells were deprived of glucose in the
absence or presence of 3-MA at indicated concentrations. Cell death was
analyzed by propidium iodide incorporation at 16 (A) or 24 h (B). The figure
shows the average and S.E. of three experiments. C, Bax/Bak /~ MEFs were
subjected to glucose deprivation for the indicated times, in the absence or
presence of 3-MA at indicated concentrations. Cells were collected for sub-G;,
analysis at the times shown. The figure shows the average and S.E. of three
experiments. D, Bax/Bak '~ MEFs were treated with 10 mm 3-MA for 48 h in
the presence or absence of glucose. Photographs show 80% of the field and
were taken using a 20X objective. Note that 3-MA prevents cell shrinkage
induced by glucose deprivation. E, Rh4 cells were grown in glucose-free
medium in the presence of caspase inhibitors (Q-VD) or DMSO as vehicle
control. Cells were collected at indicated times and subjected to propidium
iodide (Pl) uptake analysis. Data represent average and S.E. of three experi-
ments. Untreated control cells (labeled C) were cells incubated in DMEM for
16 h.Fand G, Rh4 cells were deprived of glucose in the absence or presence of
3-MA at indicated concentrations. Cell death was analyzed by propidium
iodide incorporation at 24 h (F) or 37 h (G). The figure shows the average and
S.E. of a minimum three experiments. H, Rh4 cells were treated with 10 mm
3-MA for 30 h in the presence or absence of glucose. Photographs showing
25% of the field were taken using a 20X objective. N.S., not significant; DMSO,
dimethyl sulfoxide.

interpretation of results (18). We thus transiently silenced
Beclin-1, a protein involved in nucleation of the phagophore.
Down-regulation of Beclin-1 reduced basal and 2-DG-induced
autophagy (Fig. 34), and it clearly enhanced sensitivity of Rh4
cells to amino acid/serum starvation (incubation in EBSS) and
to treatment with 2-deoxyglucose. However, only a minor sen-
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FIGURE 2. Inhibition of lysosomal function with chloroquine promotes
mild sensitization to glucose deprivation. 3-MA and chloroquine sensitize
to 2-deoxyglucose. A, Rh4 cells were deprived of glucose in the absence or
presence of chloroquine (CQ) at indicated concentrations. Cell death was ana-
lyzed by propidium iodide incorporation after 24 h. The figure shows the
average and S.E. of minimum four experiments. B, Bax/Bak ’~ MEFs were
subjected to glucose deprivation for the indicated times, in the absence or
presence of 10 um chloroquine. Cell death was analyzed by propidium iodide
incorporation after 48 h. The figure shows the average and S.E. of three exper-
iments. C and D, Hela cells were deprived of glucose in the absence or pres-
ence of chloroquine at indicated concentrations. Cell death was analyzed by
propidium iodide incorporation at indicated times. The average and S.E. of
minimum three experiments are shown. E, Rh4 cells were treated with 2 mm
2-DG in the absence or presence of chloroquine at the indicated concentra-
tions. Cell death was analyzed by propidium iodide incorporation after 48 and
72 h. The average and S.E. of six experiments are shown. F, Rh4 cells were
treated with 2 mm 2-DG in the absence or presence of 3-MA at indicated
concentrations. Cell death was analyzed by propidium iodide (P/) incorpora-
tion after 48 and 72 h. The figure shows the average and S.E. of a minimum
four experiments. G, Rh4 cells were incubated with the protease inhibitors
E64d and pepstatin A (20 um each) for 6 h in regular medium (—) or EBSS, in
the presence or absence of 3-MA (10 mm), and blotted for LC3 and actin. N.S.,
not significant.

sitization to glucose deprivation was observed (Fig. 3B). We
employed another genetic method that would inhibit
autophagy even faster than the use of siRNA: we transfected
Rh4 cells with a dominant-negative form of ATG4B that ham-
pers the lipidation of LC3 paralogues (19). Transfected cells
were highly sensitized to 2-DG and EBSS, and some basal cell
death was observed at longer time points. However, these cells
were not sensitized to glucose deprivation (Fig. 3C). We also
transiently knocked down ATG7 in Bax/Bak-deficient MEFs,
which die by apoptosis. The knockdown efficiency was modest
(Fig. 3D) but sufficient to down-regulate basal and EBSS-in-
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FIGURE 3. Inhibition of autophagy sensitizes to 2-deoxyglucose and star-
vation buffer but not to glucose deprivation. A and B, Rh4 cells were trans-
fected with siRNA against Beclin-1 or control siRNA. A, 48 h after transfection,
cells were treated with or without 2-DG for 48 h and bafilomycin (Baf) for the
last 3 h of incubation. Protein was collected for Western blot. B, 48 h after
transfection cells were treated with 2-DG, EBSS, or subjected to glucose dep-
rivation for the indicated times. The average and S.E. of five experiments
are shown. C, Rh4 cells were transfected with mStrawberry (Control) or
mStrawberry-Atg4B (C74A) plasmids and incubated for 24 h. The cells were
then cultured in EBSS, Glc+, Glc—, or 2-DG for the indicated times, and fluo-
rescent (transfected) cells were scored as dead or alive with a low concentra-
tion of DAPI (see “Experimental Procedures”). D-F, Bax/Bak /~ MEFs were
transfected with siRNA against ATG7 or control siRNA (NT, 5'-UAAGGCUAU-
GAGAGAUACtt). D, samples were collected for Western blot at times indi-
cated. E, after 48 h of transfection, cells were cultured in regular culture
medium or EBSS 95% + 5% medium and bafilomycin for 3 h and collected for
Western blot. F, 48 h after transfection cells were cultured in Glc+, Glc—, or
thapsigargin (1 um) and collected for FACS analysis. The average and S.D. of
three experiments are shown. G, Bax/Bak™/~ MEFs were transfected with
siRNA against p62 or control siRNA. 48 h later, they were deprived of glucose.
Cell death was analyzed by sub-G, analysis. The average and S.D. of two
experiments are shown. Right panel, cells were collected at times indicated
after transfection for Western blot analysis. PI, propidium iodide; NS, not
significant.

duced autophagy (Fig. 3E). Because these cells do not die with
EBSS or 2-deoxyglucose for many days (data not shown), we
employed thapsigargin as a control. This drug induces
autophagy-dependent cell death in Bax/Bak-deficient MEFs
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(20). Indeed, knockdown of ATG7 reduced cell death induced
by thapsigargin and promoted some cell death on its own at
long time points, but it did not alter the response to glucose
deprivation (Fig. 3F). We also silenced p62, a molecule involved
in delivering cargo to autophagosomes. In the virtual absence of
p62 cell death of Bax/Bak-deficient cells proceeded with iden-
tical kinetics (Fig. 3G).

Glucose Deprivation Does Not Induce Autophagic Flux—In-
hibition of autophagy sensitized cells to 2-deoxyglucose but not
to glucose deprivation. However, many studies had reported
signs of autophagy in mammalian cells upon glucose depriva-
tion (see Refs. 21-23). This prompted us to analyze whether
glucose deprivation actually induced autophagic markers and,
in particular, autophagic flux under our conditions of selective
glucose deprivation. We generated HeLa and Rh4 cells stably
expressing the autophagosomal marker LC3-GFP and starved
them of glucose. Noticeable but modest puncta are observed in
HeLa cells either growing under normal conditions or sub-
jected to glucose deprivation (Fig. 4A). The fact that glucose
deprivation does not induce an obvious translocation of LC3
could suggest that glucose deprivation does not induce
autophagy; however, it is also possible that it is inducing
autophagy, but autophagosomes are rapidly cleared by fusion
with lysosomes. To distinguish between these two possibilities,
we employed bafilomycin A1 to block lysosomal degradation of
autophagosomal content. Bafilomycin A1 alone induced accu-
mulation of LC3-GFP puncta, which indicates a high level of
basal autophagy. However, incubation with bafilomycin A1l in
the absence of glucose did not enhance the formation of the
puncta (Fig. 4, A and B). Similar results were observed in Rh4
cells (Fig. 4, C and D). As controls, starvation buffers or the
mTOR inhibitor rapamycin were used. Bafilomycin A clearly
enhanced the formation of puncta triggered by these treat-
ments (Fig. 4, A—D). We employed another method to analyze
autophagic flux based on the lysosomal neutralization of GFP
but not RFP (red fluorescent protein) fluorescence when these
two molecules are fused to LC3. When LC3 is inside
autophagolysosomes with acidic pH, only the red fluorescence
is observed (16). We verified that incubation in starvation
buffer EBSS or treatment with rapamycin induced autophagy in
Rh4 cells, but glucose deprivation did not (Fig. 4E).

A different method to analyze autophagic flux is to mea-
sure the levels of p62 (an LC3-binding protein degraded by
autophagy) and of lipidated (autophagosomal, LC3-1I) LC3
by Western blot. We analyzed p62 and LC3-II levels after
depriving cells of glucose. In HeLa cells, although levels of
p62 are not reduced, LC3-II accumulates after treatment,
which could indicate activation of autophagy (Fig. 54). How-
ever, LC3-II accumulation may also mean autophagy is
reduced compared with basal autophagy. When cells were
incubated in regular culture medium in the presence or
absence of inhibitors of the last stages of autophagy (the
mixture of the protease inhibitors pepstatin A and E64D),
LC3-II was accumulated at a much faster rate than in glu-
cose-free medium. Moreover, the combination of glucose
deprivation and protease inhibitors promotes similar or even
lower accumulation (at long time points) than protease inhibitors
alone. This indicates that although basal autophagy is high, glu-
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FIGURE 4. Glucose deprivation does not induce autophagic flux. A-D, HeLa (A and B) or Rh4 (C and D) stably transfected with GFP-LC3 (HeLa-LC3, Rh4-LC3)
were treated with DMEM with glucose (Glc+), glucose deprivation (Glc—), amino acid deprivation (Hank's balanced salt solution/EBSS) or rapamycin (Rapa) for
6 h with or without bafilomycin (Baf) for the last 3 h. The expression pattern of GFP-LC3 was examined under a confocal microscope. Punctate LC3 in cells was
measured as described under “Experimental Procedures.” Band D show the mean + S.E. from two (HeLa, B) or four (Rh4, D) independent experiments. £, Rh4
were transfected with mRFP-GFP-LC3 plasmid and treated 24 h post-transfection for 15 h. Representative images from three independent experiments are

shown. Arrows indicate red points (autophagolysosomes).

cose deprivation does not induce autophagy, and moreover, it
seems to reduce it. In contrast, incubation in EBSS induced
autophagy in HeLa (Fig. 54) and in Bax/Bak-deficient cells (Fig.
5B). Intriguingly, glucose deprivation promotes the accumula-
tion of p62 in these cells, suggesting that either glucose depri-
vation inhibits autophagic flux, whereas the rate of synthesis of
p62 may remain the same, or that glucose regulates p62 levels
independently of autophagy. LC3-II accumulated strongly
upon depriving cells of glucose. However, the presence of bafi-
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lomycin A did not increase the levels of LC3-II. Altogether,
these results suggest that both in HeLa and in Bax/Bak-defi-
cient MEFs (that can be kept alone for almost 2 days without
apparent toxicity (17)), glucose deprivation inhibits rather than
induces autophagy. We then compared the effects of 2-deoxy-
glucose and glucose deprivation in Rh4 cells (Fig. 5, C and D).
Glucose deprivation promoted a slow accumulation of LC3-II.
However, bafilomycin A did not further increase this accumu-
lation, suggesting that accumulation is due to inhibition. In

VOLUME 288 +NUMBER 42+-OCTOBER 18, 2013

£T02 ‘22 IPqUWsNON U0 eUoOeg 9P FISIPAIUN B 9P ©d910l(q!d e /610°2q [ Mmwy/:dny wouj pepeojumod


http://www.jbc.org/
http://www.jbc.org/

A HelLa &

P
GIc+EP  Gle- Glc-EP ¥ <®
a 3 618243 61824 36 1824 6 6 (h)

75 =—

L T B
20 —

15 = :m— 3:‘..

LC3-I

o
o

g2
©
®
=1
[l
o
-
C3 6182436182436 1824 66 h
> &
GIc+EP Gle- GIc-EP P&
S
C Rh4 @&
Glc- Glc- Baf Qg,@
wa C 3618 24B 3 6 182466 (h)
20 ——
TETErEEET= LG
= ——-e=-e WP a-— | C3-lI
50— — - Actin

LC3 Il (relative)
o - N W S

C 3 6 1824 B 3 6 18246 6h

Glc- Glc- Baf @%% i
&

LC3-lI
m Actin

Glucose Deprivation Does Not Promote Autophagy

B Bax Bak--MEF
@'b
Gle- < Glc- Baf & Qg?
s C 6182448 3 6 1824483 3 (h)

75 ==

o mm—e—— —e—e———— B2
B . - . LC3-I
152— D — - —— - LC3-II
w———— /\Ctin
3
g
E 2
4
=1
[
Q
-0
C 6 24 48B3 6 24 48 3 3 h
S— 5
Glc- Glc- Baf @%6 2
<& L
&
D Rh4
2-DG 2-DG Baf
wa C 3 61824 B 3 6 18 24 (h)
‘lm""'. LC3
15 — e e c—
T — - et Actin
T,
®
® 2
=1
el
So
C 3 6 1824 B 3 6 18 24 h
2-DG 2-DG-Baf

FIGURE 5. Induction of autophagic flux by 2-deoxyglucose and starvation but not glucose deprivation. A, Hela cells were deprived of glucose or
incubated in 95% EBSS+5% culture medium for the indicated times, in the presence or absence of E64d and pepstatin A (EP) (10 um each). Proteins were
resolved by SDS-PAGE and immunoblot. Bands immunoreactive with anti-LC3 antibody and with anti-p62 are shown. Untreated control cells (labeled c) were
cells incubated in DMEM for 3 h. The lower panel shows quantification of relative LC3 Il levels as described under “Experimental Procedures” (average and S.E.
of minimum three independent experiments). B, Bax/Bak ~/~ MEFs were subjected to glucose deprivation or incubated in 95% EBSS+5% culture medium for
the indicated times, in the absence or presence of 20 nm bafilomycin (Baf) for the last 3 h to avoid toxicity. Untreated control cells (labeled as c) were cells
incubated in DMEM for 6 h in the presence (B) or absence (C) of bafilomycin for the last 3 h. Bands immunoreactive with anti-LC3 antibody and with anti-p62
are shown. The lower panel shows quantification of relative LC3 Il levels as described under “Experimental Procedures” (average and S.E. of three independent
experiments). C, Rh4 cells were subjected to glucose deprivation or incubated in 90% EBSS+10% culture DMEM for the indicated times, in the absence or
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of bafilomycin for the last 3 h. Proteins were resolved by SDS-PAGE and immunoblot. The lower panel shows quantification of relative LC3 Il levels as described
under “Experimental Procedures.” Results are representative of three independent experiments; two for EBSS. D, Rh4 cells were treated with 2-DG for the
indicated times, in the absence or presence of 20 nm bafilomycin for the last 3 h. Untreated control cells were cells incubated in DMEM for 3 h in the presence
(B) or absence (C) of bafilomycin for the last 3 h. The lower panel shows quantification of relative LC3 Il levels as described under “Experimental Procedures”
(three independent experiments).

contrast, incubation of these cells in EBSS buffer or treatment
with 2-deoxyglucose clearly induced autophagy.

Glucose Deprivation Engages Starvation Signals but It Inhib-
its Autophagy—Two possibilities are non-exclusive and com-
patible with the results described above. Glucose deprivation
may not engage the same pro-autophagic signals triggered by
amino acid starvation or by 2-DG. Or glucose may be required
for completion of autophagy even if starvation signals occur. To
examine these possibilities, we first analyzed whether the cell
types that we used do not properly inactivate mTOR in
response to glucose deprivation due, for instance, to constitu-
tive hyperactivation of the mTOR pathway. We observed that
in Rh4 cells (Fig. 6A4) and in HeLa and Bax/Bak-deficient MEFs
(data not shown), mTOR is inactivated upon glucose depriva-

OCTOBER 18,2013 +VOLUME 288+-NUMBER 42

tion, as measured by S6 and 4EBP1 dephosphorylation. 2-De-
oxyglucose, which induces autophagy in Rh4 cells, inhibited
mTOR with similar kinetics (Fig. 6A4). Inhibition of mTOR is
usually considered sufficient to trigger autophagy, and mTOR
inhibitors are bona fide autophagy inducers. However, it is pos-
sible that, if the signal to inhibit mTOR in the absence of glu-
cose was not sufficiently strong, AMPK activation was also
required to induce autophagy by phosphorylating ULKI,
Vps34, and Beclin-1 (9, 10, 24). HeLa cells cannot activate
AMPK upon energy stress because they lack the kinase LKB1,
and we could not consistently detect phospho-AMPK or phos-
phorylation of its substrate phospho-acetyl-CoA carboxylase in
Rh4 cells (data not shown). For this reason, we analyzed AMPK
and autophagy activation in a cell line that has been used to
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and p62 are shown. F, quantification of LC3 Il levels of cells treated as in E. Values were normalized to actin and to the control of cells treated in the presence
of E64d and pepstatin (Glc+EP). Results show the mean and S.E. of three independent experiments. An asterisk indicates significance > 0.05 when compared
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study induction of autophagy by glucose deprivation, HEK293
(10). Glucose removal inactivated mTOR, and as reported by
Kim et al., it activated AMPK (Fig. 6B). However, autophagic
flux was not induced (Fig. 6C). These data together with results
described in Fig. 5 regarding accumulation of p62 suggest that
although glucose deprivation may engage the right signals to
promote autophagy, it cannot proceed.

We then performed an experiment to verify inhibition of
basal autophagy (Fig. 6D). Bax/Bak-deficient MEFs accumu-
lated LC3-1I upon EBSS treatment. If 3-MA was added to block

30394 JOURNAL OF BIOLOGICAL CHEMISTRY

the initial steps of autophagy, LC3-II was cleared because
autophagy keeps occurring, but no new LC3-1I is produced (Fig.
6D). However, this was not the case with glucose deprivation.
Cells accumulated LC3-II, and after addition of 3-MA, levels of
LC3-II remained high, indicating that clearance of autophago-
somes does not occur.

It is thus possible that glucose deprivation inhibits
autophagic flux by not allowing completion of all steps from
initiation to lysosomal degradation of autophagolysosomal
content and recycling. If this was the case, glucose deprivation
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FIGURE 7. ATP levels or lysosomal pH do not explain the effects of glucose deprivation. A, Rh4 cells were incubated in glucose-free medium or in the
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controls for each time point and represent average and S.E. of three (2-DG) or six (Glc-) independent experiments. B, Bax/Bak’~ MEFs and Hela cells were
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five (HeLa) independent experiments. ATP levels were normalized to cell numbers in each well. C, Rh4 cells were treated with 100 nm glucose-free medium and
BEZ (NVP-BEZ-235) for the indicated times. ATP levels were measured as described under “Experimental Procedures.” Values shown are relative to untreated
controls for each time point. Data represent the average and S.E. of three independent experiments. D and E, Bax/Bak ~/~ MEFs (D) or Rh4 cells (F) were cultured
in Glc+, Glc+ bafilomycin (Baf; 20 nm), EBSS, Glc-, or 2-DG (10 mm) for the indicated times. After trypsinization, cells were stained with 2.5 um Lysosensor
(LifeTechnologies) for 10 min at 37 °C. Mean Lysosensor intensity of live cells was analyzed by FACS. Data shown are relative to untreated controls and represent
the average and S.E. of three independent experiments.

should inhibit autophagy induced by other stimuli. We thus
incubated cells with an autophagy-inducing compound, the
mTOR and Akt inhibitor NVP-BEZ-235 (25), in the absence or
presence of glucose. We observed that, although mTOR was
inhibited by this compound in both conditions, glucose depri-
vation inhibited autophagic flux induced by the drug (Fig. 6, E
and F). Thus, we concluded that glucose deprivation inhibits,
rather than induce autophagy.

OCTOBER 18,2013 +VOLUME 288-NUMBER 42

To gather more insight about the mechanism, we analyzed
ATP levels of cells treated by removing glucose or by addition of
2-deoxyglucose. Results described in Fig. 7A indicate that, sur-
prisingly, glucose deprivation does not trigger the loss of ATP
in Rh4, which may be obtaining ATP from glycogen or amino
acids under these conditions. In contrast, 2-deoxyglucose pro-
motes an early decrease in ATP levels. However, both treat-
ments promote cell death starting at ~20-24 h, and both treat-
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ments inactivate mTOR with similar kinetics. This could
suggest a correlation between a loss of ATP and induction of
autophagy. However, we analyzed loss of ATP in other cell lines
employed in this study, and glucose deprivation reduced ATP
levels at short time points (Fig. 7B), which did not correlate with
autophagic flux (Figs. 44 and 5, A and B). We could not observe
a significant effect of glucose deprivation on modulation of
ATP levels by BEZ-235 or vice versa (Fig. 7C). We also tested
the hypothesis that glucose deprivation, due to modulation of
energy or metabolite levels, could be impairing lysosomal pH
and thus its function. However, measurement of lysosomal pH
using Lysosensor indicated that glucose deprivation reduces
lysosomal pH (or enlarges the lysosomal compartment) in Bax/
Bak-deficient MEFs similar to EBSS (Fig. 7D). Bafilomycin was
used as a control of pH neutralization. In Rh4 cells, 2-DG,
which induces autophagy, and glucose deprivation, which does
not, did not significantly alter lysosomal pH (Fig. 7E).

DISCUSSION

Glucose deprivation is thought to be a macroautophagy-in-
ducing stimulus. We present data here that demonstrates that
glucose depletion does not induce autophagy in a variety of cell
lines and that it can actually inhibit basal autophagy and
autophagic flux induced by a drug. Accumulation of lipidated
(autophagosomal) LC3 upon treatment with a stimulus can
mean that it induces autophagy but also that it inhibits basal
autophagy because LC3-containing autophagosomes would
accumulate. For this reason, it is necessary to compare punctate
(or lipidated) LC3 in cells treated with and without lysosomal
inhibitors or treated with these inhibitors on their own to deter-
mine the rate of basal autophagy. We have observed accumula-
tion of lipidated (autophagosomal) LC3 upon glucose depriva-
tion, which has probably led other authors to conclude that this
is an autophagy-inducing stimulus similar to other forms of
starvation. In some research, glucose deprivation was com-
bined with starvation of other nutrients and growth factors
contained in serum, or it was performed under hypoxia (11, 21,
26, 27). It is possible that it was the deprivation of these other
nutrients or oxygen that triggered autophagy.

Physiologically, conditions that accompany low blood glu-
cose (possibly, reduction of insulin levels) may induce
autophagy in some tissues. Liver autophagy has been shown to
contribute to the maintenance of blood glucose and amino acid
levels (28). Autophagy in newborn mice is essential for their
survival upon weaning, and mice in which mTOR cannot be
inactivated show the same phenotype (neonatal cell death) than
mice deficient in Atg5 (29, 30). Moreover, these mice can be
rescued by providing glucose or gluconeogenic amino acids.
Our results are not incompatible with the possibility that
autophagy contributes to regulate glucose homeostasis via glu-
coneogenesis. Autophagy produces amino acids, which could
potentially be converted to glucose by gluconeogenic cells.
Additionally, autophagy can participate in digestion of lipid
droplets and production of free fatty acids that could be used to
make ATP (1). So it is possible that under some circumstances,
autophagy can contribute to glucose and ATP generation.
However, the cause for the induction of autophagy upon fasting
remains to be determined: low blood glucose or low amino
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acids or other hormonal signals that follow hypoglycemia. Our
results suggest that glucose is not the nutrient that regulates
autophagy and that ATP loss does not correlate with autophagy
induction.

We report here that glucose deprivation actually inhibits
autophagy, although the mechanism is unclear. Glucose may
alter multiple steps of autophagy, which is an ATP-demanding
process. It has recently been reported that glucose deprivation
does not stimulate production of WIPI2-containing mem-
branes, which suggests that it fails to induce VPS34 activity (31).
Experiments shown in Fig. 5 suggest that at long time points,
autophagy is inhibited at the earlier steps. However, other
experiments indicate that glucose deprivation inhibits the latest
steps of autophagy: we observe accumulation of p62 even at
short time points, and Fig. 6D indicates that upon treatment
with 3-MA, autophagic vesicles are not cleared. Ammonia is
produced under conditions of glucose deprivation (23).
Because ammonia is a potent inhibitor of lysosomal function, it
is possible that this is the reason why glucose deprivation inhib-
its autophagy. Lampidis and co-workers (32) have recently
reported that under hypoxia, glucose deprivation inhibits,
rather than induce autophagy, and Knecht and co-workers (33)
have reported that glucose promotes autophagy under starva-
tion, in agreement with our data. Moreover, it had been
observed that raising glucose concentration enhanced
autophagy and clearance of mutant huntingtin (34). In this
regard, it should be noted that the buffers commonly employed
to mimic starvation and induce autophagy in culture (Hank’s
balanced salt solution/EBSS) contain glucose.

It is possible that some forms of starvation or drugs com-
monly used to promote autophagy transduce signals that glu-
cose deprivation does not. In this regard, 2-deoxyglucose has
been shown to induce autophagy by a pathway more related to
endoplasmic reticulum stress than to ATP depletion because
mannose could prevent it but it could not revert ATP loss (5).
Classical “starvation” in buffers is achieved by depriving cells
simultaneously of growth factors, vitamins, and all amino acids,
which may regulate signaling molecules such as reactive oxygen
species or activate other signaling pathways besides mTOR
inactivation. In this sense, it has been shown that rapamycin
requires Ca®>" signals to induce autophagy (35), and complete
starvation triggers DNA damage and PARP activation, which
are required for autophagy to proceed (36). Alternatively, it is
possible that glucose engages an anti-autophagic signal (33), or
glucose, acetate, or some other glucose-derived molecule is
required for vesicle trafficking or recycling.

Our results indicate that chloroquine, 3-MA, and genetic
blockade of autophagy have different effects on cell survival.
Possibly, 3-MA blocks class I PI3Ks, which may contribute to
the observed effects. Alternatively, chloroquine is likely altering
other lysosomal processes such as chaperone-mediated
autophagy or endocytosis, which could potentially sensitize
cells to 2-deoxyglucose or glucose deprivation. However, it is
difficult to conclude that lysosomal blockade sensitizes cells
specifically to glucose deprivation because it is toxic by itself,
and we only observed some sensitization in two cell lines. How-
ever, protection by 3-MA was very reproducible and suggests
that inhibitors of early steps of autophagy may be used to treat
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ischemic diseases as suggested previously (37). Altogether, our
data prompt for a reevaluation of the role of autophagy in
starvation.
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