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Abstract: All the therapeutic strategies for treating cancers aim at killing the cancer cells 

via apoptosis (programmed cell death type I). Defective apoptosis endow tumor cells with 

survival. The cell can respond to such defects with autophagy. Autophagy is a cellular 

process by which cytoplasmic material is either degraded to maintain homeostasis or 

recycled for energy and nutrients in starvation. A plethora of evidence has shown that the 

role of autophagy in tumors is complex. A lot of effort is needed to underline the functional 

status of autophagy in tumor progression and treatment, and elucidate how to tweak 

autophagy to treat cancer. Furthermore, during the treatment of cancer, the limitation for 

the cure rate and survival is the phenomenon of multi drug resistance (MDR). The 

development of MDR is an intricate process that could be regulated by drug transporters, 

enzymes, anti-apoptotic genes or DNA repair mechanisms. Reports have shown that 

autophagy has a dual role in MDR. Furthermore, it has been reported that activation of a 

death pathway may overcome MDR, thus pointing the importance of other death pathways 

to regulate tumor cell progression and growth. Therefore, in this review we will discuss the 

role of autophagy in MDR tumors and a possible link amongst these phenomena.  
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1. Introduction 

Biosynthesis and degradation are two processes that regulate the maintenance of internal 

homeostasis of an organism. Intracellular degradation is governed by two distinct systems: the 

ubiquitin-proteasome and the lysosome-autophagy system. The ubiquitin-proteasome system targets 

short-lived and misfolded proteins, while the lysosome-autophagy system additionally can target 

long-lived macromolecular complexes and organelles [1]. Autophagy, derived from two Greek words, 

auto (self) and phagy (eating), coined by Christian de Duve, describes the lysosomal degradation 

phenomenon. This is a cell’s routine process and strategy that is developed in eukaryotic cells to deal 

with the stressful stimuli as well as to maintain homeostasis in cells. On the basis of targeted 

substrates, regulation and selectivity, autophagy is classified as microautophagy, chaperone-mediated 

autophagy, and macroautophagy [2]. However, the above-mentioned classes of autophagy all have the 

lysosome as the end point.  

Microautophagy participates in the continuous basal turnover by forming random invaginations in 

the lysosomal or vacuolar membrane that differentiate into the autophagic tube to enclose the portions 

of cytosol. In 1981, chaperone-mediated autophagy (CMA) was discovered [1]. In CMA the cytosolic 

chaperone protein, heat shock cognate 70 (hsc70), targets only single proteins with KEFRQ or 

KEFRQ-like motif, then binds to LAMP-2A followed by the transfer of chaperone-target protein 

complex to the lysosomes. Hereafter, macroautophagy will be referred to as autophagy, and is an 

evolutionarily conserved, genetically controlled process of bulk degradation by which long-lived 

cellular proteins and organelles are targeted to lysosomes [1–3]. In mammals, the basal levels of 

autophagy might occur to get rid of superfluous, damaged or aged proteins and organelles and genomic 

instability, to protect cells from external, as well as internal insults [2].  

Autophagy is a distinct form of membrane trafficking [4]. It starts from the formation of a crescent 

shaped isolation membrane (phagophore) that extends and sequesters cytoplasmic organelles and 

macromolecules, which is then called pre-autophagosomal structure (PAS). When PAS creates a 

complete closed double membranous structure, it is called the autophagosome. The autophagosome 

then undergoes a series of maturation events and fuses with lysosomes, thereby giving life to the 

autolysosome and degrading the material contained in it by the help of acid hydrolases. In some cases, 

autophagosomes may also fuse with endosomes, which then are called amphisomes. The digestion of 

sequestered material in the lysosomes forms amino acids, fatty acids and nucleotides, which are 

recycled to generate ATP and macromolecular synthesis [2,5,6]. Autophagy defects make mice more 

vulnerable to genomic instability, metabolic damage and tumorigenesis, indicating a role of autophagy 

in tumor suppression [6]. Monoallelic loss of the essential autophagy gene, Beclin1, has been reported 

in 40%–75% of human breast, prostate and ovarian cancers, pointing at the probable role of autophagy 

in preventing these tumors [7]. However, autophagy also provides tumor cells with strength to fight 

stress caused by high metabolic demand associated with an increased rate of cell proliferation [6]. 

Autophagy is induced in hypoxic regions of tumor cells [8]. In preclinical studies, repression of 

autophagy has demonstrated an increased efficacy of chemotherapeutics, both in vitro, as well as 

in vivo [6,9]. There are a number of reports stating the importance of autophagy in tumor cell 

metabolism [10–14]. 
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One of the most unnerving clinical issues is the recurrent tumor progression after treatment, due to 

resistance to structurally and mechanistically unrelated compounds [15]. This phenomenon of 

resistance is called multidrug resistance (MDR). Therefore, the development of novel anticancer 

agents with low toxicity and overcoming the MDR phenotype are the major goals of oncology 

research. Various mechanisms have been described to explain the phenomenon of MDR in mammalian 

cells. Often in MDR, the antineoplastic agents are extruded from the tumor cells, hence, reducing the 

intercellular concentration of antineoplastic agents below the cytotoxic threshold [16].  

2. Mechanisms Regulating MDR 

On the basis of mechanisms of resistance, MDR is broadly classified as non-cellular and cellular 

mechanisms as discussed below (Figure 1) [17]. 

2.1. Non-Cellular Mechanisms 

The phenomenon of non-cellular drug mechanisms is associated with some types of solid tumors. 

Poor tumor vascularization and ischemic regions in solid tumors can induce resistance to 

chemotherapeutic agents. The acidic pH in ischemic regions of the tumor microenvironment is due to 

lactic acid generation, which may also contribute to the resistance to weak bases [18]. 

2.2. Cellular Mechanisms 

Cellular-based resistant mechanisms are further classified into non-classical MDR phenotypes and 

transport-based classical MDR phenotype. Non-classical MDR is acquired by the tumors because of 

the activity of some specific enzymes, such as glutathione S-transferase and topoisomerase [17]. 

Moreover, changes in proteins regulating apoptosis can also lead to a reduction of sensitivity to certain 

anticancer drugs, since most of these drugs kill tumor cells via apoptosis. On the other hand, the ATP 

binding cassette (ABC) family of transporters is involved in transport-based classical MDR. Hereafter, 

in this review, classical transport-based MDR will be referred to as MDR [17]. MDR studies suggested 

that drug transport is a process that is carefully regulated and controlled by members of the ABC 

transporter family of proteins [15]. So far, 49 different types of human ABC transporters are identified. 

On the basis of sequence similarities, as well as structural organization, the ABC transporters are 

classified into seven subfamilies from ABC-A to ABC-G. Sub family C is composed of 13 members, 

nine of which are called multidrug resistant proteins (MRPs) [15,19]. Several reports have shown that 

three ABC transporters cause most human MDR: P-glycoprotein (P-gp/ABCB1), multidrug resistant 

protein 1 (MRP1/ABCC1) and breast cancer resistant protein (BCRP/ABCG2/MXR/ABCP). Several 

evidences show that inhibition of these above-mentioned transporters can reverse MDR [15,19]. 

However, complete remission of MDR is not seen even after the combination treatment of inhibitor 

and chemotherapeutic agent, indicating that there may be an intervention of some other pathways in 

MDR. In this review, we will discuss the interaction of Autophagy and MDR. 
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Figure 1. Classification of MDR. A flowchart illustrating the classification of MDR. 

 

3. Regulation of Autophagy 

Although autophagy occurs as a continuum, it is conceptually helpful to dissect the core autophagic 

pathway into several key stages. These stages include initiation and formation of the phagophore, 

autophagosome formation and lysosomal fusion. This core pathway has been the focus of several 

review articles that thoroughly discuss the roles of many proteins, as well as several lipids [20,21] that 

are involved in each of the stages. Here, we will briefly discuss the core pathway, but focus on some 

exciting pathways that regulate the induction of autophagy, including regulation by HMGB1 and p53. 
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3.1. Phagophore Formation  

Cellular survival during metabolic stress depends on the proper implementation of autophagy. The 

formation of an autophagic vacuole from intracellular membranes that surround the proper cytosolic 

constituents is complex and requires the interplay of many molecular machines. Although we are 

starting to understand the mechanism of this process, great progress has been achieved identifying 

many of the proteins involved in autophagy. A central regulator for the initiation of autophagy 

is Beclin1 (Bcl-2 interacting coiled-coil protein 1; also known as ATG6) [22]. In fact, Beclin1 

heterozygote mice have both a severe autophagic defect and a tumor-prone phenotype [23]. 

An early observation that linked the regulation of autophagy and apoptosis is in non-stressed cells, 

where Beclin1 forms a complex with, and is inhibited by, Bcl2, a central anti-apoptosis regulator [22]. 

Commitment to autophagy coincides with the release of Beclin1 and the formation of a complex, 

including UVRAG, p150 (a myristoylated PI3kinase anchoring protein) and PI3Kinase (class III not to 

be confused with insulin receptor activated PI3K class I). This protein complex phosphorylates 

phosphotidylinositol (PI), generating PI triphosphate (PtdIns(3)P). Formation of PI triphosphate 

coincides with the expansion of the isolation membrane [24–30].  

3.2. Autophagosome 

Formation of the autophagosome from the phagophore requires recruitment of Atg 12, Atg5, Atg 7, 

Atg10, Atg16, and the subsequent post-translational lipidation of LC3 (microtubule associated 

protein 1 light chain3/Atg8). Lipidation of LC3-I requires post-translational conjugation of Atg12 with 

Atg5 (this process is analogous to ubiquitin conjugation) [31–33]. Following recruitment  

to the phagophore, Atg12 is catalytically processed (similar to ubiquitin activation) by Atg7  

(an E1 ubiquitin-like enzyme) in an ATP-dependent manner [34]. The modified Atg12 is conjugated to 

Atg5 by Atg10 (an E2 ubiquitin-like enzyme). The newly formed Atg12-5 conjugate (similar to an E3 

ubiquitin-like enzyme) forms a complex with Atg16 and functions with Atg7 (an E1) and Atg3 (an E2) 

to conjugate LC3-1 with phosphatidylethanolamine (PE) [35–39]. 

Interestingly, LC3 undergoes a series of post-translation modifications prior to joining the 

phagophore. First, the c-terminal arginine of nascent LC3 is cleaved off by the cysteine protease Atg4 

to form LC3-1. The c-terminal amino acid of cytosolic LC3-1 is a glycine. Now, LC3-1 can be 

lipidated by the Atg7, Atg3, and the Atg12-5 conjugate to form LC3-II [40–43]. LC3-II remains with 

the autophagosome; however, the Atg12-5 conjugate dissociates once the autophagosome is formed. 

Fusion of the Autophagosome with the Lysosome 

Although it has long been known that autophagosomes with cytosolic contents fuse with lysosomes 

for degradation, the molecular mechanism underlying the process is largely unknown. Recently it 

has been reported that TECPR1 (Tectonin domain-containing protein 1) binds to the Atg12-Atg5  

conjugate and phosphatidylinositol 3-phosphate (PtdIns(3)P), and this interaction promotes  

autophagosome-lysosome fusion [44].  
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3.3. Regulation 

3.3.1. Beclin1: Promiscuous Binding Regulates Autophagy 

Beclin1 has multiple binding partners and it seems the binding partner determines Beclin1-mediated 

alterations in cellular physiology. As described above, Beclin1 associates with PI3Kinase class III to 

promote autophagy, while Beclin1-mediated autophagy is inhibited by complex formation with Bcl2. 

Cellular physiology is under the influence of another recently identified heterodimer combination, 

Beclin1/HMGB1 (Figure 2A) [20,45]. 

3.3.2. HMGB1 Binding to Beclin1 Promotes Autophagy 

The chromatin binding protein high mobility group box 1 (HMGB1) has a well-characterized 

damage-associated molecular pattern. It is found in the nucleus, bound to chromatin, in undamaged 

cells. HMGB1 is released from the nucleus and has a cytosolic localization in damaged but living cells 

while it is released from necrotic cells into an extracellular environment [46]. This versatile molecule 

is even released from macrophages as an inflammatory regulatory molecule [47–49]. During metabolic 

stress, HMGB1 translocates from the nucleus to the cytosol. The cytosolic localization promotes 

Beclin1 complex formation and induction of autophagy potentially by disrupting Bcl2 from binding to 

and inhibiting Beclin1-mediated autophagy (Figure 2A) [46]. 

3.3.3. p53 Determines Cell Fate: Apoptosis or Autophagy 

Autophagy cannot escape control by p53. p53, the prototypical tumor suppressor, regulates 

autophagy-mediated homeostasis, by monitoring the rate of autophagy to the varying nutrient 

availability [50]. Cytosolic p53 complexes with HMGB1; this precludes HMGB1 from promoting 

Beclin1-mediated autophagy [51]. So, p53, in addition to inducing apoptosis and cell-cycle arrest, can 

down-regulate autophagy. However, Beclin1 indirectly inhibits p53. Beclin1 controls the protein 

stability of USP10. USP10 is a de-ubiquitinating enzyme that promotes accumulation of p53, so 

Beclin1 mediates down-regulation of USP10 and reduces p53 levels [52]. Therefore, it leads to either 

induction of apoptosis and inhibition of autophagy by p53 or induction of autophagy and inhibition of 

p53 by Beclin1 (Figure 2B) [51]. 

Figure 2. Summary of regulatory mechanisms of autophagy. (A) Beclin1 binding to 

HMGB1, as well as PI3 Kinase class III, positively regulates autophagy. However, 

Beclin1 binding to Bcl2 negatively regulates autophagy. (B) p53-mediated downregulation 

of autophagy. 
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3.3.4. Negative Regulation of Autophagy by the PI3Kinase/AKT/mTOR Pathway 

Activation of receptor tyrosine kinases (RTK) inhibits autophagy. RTK activation promotes 

activation of Ras (rat sarcoma) signaling, including activation of PI3Kinase class I. PI3Kinase class I 

phosphorylates ptdIns(4,5)P2 to form PtdIns(3,4,5)P3 at the plasma membrane. This molecule signals 

recruitment of AKT (also known as protein kinase B) and phosphoinositide-dependent protein kinase1. 

Co-recruitment of these two kinases leads to activation of AKT. Active AKT promotes accumulation 

of RHEB GTP by phosphorylating and inhibiting TSC1/TSC2, RHEB GTPase activating proteins. 

RHEB GTP activates mTOR (mammalian target of rapamycin). Activation of this serine/threonine 

kinase is a potent inhibitor of autophagy (Figure 3) [20]. 

AKT activation and inhibition of autophagy is predicated on the accumulation of PtdIns(3,4,5)P3. 

PTEN, a potent tumor suppressor that is deleted in many cancers, is a phosphatase that converts 

PtdIns(3,4,5)P3 to PtdIns(4,5)P2. This prevents activation of AKT, mTOR, and the subsequent 

inhibition of autophagy [20]. 

Figure 3. Negative regulation of autophagy by PI3Kinase/AKT/mTOR pathways followed 

by DEPTOR-mediated positive feedback loop for mTOR. 

 

3.3.5. DEPTOR: A Positive Feedback Loop for mTOR 

DEPTOR, a DEP domain containing mTOR-interacting protein, is an endogenous inhibitor of 

mTOR. DEPTOR is degraded by the 26S proteasome in response to phosphorylation by mTOR 

leading to SCF (TrCP)-mediated degradation. Thus activation of mTOR leads to reduced inhibition of 

DEPTOR and a positive feedback loop controlling autophagy [53]. Thus, inhibition of autophagy by 

mTOR is exacerbated by the decreased affect of DEPTOR (Figure 3). 

4. Autophagy: Savior or Satan for Tumor Cells? 

Extensive studies indicate that autophagy plays a controversial role in the survival and death of 

cancer cells [54–56]. In general, autophagy confers a prosurvival mechanism that protects cancer cells 

from various stresses, such as amino acid deprivation, hypoxia, DNA and mitochondria damage, 

oxidative stress, etc. Autophagy is activated when the cells respond to the limited nutrition and growth 

factors and contributes to maintaining homeostasis through degradation of impaired or unnecessary 



Cells 2012, 1  

 

565

macromolecules and organelles, thereby providing energy to cancer cells [5,57,58]. Increased basal 

level of autophagy was observed in some human tumor tissues. A positive correlation between poor 

patient outcome and enhanced autophagy level in cancer patients suggests that the occurrence of 

autophagy may be associated with increased cancer progression [59,60]. Recently, some molecular 

mechanisms underlying the cytoprotective role of autophagy have been revealed [61]. The E3 

ubiquitin ligase c-Cbl, as an autophagosome cargo receptor for Src, targets active Src to promote 

autophagic degradation and ensures tumor cell survival [62]. It is well known that the energy sensor 

AMP-activated protein kinase (AMPK) triggers autophagy through inactivation of mTOR complex-1 

(mTORC1), while direct phosphorylation of ULK1 at several different sites was also found to be 

involved in the AMPK-induced autophagy [63,64]. BAX inhibitor-1 deficiency leads to autophagy to 

improve cell growth under starvation conditions by controlling the IRE1α branch of the unfolded 

protein response [65]. H-Ras or K-Ras oncogene mutation up-regulates basal autophagy, which is 

required for tumor cell survival in starvation and in tumorigenesis [66]. Highly expressed receptor for 

advanced glycation end products (RAGE), as an inflammatory receptor, contributes to the activation of 

interleukin 6 (IL-6)-mediated mitochondrial pathway and transcription 3 (STAT3) signaling, which 

activates autophagy, inhibits apoptosis, thereby promoting cell survival in pancreatic cancer in vivo 

and in vitro [67,68]. It is also found that lymphocyte-induced cell-mediated autophagy promotes 

tumorigenesis, which hints that autophagy may be an important link between inflammation and 

tumorigenesis [10–12]. On the other hand, autophagy is also considered to contribute to tumor 

recurrence and progression after radiation therapy and chemotherapy [69]. For example, 

suberoylanilide hydroxamic acid, a histone deacetylase inhibitor, can induce autophagy via inhibiting 

the mTOR pathway which antagonizes apoptosis [70]. Therefore, inhibition of prosurvival autophagy 

by genetic or pharmacological methods might improve the efficacy of chemotherapy, radiotherapy, 

and immunotherapy [71]. Combination of chloroquine (CQ), hydroxychloroquine or 3-methyladenine 

(3-MA) with anticancer drugs leads to increased cytotoxicity in preclinical and clinical models [69,72]. 

CQ-inhibiting autophagy during Interleukin 2 immunotherapy promotes long term tumor  

regression [73]. 

In contrast to the well-documented cancer-promoting effect of autophagy, a function of autophagy 

in an anticancer role has been proposed. Accordingly, some oncogenic proteins (Bcl-2, PI3K, 

Akt1, etc.) inhibit autophagy, while some tumor suppressor proteins (like Beclin1, Bif-1, LKB1, 

UVRAG) trigger autophagy [13,56,74]. For example, Beclin1, which forms an autophagic core 

complex with Vps34 and Vps15, is monoallelically lost in human ovarian, breast, and prostate tumors. 

Moreover, Beclin1+/− mice are tumor-prone, but its high expression inhibits the growth of human 

cancer cells [75]. The mechanisms by which autophagy inhibits tumor development have been put 

forward. It has been found that autophagy reduces mutagenesis, oncogene activation, or tumorigenesis, 

by removal of damaged mitochondria and other organelles that are caused by accumulation of p62, 

reactive oxygen species (ROS), and protein aggregation, thereby inhibiting the cancer cell growth in 

the early stage of cancer development [54,74]. It has been well proven that autophagy inhibition leads 

to tumorigenesis by elimination of p62/SQSTM1 [76,77]. Autophagy also suppresses tumors by 

cooperating with apoptosis to cause cell death [78]. Autophagy occurs as a primary response to stress 

stimuli and subsequently triggers either apoptosis or necrosis to eliminate cancer cells. In this scenario, 

autophagy as a partner or an enabler of apoptosis is necessary for apoptosis induction [79]. It has been 
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found that caffeine induces apoptosis by enhancement of autophagy via PI3K/Akt/mTOR/p70S6K 

signaling pathway inhibition. Blockade of autophagy, by either 3-MA or siRNAs specific for Atg7 

genes, could partially attenuate the apoptotic process [80]. Similar phenomena were also observed in 

the progress of oleostearic acid or YM155-induced cancer cell death [81,82]. Furthermore, autophagy 

also inhibits tumors by autophagic cell death (type II programmed cell death) [78]. Autophagic cell 

death is presumed to result from excessive levels of cellular autophagy, causing irreversible damage to 

cells through selective degradation of regulatory molecules or organelles, such as mitochondria, 

endoplasmic reticulum, and golgi that are essential for cell survival [83]. Several proteins have been 

indicated to be involved in autophagic cell death, such as Ras, E4F1, Foxo1, histone deacetylases, 

steroid receptor coactivator 3, etc. [84–88]. Intensive studies report that many compounds with diverse 

structures can induce autophagic puncta and increase autophagic flux [89]. For example, dasatinib (an 

inhibitor of Src/Abl family kinases) induces autophagic cell death in the human ovarian cancer 

xenograft model. Small hairpin RNA knockdown of Beclin1 expression reduced dasatinib-induced 

autophagy and growth inhibition [14]. However, some doubts on the actual existence of autophagic 

cell death were proposed recently [89,90]. The notion that autophagy is a real killer, an accomplice or 

just an innocent by-stander in the progress of cell death still needs to be further studied.  

Taken together, the double face of autophagy in tumor cell survival and suppression is complex and 

context-dependent. A better understanding of molecular mechanisms of autophagy, as well as the role 

of autophagy, in different stages of carcinogenesis will help develop new approaches for the 

prevention and therapy of tumors.  

5. How Does Autophagy Communicate with MDR? 

The overexpression of ABC transporters is predominantly correlated with drug resistance. Hence, 

compounds that can inhibit ABC transporter-mediated efflux are developed as potential 

chemotherapeutic agents against MDR. However, modulators of MDR are not as effective as expected 

because, besides ABC transporters, various other mechanisms contribute to drug resistance. Recent 

studies have suggested approaches to exploit autophagy to overcome MDR during anticancer therapy [91]. 

Results from a report by Meschini et al., confirmed that vocamine, a bisindolic alkaloid from 

Peschiera fuchsiaefolia in combination with doxorubicin, could not only overcome the resistance of 

resistant osteosarcoma cells by competitively inhibiting P-glycoprotein (P-gp)/ABCB1, a 170 KD 

protein encoded by MDR1 gene, but also lead them to autophagic cell death [16]. Kim et al., reported 

that induction of autophagy in apoptotic deficient H460 lung cancer cells enhances the efficacy of 

radiation therapy in vitro, as well as in the lung cancer xenograft model [92], which suggests the 

potential of autophagy to overcome MDR. Peculiarly, mTOR, a negative regulator of autophagy, is 

over-active in most types of cancer [93,94], giving rise to several clinical trials involving inhibitors of 

mTOR in combination with anticancer agents to achieve better clinical outcomes [95]. A recent report 

showed that a combination of Beclin1 expression and inhibition of mTOR by rapamycin acts 

synergistically against the growth of v-Ha-Ras transformed NIH 3T3 (Ras-NIH 3T3/MDR) cells, 

leading to pronounced inhibition through the induction of autophagy [96]. Furthermore, 

Mazzanti et al., demonstrated that constitutive expression of P-gp in hepatocellular cancer cells is 

linked to the HGF/MET autocrine loop, which then leads to overexpression of Bcl2 and mTOR, and 
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inhibition of eIf2α, conferring on these cells resistance to autophagy and apoptosis [97]. Recently, a 

study was published, stating that autophagy leads to cell death in a P-gp overexpressing paclitaxel 

resistant breast cancer line (MCF-7/TaxR) with blocked apoptotic pathway [98], thus suggesting the 

existence of a switch from apoptosis to autophagy that leads to cell death. Cisplatin-based 

chemotherapy is widely used for the treatment of many solid tumors; however, the chronic exposure to 

cisplatin leads to a decreased therapeutic efficacy because of the acquired MDR. Cisplatin-based MDR 

is attributed to increased levels of metallothionine and glutathione, or enzymes involved in the 

metabolism of glutathione, P-gp mediated inhibition of cisplatin-induced caspase3 induction [99,100]. 

Sirichanchuen et al., reported that chronic exposure to barely toxic doses of cisplatin to H460 

(H460/cis) cells inhibited autophagy that was shown by a decreased LC3II/LC3I ratio and 

overexpression of Bcl2 protein, a negative regulator of autophagy. Furthermore, in the same report it 

was reported that the treatment with TFP, an autophagy inducer, could reverse the resistance of 

H460/cis cells towards cisplatin-induced apoptosis. This finding indicates that cisplatin-based MDR is 

also related to the inhibition of autophagy [101].  

There is a large body of evidence demonstrating that autophagy is required to kill the MDR tumor 

cells. However, a recent study showed that the inhibition of autophagy is required to sensitize NIH 

3T3/MDR cells to a Src tyrosine kinase inhibitor, PP2 [102], indicating that autophagic blockade in 

combination with Src tyrosine kinase inhibitor can be a potential therapeutic approach against MDR 

tumors. The drug of choice for the treatment of colon cancer patients is 5-fluorouracil (5-FU), an 

antimetabolite, a pyrimidine analog that inhibits the thymidylate synthetase or incorporates itself into 

nucleic acid, ultimately activating the apoptotic events. However, repeated administration of 5-FU 

causes MDR, therefore many attempts have been made to increase the therapeutic efficacy of 5-FU. 

Recently, many reports have reported that autophagy inhibitors can increase the sensitivity of colon 

cancer cells for 5-FU. For example, 3-MA, an autophagy inhibitor, enhances the 5-FU-mediated 

apoptosis in colon cancer cells in vitro and in vivo [103,104]. Similarly, Sasaki et al., showed that 

combination treatment with chloroquine, a lysosomotropic, can potentiate the 5-FU mediated cell cycle 

arrest of colon cancer cells to G0/G1 phase by inhibiting the autophagy [105]. Furthermore, it was also 

shown in a recent report that combination treatment of 5-FU and chloroquine increased the expression 

of pro-apoptotic proteins, namely Bad and Bax in an in vivo colon cancer model, suggesting that this 

combination treatment can turn out to be a promising strategy to treat colon cancer [106]. It is widely 

known that p53, a tumor suppressor, is activated in response to insults and leads to cell death or 

senescence. Mutations in p53 are linked to the failure of chemotherapy or radiotherapy. A recent report 

demonstrated that both wild type, as well as mutated p53, could reverse the MDR in MDR phenotype 

of ovarian cancer cells. Interestingly, it was also reported that MDR phenotype ovarian cancer cells use 

autophagy as a protective phenomenon. However, the different forms of p53 have different 

mechanisms of action; mutant p53 utilizes autophagy to kill the MDR positive ovarian cancer cells, 

while wild type p53 inhibits autophagy and reverses the MDR [107]. Thus as per accumulated evidence, 

we can summarize that autophagy is considered to possess a dual role in cancer development and 

progression of tumor cell survival, as well as induction of death (Figure 4). The varied nature of autophagy, 

to a great extent, depends on the type of tumor, stage of disease, and nature of treatment [108]. 
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6. Conclusion 

Cancer progression is governed by numerous genetic factors; MDR is also regulated by a 

combination of several drug resistant factors. MDR is an intricate, dynamic and intangible 

phenomenon. Although, conventional anticancer drugs have multiple targets, MDR seems to be highly 

unavoidable because anticancer drugs may be substrates and inducers of ABC transporters. Thus, it has 

been followed as a rule in clinical trials that a modulator of the activity of the ABC transporter in 

combination with standard anticancer drug is administered, to make resistant cancers responsive to the 

therapy. However, even this combination treatment does not completely abolish resistance. This makes 

it important to further elucidate the role of other pathways that may be communicating with MDR. As 

known, autophagy in healthy cells acts as a janitor by removing the damaged organelles and proteins, 

reducing the reactive oxygen species, and suppressing necrosis-induced inflammation that can induce 

cancer when chronic. However, it behaves as a cytoprotectant in established tumors and hence, its 

inhibition could enhance apoptosis [6]. Although the mechanism of dual interaction of autophagy and 

MDR is currently unknown, data from recent reports [10–13,50,75,103–105] makes it interesting to 

investigate this avenue in order to get better clinical outcomes against resistant cancers.  

Figure 4. Role of autophagy in MDR tumors. Autophagy has a dual role in MDR tumors. 

Autophagy may lead to survival of MDR tumors or its activation may lead to tumor 

cell death.  

 

Conflict of Interest 

The authors declare no conflict of interest.  

Acknowledgement  

This work was supported by funds from NIH R15 No. 1R15CA143701 (ZS Chen), and St. John’s 

University Seed grant No. 579-1110 (ZS Chen). 
  



Cells 2012, 1  

 

569

References 

1. Li, W.W.; Li, J.; Bao, J.K. Microautophagy: Lesser-known self-eating. Cell. Mol. Life Sci. 2012, 

69, 1125–1136. 

2. Platini, F.; Perez-Tomas, R.; Ambrosio, S.; Tessitore, L. Understanding autophagy in cell death 

control. Curr. Pharmaceut. Des. 2010, 16, 101–113. 

3. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 

2010, 221, 3–12. 

4. Klionsky, D.J. Autophagy: From phenomenology to molecular understanding. Mol. Cell Biol. 

2007, 8, 931–937. 

5. Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147,  

728–741. 

6. Degenhardt, K.; Mathew, R.; Beaudoin, B.; Bray, K.; Anderson, D.; Chen, G.; Mukherjee, C.; 

Shi, Y.; Gelinas, C.; Fan, Y.; et al. Autophagy promotes tumor cell survival and restricts 

necrosis, inflammation, and tumorigenesis. Cancer Cell 2006, 10, 51–64. 

7. Qu, X. Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. 

J. Clin. Investig. 2003, 112, 1809–1820. 

8. Mazure, N.M.; Pouyssegur, J. Hypoxia-induced autophagy: Cell death or cell survival? 

Curr. Opin. Cell Biol. 2010, 22, 177–180. 

9. Chen, N.; Debnath, J. Autophagy and tumorigenesis. FEBS Lett. 2010, 584, 1427–1435. 

10. Buchser, W.J.; Laskow, T.C.; Pavlik, P.J.; Lin, H.M.; Lotze, M.T. Cell-mediated autophagy 

promotes cancer cell survival. Cancer Res. 2012, 72, 2970.  

11. Michaud, M.; Martins, I.; Sukkurwala, A.Q.; Adjemian, S.; Ma, Y.; Pellegatti, P.; Shen, S.; 

Kepp, O.; Scoazec, M.; Mignot, G.; et al. Autophagy-dependent anticancer immune responses 

induced by chemotherapeutic agents in mice. Science 2011, 334, 1573–1577. 

12. Weiner, L.M.; Lotze, M.T. Tumor-cell death, autophagy, and immunity. New Engl. J. Med. 2012, 

366, 1156–1158. 

13. Yang, Z.; Klionsky, D.J. Eaten alive: A history of macroautophagy. Nat. Cell Biol. 2010, 12,  

814–822. 

14. Le, X.F.; Mao, W.; Lu, Z.; Carter, B.Z.; Bast, R.C., Jr. Dasatinib induces autophagic cell death in 

human ovarian cancer. Cancer 2010, 116, 4980–4990. 

15. Sun, Y.L.; Patel, A.; Kumar, P.; Chen, Z.S. Role of ABC transporters in cancer chemotherapy. 

Chin. J. Cancer 2012, 31, 51–58. 

16. Meschini, S.; Condello, M.; Marra, M.; Formisano, G.; Federici, E.; Arancia, G. Autophagy-

mediated chemosensitizing effect of the plant alkaloid voacamine on multidrug resistant cells. 

Toxicol. Vitro 2007, 21, 197–203. 

17. Krishna, R.; Mayer, L.D. Multidrug resistance (MDR) in cancer Mechanisms, reversal using 

modulators of MDR and the role of MDR modulators in influencing the pharmacokinetics of 

anticancer drugs. Eur. J. Pharmaceut. Sci. 2000, 11, 265–283. 

18. Jain, R.K. Transport of molecules in the tumor interstitium: A review. Cancer Res. 1987, 47, 

3039–3051. 



Cells 2012, 1  

 

570

19. Chen, Z.S.; Tiwari, A.K. Multidrug resistance proteins (MRPs/ABCCs) in cancer chemotherapy 

and genetic diseases. FEBS J. 2011, 278, 3226–3245. 

20. Li, Y.; Zhang, J.; Chen, X.; Liu, T.; He, W.; Chen, Y.; Zeng, X. Molecular machinery of 

autophagy and its implication in cancer. Am. J. Med. Sci. 2012, 343, 155–161. 

21. Abounit, K.; Scarabelli, T.M.; McCauley, R.B. Autophagy in mammalian cells. World J. Biol. 

Chem. 2012, 3, 1–6. 

22. Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B. 

Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 1999, 402, 672–676. 

23. Qu, X.; Yu, J.; Bhagat, G.; Furuya, N.; Hibshoosh, H.; Troxel, A.; Rosen, J.; Eskelinen, E.L.; 

Mizushima, N.; Ohsumi, Y.; et al. Promotion of tumorigenesis by heterozygous disruption of the 

beclin 1 autophagy gene. J. Clin. Investig. 2003, 112, 1809–1820. 

24. Li, X.; He, L.; Che, K.H.; Funderburk, S.F.; Pan, L.; Pan, N.; Zhang, M.; Yue, Z.; Zhao, Y. 

Imperfect interface of Beclin1 coiled-coil domain regulates homodimer and heterodimer 

formation with Atg14L and UVRAG. Nat. Commun. 2012, 3, 662. 

25. Liang, C.; Feng, P.; Ku, B.; Dotan, I.; Canaani, D.; Oh, B.H.; Jung, J.U. Autophagic and tumour 

suppressor activity of a novel Beclin1-binding protein UVRAG. Nat. Cell Biol. 2006, 8,  

688–699. 

26. Liang, C.; Lee, J.S.; Inn, K.S.; Gack, M.U.; Li, Q.; Roberts, E.A.; Vergne, I.; Deretic, V.; Feng, 

P.; Akazawa, C.; et al. Beclin1-binding UVRAG targets the class C Vps complex to coordinate 

autophagosome maturation and endocytic trafficking. Nat. Cell Biol. 2008, 10, 776–787. 

27. Itakura, E.; Kishi, C.; Inoue, K.; Mizushima, N. Beclin 1 forms two distinct phosphatidylinositol 

3-kinase complexes with mammalian Atg14 and UVRAG. Mol. Biol. Cell 2008, 19, 5360–5372. 

28. Panaretou, C.; Domin, J.; Cockcroft, S.; Waterfield, M.D. Characterization of p150, an adaptor 

protein for the human phosphatidylinositol (PtdIns) 3-kinase. Substrate presentation by 

phosphatidylinositol transfer protein to the p150.Ptdins 3-kinase complex. J. Biol. Chem. 1997, 

272, 2477–2485. 

29. Sun, Q.; Fan, W.; Zhong, Q. Regulation of Beclin 1 in autophagy. Autophagy 2009, 5, 713–716. 

30. Volinia, S.; Dhand, R.; Vanhaesebroeck, B.; MacDougall, L.K.; Stein, R.; Zvelebil, M.J.; Domin, 

J.; Panaretou, C.; Waterfield, M.D. A human phosphatidylinositol 3-kinase complex related to 

the yeast Vps34p-Vps15p protein sorting system. EMBO J. 1995, 14, 3339–3348. 

31. Kuma, A.; Mizushima, N.; Ishihara, N.; Ohsumi, Y. Formation of the approximately 350-kDa 

Apg12-Apg5.Apg16 multimeric complex, mediated by Apg16 oligomerization, is essential for 

autophagy in yeast. J. Biol. Chem. 2002, 277, 18619–18625. 

32. Mizushima, N.; Kuma, A.; Kobayashi, Y.; Yamamoto, A.; Matsubae, M.; Takao, T.; Natsume, 

T.; Ohsumi, Y.; Yoshimori, T. Mouse Apg16L, a novel WD-repeat protein, targets to the 

autophagic isolation membrane with the Apg12-Apg5 conjugate. J. Cell Sci. 2003, 116, 1679–

1688. 

33. Mizushima, N.; Noda, T.; Yoshimori, T.; Tanaka, Y.; Ishii, T.; George, M.D.; Klionsky, D.J.; 

Ohsumi, M.; Ohsumi, Y. A protein conjugation system essential for autophagy. Nature 1998, 

395, 395–398. 



Cells 2012, 1  

 

571

34. Noda, N.N.; Satoo, K.; Fujioka, Y.; Kumeta, H.; Ogura, K.; Nakatogawa, H.; Ohsumi, Y.; 

Inagaki, F. Structural basis of Atg8 activation by a homodimeric E1, Atg7. Mol. Cell 2011, 44, 

462–475. 

35. Ichimura, Y.; Kirisako, T.; Takao, T.; Satomi, Y.; Shimonishi, Y.; Ishihara, N.; Mizushima, N.; 

Tanida, I.; Kominami, E.; Ohsumi, M.; et al. A ubiquitin-like system mediates protein lipidation. 

Nature 2000, 408, 488–492. 

36. Komatsu, M.; Tanida, I.; Ueno, T.; Ohsumi, M.; Ohsumi, Y.; Kominami, E. The C-terminal 

region of an Apg7p/Cvt2p is required for homodimerization and is essential for its E1 activity 

and E1-E2 complex formation. J. Biol. Chem. 2001, 276, 9846–9854. 

37. Tanida, I.; Mizushima, N.; Kiyooka, M.; Ohsumi, M.; Ueno, T.; Ohsumi, Y.; Kominami, E. 

Apg7p/Cvt2p: A novel protein-activating enzyme essential for autophagy. Mol. Biol. Cell 1999, 

10, 1367–1379. 

38. Tanida, I.; Tanida-Miyake, E.; Ueno, T.; Kominami, E. The human homolog of Saccharomyces 

cerevisiae Apg7p is a Protein-activating enzyme for multiple substrates including human 

Apg12p, GATE-16, GABARAP, and MAP-LC3. J. Biol. Chem. 2001, 276, 1701–1706. 

39. Hanada, T.; Noda, N.N.; Satomi, Y.; Ichimura, Y.; Fujioka, Y.; Takao, T.; Inagaki, F.; Ohsumi, 

Y. The Atg12-Atg5 conjugate has a novel E3-like activity for protein lipidation in autophagy.  

J. Biol. Chem. 2007, 282, 37298–37302. 

40. Hemelaar, J.; Lelyveld, V.S.; Kessler, B.M.; Ploegh, H.L. A single protease, Apg4B, is specific 

for the autophagy-related ubiquitin-like proteins GATE-16, MAP1-LC3, GABARAP, and 

Apg8L. J. Biol. Chem. 2003, 278, 51841–51850. 

41. Kirisako, T.; Ichimura, Y.; Okada, H.; Kabeya, Y.; Mizushima, N.; Yoshimori, T.; Ohsumi, M.; 

Takao, T.; Noda, T.; Ohsumi, Y. The reversible modification regulates the membrane-binding 

state of Apg8/Aut7 essential for autophagy and the cytoplasm to vacuole targeting pathway. 

J. Cell Biol. 2000, 151, 263–276. 

42. Hong, S.B.; Kim, B.W.; Lee, K.E.; Kim, S.W.; Jeon, H.; Kim, J.; Song, H.K. Insights into 

noncanonical E1 enzyme activation from the structure of autophagic E1 Atg7 with Atg8. 

Nat. Struct. Mo. Biol. 2011, 18, 1323–1330. 

43. Kim, J.; Huang, W.P.; Klionsky, D.J. Membrane recruitment of Aut7p in the autophagy and 

cytoplasm to vacuole targeting pathways requires Aut1p, Aut2p, and the autophagy conjugation 

complex. J. Cell Biol. 2001, 152, 51–64. 

44. Chen, D.; Fan, W.; Lu, Y.; Ding, X.; Chen, S.; Zhong, Q. A mammalian autophagosome 

maturation mechanism mediated by TECPR1 and the Atg12-Atg5 conjugate. Mol. Cell 2012, 45, 

629–641. 

45. Tsuchihara, K.; Fujii, S.; Esumi, H. Autophagy and cancer: Dynamism of the metabolism of 

tumor cells and tissues. Cancer Lett. 2009, 278, 130–138. 

46. Kang, R.; Livesey, K.M.; Zeh, H.J.; Loze, M.T.; Tang, D. HMGB1: A novel Beclin 1-binding 

protein active in autophagy. Autophagy 2010, 6, 1209–1211. 

47. Entezari, M.; Weiss, D.J.; Sitapara, R.; Whittaker, L.; Wargo, M.J.; Li, J.; Wang, H.; Yang, H.; 

Sharma, L.; Phan, B.D.; et al. Inhibition of HMGB1 Enhances Bacterial Clearance and Protects 

against P. aeruginosa Pneumonia in Cystic Fibrosis. Mol. Med. 2012, 18, 477–485. 



Cells 2012, 1  

 

572

48. Lin, X.; Yang, H.; Sakuragi, T.; Hu, M.; Mantell, L.L.; Hayashi, S.; Al-Abed, Y.; Tracey, K.J.; 

Ulloa, L.; Miller, E.J. Alpha-chemokine receptor blockade reduces high mobility group box 1 

protein-induced lung inflammation and injury and improves survival in sepsis. Am. J. Physiol. 

Lung Cell. Mol. Physiol. 2005, 289, L583–L590. 

49. Mantell, L.L.; Parrish, W.R.; Ulloa, L. Hmgb-1 as a therapeutic target for infectious and 

inflammatory disorders. Shock 2006, 25, 4–11. 

50. Scherz-Shouval, R.; Weidberg, H.; Gonen, C.; Wilder, S.; Elazar, Z.; Oren, M. p53-dependent 

regulation of autophagy protein LC3 supports cancer cell survival under prolonged starvation. 

Proc. Natl. Acad. Sci. USA 2010, 107, 18511–18516. 

51. Livesey, K.M.; Kang, R.; Vernon, P.; Buchser, W.; Loughran, P.; Watkins, S.C.; Zhang, L.; 

Manfredi, J.J.; Zeh, H.J., 3rd; Li, L.; et al. p53/HMGB1 complexes regulate autophagy and 

apoptosis. Cancer Res. 2012, 72, 1996–2005. 

52. Liu, J.; Xia, H.; Kim, M.; Xu, L.; Li, Y.; Zhang, L.; Cai, Y.; Norberg, H.V.; Zhang, T.; Furuya, 

T.; et al. Beclin1 controls the levels of p53 by regulating the deubiquitination activity of USP10 

and USP13. Cell 2011, 147, 223–234. 

53. Gao, D.; Inuzuka, H.; Tan, M.K.; Fukushima, H.; Locasale, J.W.; Liu, P.; Wan, L.; Zhai, B.; 

Chin, Y.R.; Shaik, S.; et al. mTOR drives its own activation via SCF(betaTrCP)-dependent 

degradation of the mTOR inhibitor DEPTOR. Mol. Cell 2011, 44, 290–303. 

54. Gubler, D.J.; Nalim, S.; Tan, R.; Saipan, H.; Sulianti Saroso, J. Variation in susceptibility to oral 

infection with dengue viruses among geographic strains of Aedes aegypti. Am. J. Trop. Med. 

Hyg. 1979, 28, 1045–1052. 

55. White, E.; DiPaola, R.S. The double-edged sword of autophagy modulation in cancer. 

Clin. Cancer Res. 2009, 15, 5308–5316. 

56. Morselli, E.; Galluzzi, L.; Kepp, O.; Vicencio, J.M.; Criollo, A.; Maiuri, M.C.; Kroemer, G.  

Anti- and pro-tumor functions of autophagy. Biochim. Biophys. Acta Mol. Cell Res. 2009, 1793,  

1524–1532. 

57. Mathew, R.; White, E. Autophagy in tumorigenesis and energy metabolism: Friend by day, foe 

by night. Curr. Opin. Genet. Dev. 2011, 21, 113–119. 

58. Rabinowitz, J.D.; White, E. Autophagy and metabolism. Science 2010, 330, 1344–1348. 

59. Lebovitz, C.B.; Bortnik, S.B.; Gorski, S.M. Here, there be dragons: Charting autophagy-related 

alterations in human tumors. Clin. Cancer Res. 2012, 18, 1214–1226. 

60. Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y.; Stommel, 

J.M.; Dell'antonio, G.; et al. Pancreatic cancers require autophagy for tumor growth. Gene Dev. 

2011, 25, 717–729. 

61. Moreau, K.; Luo, S.; Rubinsztein, D.C. Cytoprotective roles for autophagy. Curr. Opin. Cell 

Biol. 2010, 22, 206–211. 

62. Sandilands, E.; Serrels, B.; McEwan, D.G.; Morton, J.P.; Macagno, J.P.; McLeod, K.; Stevens, 

C.; Brunton, V.G.; Langdon, W.Y.; Vidal, M.; et al. Autophagic targeting of Src promotes cancer 

cell survival following reduced FAK signalling. Nat. Cell Biol. 2012, 14, 51–60. 

63. Rubinstein, A.D.; Eisenstein, M.; Ber, Y.; Bialik, S.; Kimchi, A. The autophagy protein Atg12 

associates with antiapoptotic Bcl-2 family members to promote mitochondrial apoptosis. 

Mol. Cell 2011, 44, 698–709. 



Cells 2012, 1  

 

573

64. Egan, D.F.; Shackelford, D.B.; Mihaylova, M.M.; Gelino, S.; Kohnz, R.A.; Mair, W.; Vasquez, 

D.S.; Joshi, A.; Gwinn, D.M.; Taylor, R.; et al. Phosphorylation of ULK1 (hATG1) by AMP-

activated protein kinase connects energy sensing to mitophagy. Science 2011, 331, 456–461. 

65. Castillo, K.; Rojas-Rivera, D.; Lisbona, F.; Caballero, B.; Nassif, M.; Court, F.A.; Schuck, S.; 

Ibar, C.; Walter, P.; Sierralta, J.; et al. BAX inhibitor-1 regulates autophagy by controlling the 

IRE1alpha branch of the unfolded protein response. EMBO J. 2011, 30, 4465–4478. 

66. Guo, J.Y.; Chen, H.Y.; Mathew, R.; Fan, J.; Strohecker, A.M.; Karsli-Uzunbas, G.; Kamphorst, 

J.J.; Chen, G.; Lemons, J.M.; Karantza, V.; et al. Activated Ras requires autophagy to maintain 

oxidative metabolism and tumorigenesis. Gene Dev. 2011, 25, 460–470. 

67. Kang, R.; Loux, T.; Tang, D.; Schapiro, N.E.; Vernon, P.; Livesey, K.M.; Krasinskas, A.;  

Lotze, M.T.; Zeh, H.J., 3rd. The expression of the receptor for advanced glycation endproducts 

(RAGE) is permissive for early pancreatic neoplasia. Proc. Natl. Acad. Sci. USA 2012, 

doi:10.1073/pnas.1113865109. 

68. Kang, R.; Tang, D.; Schapiro, N.E.; Livesey, K.M.; Farkas, A.; Loughran, P.; Bierhaus, A.; 

Lotze, M.T.; Zeh, H.J. The receptor for advanced glycation end products (RAGE) sustains 

autophagy and limits apoptosis, promoting pancreatic tumor cell survival. Cell Death Differ. 

2009, 17, 666–676. 

69. Yang, Z.J.; Chee, C.E.; Huang, S.; Sinicrope, F.A. The role of autophagy in cancer: Therapeutic 

implications. Mol. Canc. Therapeut. 2011, 10, 1533–1541. 

70. Gammoh, N.; Lam, D.; Puente, C.; Ganley, I.; Marks, P.A.; Jiang, X. Role of autophagy in 

histone deacetylase inhibitor-induced apoptotic and nonapoptotic cell death. Proc. Natl. Acad. 

Sci. USA 2012, 109, 6561–6565. 

71. Janku, F.; McConkey, D.J.; Hong, D.S.; Kurzrock, R. Autophagy as a target for anticancer 

therapy. Nat. Rev. Clin. Oncol. 2011, 8, 528–539. 

72. Amaravadi, R.K.; Lippincott-Schwartz, J.; Yin, X.M.; Weiss, W.A.; Takebe, N.; Timmer, W.; 

DiPaola, R.S.; Lotze, M.T.; White, E. Principles and current strategies for targeting autophagy 

for cancer treatment. Clin. Cancer Res. 2011, 17, 654–666. 

73. Liang, X.; de Vera, M.E.; Buchser, W.J.; Romo de Vivar Chavez, A.; Loughran, P.; Beer-Stolz, 

D.; Basse, P.; Wang, T.; van Houten, B.; Zeh, H.J.; et al. Inhibiting systemic autophagy during 

interleukin 2 immunotherapy promotes long term tumor regression. Cancer Res. 2012, 72, 2791. 

74. Gump, J.M.; Thorburn, A. Autophagy and apoptosis: What is the connection? Trends Cell Biol. 

2011, 21, 387–392. 

75. Karantza-Wadsworth, V.; Patel, S.; Kravchuk, O.; Chen, G.; Mathew, R.; Jin, S.; White, E. 

Autophagy mitigates metabolic stress and genome damage in mammary tumorigenesis. Gene 

Dev. 2007, 21, 1621–1635. 

76. Mathew, R.; Karp, C.M.; Beaudoin, B.; Vuong, N.; Chen, G.; Chen, H.Y.; Bray, K.; Reddy, A.; 

Bhanot, G.; Gelinas, C.; et al. Autophagy suppresses tumorigenesis through elimination of p62. 

Cell 2009, 137, 1062–1075. 

77. Moscat, J.; Diaz-Meco, M.T. Feedback on fat: p62-mTORC1-autophagy connections. Cell 2011, 

147, 724–727. 

78. Maiuri, M.C.; Zalckvar, E.; Kimchi, A.; Kroemer, G. Self-eating and self-killing: Crosstalk 

between autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 2007, 8, 741–752. 



Cells 2012, 1  

 

574

79. Eisenberg-Lerner, A.; Bialik, S.; Simon, H.U.; Kimchi, A. Life and death partners: Apoptosis, 

autophagy and the cross-talk between them. Cell Death Differ. 2009, 16, 966–975. 

80. Saiki, S.; Sasazawa, Y.; Imamichi, Y.; Kawajiri, S.; Fujimaki, T.; Tanida, I.; Kobayashi, H.;  

Sato, F.; Sato, S.; Ishikawa, K.-I.; et al. Caffeine induces apoptosis by enhancement of autophagy 

via PI3K/Akt/mTOR/p70S6K inhibition. Autophagy 2011, 7, 176–187. 

81. Eom, J.M.; Seo, M.J.; Baek, J.Y.; Chu, H.; Han, S.H.; Min, T.S.; Cho, C.S.; Yun, C.H.  

Alpha-eleostearic acid induces autophagy-dependent cell death through targeting AKT/mTOR 

and ERK1/2 signal together with the generation of reactive oxygen species. Biochem. Biophys. 

Res. Comm. 2010, 391, 903–908. 

82. Wang, Q.; Chen, Z.; Diao, X.; Huang, S. Induction of autophagy-dependent apoptosis by the 

survivin suppressant YM155 in prostate cancer cells. Cancer Lett. 2011, 302, 29–36. 

83. Baehrecke, E.H. Autophagy: Dual roles in life and death? Nat. Rev. Mol. Cell Biol. 2005, 6,  

505–510. 

84. Elgendy, M.; Sheridan, C.; Brumatti, G.; Martin, S.J. Oncogenic Ras-induced expression of Noxa 

and Beclin-1 promotes autophagic cell death and limits clonogenic survival. Mol. Cell 2011, 42, 

23–35. 

85. Hatchi, E.; Rodier, G.; Sardet, C.; Le Cam, L. E4F1 dysfunction results in autophagic cell death 

in myeloid leukemic cells. Autophagy 2011, 7, 1566–1567. 

86. Zhao, Y.; Yang, J.; Liao, W.; Liu, X.; Zhang, H.; Wang, S.; Wang, D.; Feng, J.; Yu, L.; Zhu, 

W.G. Cytosolic FoxO1 is essential for the induction of autophagy and tumour suppressor 

activity. Nat. Cell Biol. 2010, 12, 665–675. 

87. True, O.; Matthias, P. Interplay between histone deacetylases and autophagy—From cancer 

therapy to neurodegeneration. Immunol. Cell Biol. 2012, 90, 78–84. 

88. Wu, M.Y.; Fu, J.; Xu, J.; O'Malley, B.W.; Wu, R.C. Steroid receptor coactivator 3 regulates 

autophagy in breast cancer cells through macrophage migration inhibitory factor. Cell Res. 2012, 

22, 1003–1021. 

89. Shen, H.M.; Codogno, P. Autophagic cell death: Loch Ness monster or endangered species? 

Autophagy 2011, 7, 457–465. 

90. Shen, S.; Kepp, O.; Kroemer, G. The end of autophagic cell death? Autophagy 2012, 8, 1–3. 

91. Moretti, L.; Yang, E.S.; Kim, K.W.; Lu, B. Autophagy signaling in cancer and its potential as 

novel target to improve anticancer therapy. Drug Resist. Updat. 2007, 10, 135–143. 

92. Kim, K.W.; Hwang, M.; Moretti, L.; Jaboin, J.J.; Cha, Y.I.; Lu, B. Autophagy upregulation by 

inhibitors of caspase-3 and mTOR enhances radiotherapy in a mouse model of lung cancer. 

Autophagy 2008, 4, 659–668. 

93. Chen, N.; Karantza-Wadsworth, V. Role and regulation of autophagy in cancer. 

Biochim. Biophys. Acta. 2009, 1793, 1516–1523. 

94. Jung, C.H.; Ro, S.H.; Cao, J.; Otto, N.M.; Kim, D.H. mTOR regulation of autophagy. FEBS Lett. 

2010, 584, 1287–1295. 

95. Meric-Bernstam, F.; Gonzalez-Angulo, A.M. Targeting the mTOR signaling network for cancer 

therapy. J. Clin. Oncol. 2009, 27, 2278–2287. 



Cells 2012, 1  

 

575

96. Eum, K.H.; Lee, M. Targeting the autophagy pathway using ectopic expression of Beclin 1 in 

combination with rapamycin in drug-resistant v-Ha-ras-transformed NIH 3T3 cells. Mol. Cell. 

2011, 31, 231–238. 

97. Mazzanti, R.; Platini, F.; Bottini, C.; Fantappie, O.; Solazzo, M.; Tessitore, L. Down-regulation 

of the HGF/MET autocrine loop induced by celecoxib and mediated by P-gp in MDR-positive 

human hepatocellular carcinoma cell line. Biochem. Pharmacol. 2009, 78, 21–32. 

98. Ajabnoor, G.M.; Crook, T.; Coley, H.M. Paclitaxel resistance is associated with switch from 

apoptotic to autophagic cell death in MCF-7 breast cancer cells. Cell Death Dis. 2012, 3, 1–9. 

99. Shen, D.W.; Akiyama, S.; Schoenlein, P.; Pastan, I.; Gottesman, M.M. Characterisation of high-

level cisplatin-resistant cell lines established from a human hepatomacell line and human KB 

adenocarcinomacells: Cross-resistance and protein changes. Br. J. Canc. 1995, 71, 676–683. 

100. Gibalova, L.; Seres, M.; Rusnak, A.; Ditte, P.; Labudova, M.; Uhrik, B.; Pastorek, J.; Sedlak, J.; 

Breier, A.; Sulova, Z. P-glycoprotein depresses cisplatin sensitivity in L1210 cells by inhibiting 

cisplatin-induced caspase-3 activation. Toxicol. Vitro 2012, 26, 435–444. 

101. Sirichanchuen, B.; Pengsuparp, T.; Chanvorachote, P. Long-term cisplatin exposure impairs 

autophagy and causes cisplatin resistance in human lung cancer cells. Mol. Cell. Biochem. 2012, 

364, 11–18. 

102. Ahn, J.H.; Lee, M. Suppression of autophagy sensitizes multidrug resistant cells towards Src 

tyrosine kinase specific inhibitor PP2. Cancer Lett. 2011, 310, 188–197. 

103. Li, J.; Hou, N.; Faried, A.; Tsutsumi, S.; Kuwano, H. Inhibition of autophagy augments 5-

fluorouracil chemotherapy in human colon cancer in vitro and in vivo model. Eur. J. Cancer 

2010, 46, 1900–1909. 

104. Li, J.; Hou, N.; Faried, A.; Tsutsumi, S.; Takeuchi, T.; Kuwano, H. Inhibition of autophagy by  

3-MA enhances the effect of 5-FU-induced apoptosis in colon cancer cells. Ann. Surg. Oncol. 

2009, 16, 761–771. 

105. Sasaki, K.; Tsuno, N.H.; Sunami, E.; Tsurita, G.; Kawai, K.; Okaji, Y.; Nishikawa, T.; Shuno, 

Y.; Hongo, K.; Hiyoshi, M.; et al. Chloroquine potentiates the anti-cancer effect of 5-fluorouracil 

on colon cancer cells. BMC Cancer 2010, 10, 370. 

106. Sasaki, K.; Tsuno, N.H.; Sunami, E.; Kawai, K.; Hongo, K.; Hiyoshi, M.; Kaneko, M.; Murono, 

K.; Tada, N.; Nirei, T.; et al. Resistance of colon cancer to 5-fluorouracil may be overcome by 

combination with chloroquine, an in vivo study. Anti Canc. Drugs. 2012, 23, 675–682. 

107. Kong, D.; Ma, S.; Liang, B.; Yi, H.; Zhao, Y.; Xin, R.; Cui, L.; Jia, L.; Liu, X.; Liu, X. The 

different regulatory effects of p53 status on multidrug resistance are determined by autophagy in 

ovarian cancer cells. Biomed. Pharmacother. 2012, 66, 271–278. 

108. Rubinsztein, D.C.; Gestwicki, J.E.; Murphy, L.O.; Klionsky, D.J. Potential therapeutic 

applications of autophagy. Nat. Rev. Drug Discov. 2007, 6, 304–312. 

 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


