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Abstract

Autophagy is a lysosomal-dependent degradation process that is highly conserved and maintains 

cellular homeostasis by sequestering cytosolic material for degradation either non-specifically by 

non-selective autophagy, or targeting specific proteins aggregates by selective autophagy. 

Autophagy serves as a protective mechanism defending the cell from stressors and also plays an 

important role in enabling tumor cells to overcome harsh conditions arising in their 

microenvironment during growth as well as oxidative and non-oxidative injuries secondary to 

therapeutic stressors. Recently, autophagy has been implicated to cause tumor resistance to anti-

angiogenic therapy, joining an existing literature implicating autophagy in cancer resistance to 

conventional DNA damaging chemotherapy and ionizing radiation. In this review, we discuss the 

role of angiogenesis in malignancy, mechanisms of resistance to anti-angiogenic therapy in 

general, the role of autophagy in driving malignancy, and the current literature in autophagy-

mediated anti-angiogenic therapy resistance. Finally, we provide future insight into the current 

challenges of using autophagy inhibitors in the clinic and provides tips for future studies to focus 

on to effectively target autophagy in overcoming resistance to anti-angiogenic therapy.
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1. An introduction to angiogenesis in malignancy

In embryogenesis, wound repair and tumor growth there is a need to supply nutrients to 

growing tissue [1,2]. However, when tissues are stable and homeostasis has been achieved, it 

is only necessary to maintain existing vascular supply. Therefore, the process of 

angiogenesis, the development of new blood vasculature, is carefully regulated so that the 

generation of new vessels is matched with the tissue’s need for more nutrients. These 

mechanisms can become activated in the context of an expanding neoplasm which requires 

additional vascular supply to proliferate. If cancer is unable to induce angiogenesis then the 

lesion will grow increasingly hypoxic and subsequent necrosis and/or apoptosis may ensue. 

Therefore, upregulating angiogenesis is considered one of the hallmarks of malignancy [3].

At homeostasis, there is a balance of pro-angiogenic and anti-angiogenic factors present in 

the extra-cellular space [2]. Endothelial cells are quite stable, dividing once every 1000 days, 

and therefore do not require quick turnover. However, hypoxic stress can shift the balance to 

favor pro-angiogenic factors and increase vascular supply. In cancer this process has been 

especially well studied and a malignant angiogenic cascade has been documented [1]. First, 

tumor cells secrete paracrine factors that act on local stromal cells to transform them into 

cancer-associated fibroblasts (CAFs). CAFs then serve a principle role in preparing the local 

milieu for cancerous growth. CAFs are primarily responsible for breaking down the local 

extra-cellular matrix (ECM), via metalloproteases; recruiting inflammatory cells, via 

interleukins; and producing new structural molecules such as fibronectin, laminin and 

hyaluronate. This produces an environment rich with inflammatory activity and rapid 

turnover of the ECM. Due to the breakdown of the local stroma, it is possible for budding 

vessels to push out of pre-established vasculature and perfuse the growing tumor [4]. This 

budding is largely orchestrated by integrins, which act as anchor points and provide 

directionality in the context of ECM turnover [5]. All integrins are heterodimers of alpha/

beta moieties; and β1, αv, and β8 (present in forming brain blood vessels) have been 

specifically implicated in tumor angiogenesis [5]. Physiologically, vascular endothelial 

growth factor (VEGF) is the most important secreted angiogenic factor and this importance 

carries over to most tumor angiogenesis as well. Many tumors secrete high levels of VEGF 

to create an angiogenic diffusion gradient. Therefore, the more penetrable ECM established 

by CAFs and the VEGF gradient produced by tumors are the perfect setup from new vessel 

budding [4]. As will be discussed below, angiogenesis in tumors is often quite different than 

healthy tissue. Leaky and atypically branching vessels are a hallmark of malignant 

angiogenesis and is a reflection that this process is altogether different than what is seen in 

healthy circumstances.

1.1. Sensing hypoxia and initiating vessel growth

All eukaryotic cells rely on oxygen, and, while cancer cells are more adaptive to low oxygen 

levels than normal cells, they still need some oxygen to survive. Tumors are able to sense 

oxygen levels with prolyl hydroxylases and, in times of oxygen abundance, prevent new 

vessel formation [1]. However, if tumor cells are exposed to hypoxic conditions, then the 

activity of the Hypoxia-inducible factors (HIF) work to increase local oxygen concentrations 

[6,7]. As a transcription factor, HIF can translocate to the nucleus and induce transcription of 
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adaptive proteins. HIF activity results in the transcription of proteins that increase local 

oxygen supply: Some of these, like nitric oxide synthase, are very fast acting and dilate 

preexisting vasculature to immediately achieve more diffusion. However, HIF transcription 

factors also increase the amount of VEGF and related proteins, which serve as triggers for 

angiogenesis. The two major HIF molecules, HIF1α and HIF2α, work in concert to help 

cancer overcome hypoxia [8]. HIF2α acts to reduce beta-oxidation of fatty acids and 

increase the production of enzymes capable of dealing with free radicals. HIF1α increases 

the rate of glycolysis, diverts glycolytic metabolites away from oxidative metabolism, and 

increase new vessel formation. In times of prolonged hypoxia, angiogenesis is initiated to 

create a more permanent solution of hypoxia [6]. Although numerous proteins are 

responsible for angiogenesis, most namely VEGF, HIF is the master regulator of 

angiogenesis [6].

Blood vessels produced in cancer are not like those produced in healthy tissue [9]. 

Malignant tumor-induced angiogenesis is defined by the production of leaky and atypically 

branching vasculature. Therefore, even when angiogenesis is heavily upregulated, large 

tumors may have pockets of relative hypoperfusion. This is a notable consideration when 

administering chemotherapy, which requires perfusion for drug delivery; or designing 

radiation therapy, which requires oxygen for free radical formation [10]. Although 

upregulated HIF is a sign of hypoxia, which would seem to be associated with poor tumor 

conditions, it is paradoxically associated with treatment resistant tumors due to impaired 

therapy delivery.

A number of interesting studies have investigated why tumors develop such atypical 

vasculature. As with wound healing, tumor angiogenesis appears to be predominately driven 

by VEGF signaling [9]. It is hypothesized that unabated angiogenic signaling is partially to 

blame for the unusual vessels in cancer. Specifically, whereas wounds eventually resolve, 

tumors secrete vascular growth signals for extensive periods of time. Indeed, secretion of 

pro-angiogenic factors is a hallmark of malignancy and excessive signaling continues even 

in times of relatively normal perfusion in the tumor [11]. It is also expected that tumors will 

not express the full spectrum of VEGF subgroups, which are likely responsible for helping 

vessels mature normally [11]. Additionally, normal angiogenesis requires participation from 

vessel supporting cells such as pericytes [4]. These cells are dormant, unless acted on by 

appropriate growth signals, principally platelet-derived growth factor (PDGF). Many cancers 

do not express these additional angiogenic factors and new blood vessels do not receive 

developmental support from mural cells. Lastly, upregulation in angiogenic factors is 

relatively unrefined in cancer, when compared to embryogenesis or wound healing. In 

physiologic conditions, a concentration gradient of vascular factors is established and later 

refined to lead budding blood vessels to proper maturity [12]. In summary, the cause of 

atypical vasculature likely stems from the fact that tumors secrete homogenous amounts of 

angiogenic signals and are unable to titrate their secretion to the stages of vessel 

development.
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2. Treating cancer by inhibiting angiogenesis

The principle of inhibiting angiogenesis to combat cancer is intuitive: Cancer growth can be 

stopped by starving a tumor of nutrients. The first application of this approach came from 

the release of bevacizumab (Avastin) in 2004 – a monoclonal antibody directed against all 

isoforms of VEGF-A [13]. This drug was shown to have therapeutic effects in a number of 

different cancers and sparked enthusiasm in this avenue of therapy. Independent clinical 

trials have validated the role of this drug in colorectal, breast, kidney and ovarian cancer. In 

2009, bevacizumab gained accelerated approval for second-line treatment of glioblastoma, 

but clinical enthusiasm for bevacizumab in glioblastoma has waned due to poor tumor 

response and application to glioblastoma (GBM) is reserved for recurrent disease [13]. In 

short, responses to bevacizumab have been varied, but this drug has shown that, for some 

cancers, anti-angiogenesis could have therapeutic potential.

Enthusiasm for bevacizumab stems from a number of clinical trials. For patients with 

metastatic (mCRC) colorectal cancer a combination of bevacizumab, irinotecan, 

fluorouracil, and leucovorin fared better than irinotecan, fluorouracil, and leucovorin alone 

[14]. Patients additionally treated with bevacizumab for mCRC had a hazard ratio for death 

of 0.66 (P < 0.001) and 10.2 months median survival (vs. 6.1 months). Similar results were 

seen in metastatic renal cell carcinoma (mRCC) [15]. When bevacizumab was added to 

interferon alpha, as opposed to interferon alpha alone, the hazard ratio for death for death 

was 0.63 (p < 0.001) and patients lived a median 5.2 months longer. For patients that 

experienced recurrent cervical cancer (despite being treated with chemotherapy initially), 

bevacizumab boasted a 0.71 hazard ratio for death, and median 3.7 months of addition 

survival (p = 0.004) when added to combination non-platinum chemotherapy [16]. Lastly, a 

number of promising results have been seen in ovarian cancer. The overall response depends 

on cancer subtype and sensitivity to other chemotherapies. Burger et al. showed that a death 

hazard ratio of 0.71 (p < 0.001) for initial treatment of ovarian cancer with bevacizumab and 

had a relatively favorable side-effect profile [17].

Following the success of bevacizumab, there was interest in targeting other aspects of the 

VEGF angiogenic cascade. A number of tyrosine kinase inhibitors (TKIs) have been 

developed that (nonspecifically) target the VEGF receptor (VEGFR). Instead of removing 

VEGF from the local tumor milieu, these agents seek to abrogate the downstream reaction of 

VEGF/VEGFR signaling [18,19] and, in doing so, these agents appear to be mechanistically 

effective at reducing angiogenesis. The targeting of TKIs by these agents lacks specificity 

which, although potentially enabling them to broaden their anti-cancer effects, can also 

create greater toxicity and off-target effects.

3. Resistance to anti-angiogenic agents

Despite the successes described above, anti-angiogenic therapy for cancer has encountered a 

number of failures as well. Despite receiving accelerated Food and Drug Administration 

(FDA) approval for GBM treatment in 2009 on the basis of non-randomized trials in which 

it was used as monotherapy, randomized trials revealed no impact of bevacizumab on GBM 

patient survival at recurrence [20] and at diagnosis [21]. Moreover, due to failure to prolong 
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overall survival secondary to a transient therapeutic response, bevacizumab approval was 

revoked by the FDA for treatment of metastatic breast cancer in 2010 within 2 years of its 

approval [22]. Tumors have been found to evolve several adaptive responses to overcome the 

microenvironmental stressors caused by anti-angiogenic therapy (Fig. 1). It is worth noting 

that some tumors exhibit intrinsic, primary, resistance to anti-angiogenic therapy [23]. 

Intrinsic resistance is peculiar and likely is present in tumors that:1) have not begun 

upregulating vascular growth factors, 2) are utilizing vascular growth factors that are not 

targeted by therapy, or 3) are invading along pre-existing vascular tracks and do not need to 

produce more vessels [23–25].

3.1. Alternative angiogenic pathways

Even for tumors that do initially respond to anti-angiogenic therapy, many will develop 

resistance over time. The methods of acquired, secondary resistance are varied, but all 

culminate in treatment failure. The first, and most intuitive, method of overcoming 

angiogenesis inhibition is upregulation of alternative VEGF-independent angiogenic 

pathways [26,27]. Because VEGF had been considered to be essential for angiogenesis, it 

was initially considered surprising that tumors were able to promote angiogenesis without 

availability of VEGF. Ang2, Bv8, FGF, Il-8, Ephrin, PIGF, and Il-1, to name a few, are some 

of the molecules associated with these alternative VEGF-independent angiogenic pathways 

[28]. One of the notable pathways is the Ang/Tie system. When angiogenesis is not 

indicated, Ang1 binds to Tie2 to promote vascular stability and maturation [29]. However, 

Ang2 acts as an antagonist to Ang1, and therefore prevents vessel stabilization. Many VEGF 

resistant tumors have been shown to express high levels of Ang2, which is thought to 

contribute to vessel expansion [28,30]. Curiously, some pro-angiogenic forces do not stem 

directly from cancer cells but instead arise from stromal cells in the tumor 

microenvironment. Due to the pro-inflammatory state present in cancer, there is a wealth of 

immune cells. Treatment with VEGF-targeted anti-angiogenic agents has been shown to 

induce immune cell recruitment, and this enrichment is thought to be a component of 

resistance to VEGF-targeted therapies [31]. Tumor associated neutrophils (TANs) have been 

shown to produce high quantities of Bv8, a molecule that activates the MAPK/ERK pathway 

and promotes new vessel formation [32]. Therefore, the inflammatory milieu around tumors 

is capable of driving VEGF-independent alternative angiogenic pathways and the 

recruitment of these inflammatory cells to tumors during anti-angiogenic therapy resistance 

is a mechanism of therapeutic resistance. Lastly, TGF-β, a molecule that has numerous pro-

tumoral effects, can also influence angiogenesis [33]. It appears that TGF-β, when 

interacting with the Neuropilin-1 (nrp-1) receptor inhibits angiogenesis from surrounding 

endothelium [34]. However, when this receptor is downregulated, as is seen in bevacizumab 

treated tumors, the endothelium can proliferate to produce new vessels. As these alternative 

angiogenesis factors have been discovered, specific therapies have been developed to halt the 

effects of these molecules. Already there have been some promising studies targeting these 

molecules to potentially restore the therapeutic effect of bevacizumab [35–37], but such an 

approach may be impractical unless one or two crucial alternative pathways are identified 

whose targeting alongside VEGF leaves tumor cells with the availability of only minimally 

effective angiogenic pathways.
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3.2. Increased pericyte coverage

The principle mural cell supporting blood vessels are pericytes. These cells are intimately 

entwined with endothelial cells and provide stability to growing as well as mature vessels 

[38,39]. It is believed that pericytes can lead advancing blood vessels and serve as a scaffold 

for further angiogenesis. Some VEGF resistant tumors have been found to be rich with 

pericytes and these cells appear to be correlated to anti-angiogenic resistance [38,39]. The 

abundance of pericytes could be due to 1) pericytes directly leading to the maturation of 

blood vessels without VEGF stimulation, or 2) due to the fact that pericytes have been 

shown to secrete VEGF themselves and therefore provide the missing angiogenic signal 

[38]. In short, even though bevacizumab can reduce the local levels of VEGF, the intimate 

secretion of VEGF by pericytes may not be affected by this agent. However, the extension of 

pericytes is itself guided by factors in the tumor milieu. PDGF is thought be a principle 

molecule in promoting pericyte extension and combined PDGF/VEGF has potential to stop 

this process [40–42]. Therefore, increased pericyte coverage and EPC recruitment are 

thought to be orchestrated via PDGF secretion and a common PDGF/VEGF therapy may 

abrogate both of these processes.

3.3. Vascular co-option and perivascular invasion

Early in tumorigenesis, the direct hijacking of blood vessels, termed vascular co-option, is a 

viable method of acquiring a blood supply [43]. This method of obtaining nutrients can be 

initiated by primary malignancies or metastases, but usually becomes insufficient as tumors 

become more massive. As mentioned above, some tumors have an inherent propensity to 

invade along vascular tracts and are therefore innately resistant to VEGF [24]. However, 

invasion can also be a form of adaptive resistance – some tumors change their invasiveness 

to overcome the pressure of VEGF. If tumors cells are always in close proximity to a 

vascular supply, nutrients can always diffuse into them and there is no need to construct new 

vessels. This was first demonstrated in a mouse model, where mice treated with anti-VEGF 

monoclonal antibodies developed tumors that preferentially invaded alongside pre-existing 

vasculature [44]. This finding has been validated in other studies, and now the mechanism of 

this resistance is being investigated [45]. Current theories posit that c-Met and/or integrins 

are responsible for VEGF-resistant-cancer invasion.

4. The autophagy pathway

Autophagy is a highly conserved biological process that allows cells to recycle unneeded or 

dysfunctional cytosolic elements [46]. This self-catabolic process is highly regulated and is 

adept at degrading specific intracellular targets. There are three defined types of autophagy: 

macro-autophagy, micro-autophagy, and chaperone-mediated autophagy (CMA), all of 

which promote proteolytic degradation of cytosolic components at the lysosome. Macro-
autophagy delivers cytoplasmic cargo to the lysosome through the intermediary of a double 

membrane-bound vesicle, referred to as an autophagosome, that fuses with a lysosome to 

form an autolysosome [47]. In micro-autophagy, cytosolic components are directly taken up 

by the lysosome itself through invagination of the lysosomal membrane. Both macro-and 

micro-autophagy are able to engulf large structures through both selective and non-selective 

mechanisms. In CMA, targeted proteins are translocated across the lysosomal membrane in 
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a complex with chaperone proteins (such as Hsc-70) that are recognized by the lysosomal 

membrane receptor lysosomal-associated membrane protein 2A (LAMP-2A), resulting in 

their unfolding and degradation [48]. Here, we focus on macro-autophagy, which is more 

implicated in tumor cell survival during therapeutic stressors. Autophagy is a high-regulated 

adaptive process and has multiple stages: induction, phagopore nucleation, expansion, 

maturation and fusion.

The first stage of macro-autophagy is induction, whereby the process of autophagy is 

triggered by cellular stress such as nutrition starvation, oxidative stress, protein aggregation, 

endoplasmic reticulum (ER) stress, and hypoxia/anoxia [46]. The two most characterized 

and most studied nutrient deficiency triggers of autophagy are deprivation of amino acids 

[49] and glucose [50]. Deprivation of amino acids results in the inhibition of mTOR, a 

serine/threonine kinase that serves as the master cell growth regulator, specifically, in 

mTORC1 complex, which plays a central role in autophagy. In high-nutrition states, 

mTORC1 directly binds and phosphorylates autophagy-related protein (Atg) 13 and Unc-51-

like kinase 1 (ULK1) to inactivate the two and put the brakes on autophagy [51]. On the 

contrary, upon starvation, mTORC1 sites on ULK1 are dephosphorylated, allowing ULK1 to 

dissociate from mTORC1 and undergo autophosphorylation. Subsequently, ULK1 

phosphorylates Atg13 and RB1-inducible coiled-coil protein 1 (FIP200) that subsequently 

activates the ULK1 complex [51]. Another important mediator of autophagy which is 

regulated by mTORC1 is transcription factor EB (TFEB), which serves as a master 

transcription factor and controls cellular clearance. This transcription factor is negatively 

regulated by mTORC1 such that it is released in states of starvation. TFEB controls 

autophagy by lysosomal recruitment and activity by directly regulating expression of the 

mTOR-activating Rag GTPase complex component Ras-related GTP-binding protein D 

(RagD), thereby forming a feedback loop for homeostasis of cellular metabolic state [52]. 

Autophagy may also be induced during glucose deprivation, which leads to a declining 

ATP:AMP ratio that is sensed by cell homeostasis regulatory kinase AMPK and serine/

threonine-protein kinase STK11 (LKB1) [50]. Activation of autophagy is mediated by 

LKB1-AMPK-TSC2 axis in which LKB1 via AMPK inhibits mTORC1 directly by 

phosphorylation of Raptor as well as indirectly through activation of TSC2 complex, that 

can interact with other molecules in the autophagy pathway [53]. Alternatively, mTORC1 

complex is bypassed via AMPK-mediated induction of autophagy by direct phosphorylation 

of ULK1, VPS34 and Beclin 1 [54].

These cellular stress signals in turn lead to the recruitment of Atgs, a family of proteins 

essential for formation of the autophagosome, to a specific subcellular site called the 

phagophore assembly site (PAS), that is present on the ER. Specifically, stress signaling 

pathways all converge at the ULK1 complex that comprises of ULK1, ATG13, ATG101 and 

FIP200 [55]. Once this complex is formed, the second stage of autophagy, phagophore 
nucleation, is initiated which is triggered by phosphorylation of components of the class III 

PI3K (PI3KC3) complex I that comprises of class III PI3K, vacuolar protein sorting 34 

(VPS34), Beclin 1, ATG14, activating molecule in Beclin 1-regulated autophagy protein 1 

(AMBRA1) as well as general vesicular transport factor (p115) [46]. This activates local 

phosphatidylinositol-3-phosphate (PI3P) production at the omegasome [56], an ER-
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membrane domain where PAS is localized, following which PI3P recruits 3 P effector 

proteins WD repeat domain phosphoinositide-interacting proteins (WIPI2) and zinc-finger 

FYVE domain-containing protein 1 (DFCP1) to the omegasome by interacting with their PI3 

P-binding domains [57]. At the end of this stage, an isolation membrane is formed.

The third stage, phagophore expansion, is mediated by Ub-like Atg8 family of proteins 

such as microtubule-associated protein light chain 3 (LC3) proteins and γ-aminobutyric acid 

receptor-associated proteins (GABARAPs). Following the processing and activation of the 

nascent Atg8 proteins by Atg4B and Atg7, Atg8 is conjugated to the membrane associated 

phosphatidylethanolamine (PE) by WIPI2 mediated recruitment of Atg12-Atg5-Atg16L1 

complex that propagates the Atg3-mediated conjugation process. Subsequently, this results 

in formation of conjugated, membrane-bound lipidated forms of Atg8s. Conjugated Atg8s 

play two prime roles in autophagy: (1) Attract components of the autophagic machinery that 

contain an LC3-interacting region (LIR) and plays a significant role in mediating selective 

autophagy where it sequesters specifically labelled cargo or protein aggregates into the 

autophagolysosomes via LIR-containing cargo receptors, and (2) It is required for elongation 

and closure of the phagophore membrane. In terms of elongation, the fourth stage of 

autophagy, in addition to Atg9-mediated delivery of lipid bilayers, several organelles such as 

ER, mitochondria, the plasma membrane, Golgi complex and recycling endosomes, donate 

their cellular membranes to the elongating autophagosomal membrane [46,48]. Upon 

completion of elongation, the membrane encapsules the target and the two ends of the 

phagophore fuse together to form a double-layered vesicle called the autophago-some [48].

Following formation, the autophagosome undergoes maturation-the next stage of 

autophagy. During this stage, autophagosome recruits molecules required to be trafficked to 

lysosomes, specifically, kinesin motor proteins and the proteins needed for fusion with the 

lysosome, namely, SNARE complex proteins, comprising of synaptosomal-associated 

protein 29 (SNAP29) and syntaxin 17 on the autophagosome and vesicle associated 

membrane protein 8 (VAMP8), on the lysosome [58,59]. This process is mediated by Atg8s 

as well as Atg14, as suggested by recent evidence [59,60]. Following maturation, the 

autophagosome undergoes fusion with the lysosome to form an autolyso-some. Historically, 

this process was thought to be only mediated by VTIIB, UVRAG, SNARE machinery such 

as VAMP7–9, VAMP8, VAMP9, SNAP 29 and syntaxin 17. However, recent reports have 

also implicated Hippo kinase orthologues serine/threonine-protein kinase 3 (STK3) and 

STK4 [61] and Atg14 in the fusion process, with Atg14 also playing a role in tethering the 

autophagosome to the lysosome to enhance the SNARE-mediated fusion process [58,59]. At 

this stage the targets of the autolysosome are degraded and their components can be recycled 

into other cellular pathways.

Pharmacologic inhibitors of autophagy are often classified based on whether they inhibit 

“early” or “late” autophagy, with early autophagy referring to the activities of Atg proteins 

and signaling complexes necessary for autophagosomal nucleation, elongation, and 

maturation but not fusion with the lysosome and degradation of the cargo and “late” 

autophagy referring to the degradation of the autophagosome and its cargo by the lysosome. 

Table 1 shows a list of autophagy inhibitors identified in preclinical studies that have been 

classified as early or late inhibitors.
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5. Autophagy in malignancy

Various studies [62–65] suggest that autophagy mainly contributes to tumor suppression 

during the early stage of tumorigenesis and tumor promotion during the late stage of 

tumorigenesis. During the tumorization of normal cells, autophagy protects genomic 

stability by slowing cell proliferation enough to allow time for repair of DNA damage, and 

inhibits the formation of a chronic inflammatory microenvironment, thus protecting normal 

cell homeostasis and preventing tumor generation. The first link between autophagy and 

preventing tumor formation was when Beclin-1, a member of the class III PI3K complex, 

was shown to serve as a tumor suppressor gene by promoting autophagy [66].

On the other hand, once tumorigenesis is initiated, autophagy may help maintain tumor cells 

and enable them to thrive. For example, the oncogenic mTOR complex is sensitive to the 

nutritional needs of the cell and as needed will inhibit ULK1, a member of an Atg 

(autophagy gene) protein complex required for phagophore formation [51]. It is worth 

noting that autophagy may progress independently of the previously described pathways and 

thus higher tumor burden caused by tumor suppressor knockouts may not always correlate 

with a reduction in autophagy. Indeed, targeted knockout of core autophagic factors such as 

Atg5 and Atg7 show a distinct phenotype that involves increased accumulation of 

ubiquitinated proteins, but not increased tumor levels [67]. Once tumorigenesis is initiated, 

autophagy protects tumor cells by providing nutritional resources to meet high metabolic 

demand via macromolecule digestion [68] and supporting anoikis resistance and dormancy 

[69]. Tumor suppressors such as LBK1 and PTEN are linked to the mTOR pathway and 

consequently, their dysregulation can cause downstream inhibition of autophagy [70].

In addition to autophagy promoting the survival of tumor cells after tumorigenesis has 

initiated, several microenvironmental stressors sometimes seen during anticancer therapies 

will upregulate autophagy in cancer. Previous research has indicated that increased levels of 

oxidative stress leading to higher concentrations of reactive oxygen species (ROS), which is 

a common hallmark of cancer progression and treatment [71], is seen to positively regulate 

autophagy via redox-dependent and –independent pathways [72]. Autophagy has been 

shown to work in tandem with processes commonly seen in malignant tumors, such as 

apoptosis and necrosis, although the exact nature of how they are coordinated is unclear. 

Multiple proteins such as BCL-2 [73], DRAM1 [74] and PUMA [75] all have been shown to 

have roles in to co-activation of apoptosis and autophagy in cancers. In addition, studies 

have shown that the synchronized absence of both apoptosis and autophagy leads to 

increased tumor growth and necrosis as compared to apoptosis-induced death alone [76]. 

Autophagy activation can also promote tumor growth via silencing of necrosis-induced 

inflammatory responses, with a reciprocal response seen in tumor cells evading a necrotic 

fate by activating the LKB1/AMPK complex, which in turn inhibits mTOR and activates 

downstream autophagic processes [77].

Taken together, autophagy appears to play a role as a protector for either normal or tumor 

cells during the early or late stage of tumorigenesis, respectively. One hypothesis to resolve 

these discordant roles of autophagy is that autophagy always has pro-tumoral consequences, 

they are just more indirect before tumorigenesis has initiated. Specifically, before 
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tumorigenesis has begun, normal cells that have lower autophagy capacity are slowed in 

their growth, while normal cells with higher autophagy capacity find it easier to survive 

internal and external microenvironment stressors and accumulate more mutations to promote 

malignant progression [78].

6. Autophagy as a resistance mechanism to anti-angiogenic therapy

While initial clinical trials showed promise that anti-angiogenic therapies could halt tumor 

progression by targeting atypical vasculature in the tumor, the excitement was tempered by 

failure of angiogenesis inhibitors to produce long-term clinical responses in most patients. 

For instance, in clinical trials for bevacizumab, an anti-VEGF monoclonal antibody, in 

glioblastoma patients, while there was an initial termination in tumor progression, over 50% 

of the tumors progressed with acquiring invasive resistance to anti-angiogenic treatment 

[79], conferring a poor prognosis to these patients [80]. Several other clinical trials and 

reports have shown similar outcomes of either non-responsiveness to anti-angiogenic 

therapies or tumor progression under this therapy in colorectal cancer [81], HER2+ breast 

cancer [82], HER2+ metastatic or locally recurrent breast cancer [83], esophageal cancer 

[84] and hepatocellular carcinoma [85].

As discussed above, while several mechanisms have been implicated in driving anti-

angiogenic resistance in cancer, most of these pathways occur later in tumor evolution. 

However, hypoxic survival (autophagy) is likely to be the first defense mechanism that 

occurs at the cellular level without involving tissue or ECM remodeling and thus is 

important to understand better. Autophagy, a highly conserved and highly regulated adaptive 

process, has both an apoptotic and pro-survival role in cancer and can lead to anti-

angiogenic escape due to its latter role. Anti-angiogenic agents target blood vessel formation 

in tumors that leads to a hypoxic microenvironment, a critical cellular stressor, that is 

detrimental to proliferating cells due to lack of effective blood supply to the tumor. However, 

some tumor cells are able to overcome the harsh microenvironment promoted by anti-

angiogenic therapy and actually thrive and proliferate. Studies in the past decade have 

elucidated two primary mechanisms driving hypoxia-driven autophagy, namely, non-
selective and selective autophagy (Fig. 2), with the former catabolizing cytoplasmic 

components non-selectively and the latter targeting specific protein aggregates designated by 

the cell for destruction [86]. Non-selective autophagy can be further divided into: (1) HIF-
dependent autophagy, induced in hypoxic conditions (3–0.1% O2), is mediated by several 

genes and proteins such as abnormal BH3-only proteins, specifically, the Bcl-2/E1B 19kDa-

interacting protein 3 (BNIP3/BNIP3L (NIX)), sequestosome/p62 [87], DJ-1 [88] and the 

PDGFR protein family [89]. These proteins also mediate a pro-survival metabolic adaptive 

process called mitophagy, which modulates oxidative stress, reactive oxygen species (ROS) 

production and DNA damage [90]. (2) HIF-independent autophagy, induced in anoxic 

conditions (< 0.1% O2), is driven by the AMPK-mTOR and unfolded protein response, both 

triggered by severe cellular nutrition deprivation and accumulation of toxic metabolites not 

cleared due to poor blood flow [90]. In terms of selective autophagy, this process is driven 

by autophagy and degradation of ubiquitinated protein aggregates that are bound by a 

molecule, p62, which tags them for autophagic degradation [91]. The hypothesis is that 

through this process, the tumor cells can target organelles and other proteins associated with 
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oxidative stress and associated damage to the cell, thereby overcoming the secondary effects 

of hypoxia due to anti-angiogenics, a common end goal of adaptive autophagy.

In GBM, anti-angiogenic resistance to bevacizumab has been shown to be driven by BNIP3, 

a hypoxia-inducible factor-1α (HIF-1α) downstream target gene that is essential for 

hypoxia-induced autophagy (as described above). In GBM patient specimens, those that 

were resistant to bevacizumab had a higher level of hypoxia and higher expression of BNIP3 

compared to patient specimen that were pretreated with bevacizumab from the same 

patients. Moreover, pharmacological or genetic inhibition of autophagy in GBM xenograft 

models increased sensitivity to anti-angiogenic therapy with bevacizumab in these 

xenografts suggesting autophagy as potential therapeutic target [92]. At the mechanistic 

level, BNIP3 overexpression leads to autophagy-induced upregulation of AMPK by 

interacting with Beclin-1/Bcl2 complex that activates mediators of autophagy downstream of 

AMPK. Activation of AMPK and HIF-1α pathways serves as an adaptive response that 

maintains energy production in the tumor in the unfavorable hypoxic conditions, thus 

leading to invasive resistance and tumor progression [92,93]. Interestingly, another report 

has shown that the activation of autophagy promotes bevacizumab resistance by suppression 

of mTOR pathway supporting the findings from previous reports [94]. Similar to GBM, in 

hepatocellular carcinoma, upregulation of AMPK and HIF-1α drives anti-angiogenic 

therapy resistance [85], while a recent report showed that bevacizumab treatment of 

colorectal cancers drives autophagy in a HIF-1 dependent manner, that is targetable and can 

enhance the effects of bevacizumab with an autophagy inhibitor [95].

Additional studies have shown autophagy to be a targetable process in perturbing resistance 

and enhancing anti-angiogenic therapeutic effects. A recent report in hepatocellular 

carcinoma found that bevacizumab led to development of hypoxia in the tumor that also led 

to upregulation of Beclin1 and LC3, autophagy-associated genes, and increased 

autophagosome formation. Moreover, in hepatocellular carcinoma xenografts, combined 

treatment of chloroquine, a late inhibitor of autophagy, and bevacizumab was more effective 

at inhibiting tumor growth, enhanced tumor cell apoptosis, and impaired the proliferation of 

tumor cells compared with treatment with either drug alone [96]. Similar results were seen 

in colon cancer models, where pharmacological inhibition with chloroquine and genetic 

inhibition of using RNA interference of Atg5 and Beclin-1, proteins playing a role in early 

autophagy, enhanced bevacizumab efficacy in both normoxic and hypoxic environments, 

while in xenografts, bevacizumab induced hypoxia-driven autophagy and was found to have 

more potentiated effects on tumor proliferation and growth when xenografts were 

concomitantly treated with bevacizumab and chloroquine [97].

Studies in other cancers have revealed alternative molecular underpinnings driving 

autophagy-mediated anti-angiogenic escape. One such finding is in breast adenocarcinoma, 

in which, using ectopic kinase expression screening for tamoxifen resistance, protein based 

assays and cell-based assays, a specific kinase, HSPB8, was identified and was found to be 

upregulated by tumor cells, the role of which was to block autophagy secondary to anti-

angiogenic effects of tamoxifen and induced cell proliferation in the presence of tamoxifen 

via modulation of mTOR pathway [98]. Interestingly, while several different molecules may 

be implicated in autophagy as a resistance mechanism to anti-angiogenic therapy, most of 
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these studies seem to reveal AMPK/mTOR pathway as a critical node where pathways 

promoting autophagy intersect, underscoring the relative importance of this pathway in 

autophagy-mediated anti-angiogenic resistance and pro-survival signals.

At the time of this writing, 22 clinical trials for autophagy inhibitors, primarily, chloroquine 

or hydroxychloroquine, in cancer have either been completed, are open or active in the 

United States (www.clinicatrials.gov) Table 3. Based on the pre-clinical insights above 

suggesting autophagy as a resistance mechanism to anti-angiogenic therapy, of the clinical 

trials studying autophagy inhibitors in cancer, 23% (n = 5) combine autophagy inhibitors 

with anti-angiogenic agents (Table 2) with four of the five involving bevacizumab [99–102] 

and one of the five involving sunitinib [103]. Clinical trials for autophagy inhibitors in 

various cancers without anti-angiogenics can be found in Table 3.

7. Future directions

Autophagy is a high regulated and critical physiological process essential for normal 

functioning of cells and cell survival in stressful microenvironments. Recent studies have 

shed light on the role of autophagy in tumorigenesis and resistance of tumors to anticancer 

therapies like anti-angiogenics. Leveraging this information into translational insights that 

would benefit patients by prolonging the duration of efficacy of anti-angiogenic therapy will 

require overcoming challenges related to autophagy and anti-angiogenic therapy.

Regarding autophagy, while several molecules and genes have been implicated in the 

development of autophagy-mediated anti-angiogenic resistance and may serve as potential 

targets to overcome this resistance, it is imperative to identify more specific targets to avoid 

undesirable adverse effects in the clinic. In particular, it remains to be determined whether 

early versus late inhibitors of autophagy will be best suited to prevent anti-angiogenic 

therapy resistance with acceptable rates of side effects. Once candidate druggable molecules 

are identified, further studies may be needed to identify tumor-specific targets on the 

candidate molecule. For instance, AMPK upregulation has been implicated in anoxia-

induced autophagy in GBM. However, targeting AMPK is impractical as this molecule plays 

a significant role in survival of neurons, glial cells and other cell types in body. To target 

AMPK, it might be feasible for future preclinical studies to focus on identifying 

phosphorylation site alterations and/or more downstream molecules that could be targetable 

in overcoming autophagy-mediated anti-angiogenic resistance. Moreover, simultaneous 

dysregulation of multiple pathways funneling into autophagy makes targeted therapy 

challenging which can be overcome with using combination therapies targeting multiple 

pathways, or a common node to several pathways to prevent any compensatory response to 

anti-autophagy therapies. Additionally, autophagy inhibition will be ineffective because 

physiologic autophagy may be cytocidal, whereas stress-induced autophagy as seen in 

response to chemotherapeutics and anti-angiogenics, may be cytoprotective. In terms of 

autophagy inhibitors, there is a dire need for developing additional therapeutics targeting 

autophagy in the context of bevacizumab beyond chloroquine and hydroxychloroquine, 

given their conflicting treatment effects. While studies have suggested that these agents 

disrupt autophagy in in vivo models [92], several other reports have shown that chloroquine 

may potentiate the effects of autophagy-inducing chemotherapies in a non-autophagy 
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dependent manner [104]. While further investigation of these drugs is warranted in the 

context of identifying sensitive tumors types, temporal onco-genesis stage of optimal 

therapy and optimal genetical profile leading to susceptible tumors, additional targeted 

therapies against autophagy need to be developed that could target autophagy specific 

downstream molecular mediators, proteins involved in regulation of autophagy activation 

and autophagosome formation which have minimal intracellular roles outside of autophagy. 

Moreover, combination therapies that could enhance the effects of autophagy inhibitors, 

chemotherapeutics and anti-angiogenics are imperative to prevent acquired resistance by 

monotherapy. These discoveries have the potential to improve the efficacy of current anti-

angiogenic treatments for malignancies either by identifying new molecular targets or via 

administration of multi-pathway inhibitors and could unravel the full potential of anti-

angiogenic therapies in cancer.

Related to anti-angiogenic therapy, identification of biomarkers predicting when resistance 

to anti-angiogenic therapy is evolving before it becomes entrenched [105] will be crucial to 

enable timely intervention with autophagy inhibitors. Studies will also need to determine 

whether autophagy inhibitors are best used alongside anti-angiogenic therapy from the 

beginning or added to anti-angiogenic therapy when concerns about resistance arise.

8. Conclusion

Autophagy is a highly conversed cellular process that is essential for degradation of 

cytosolic protein aggregates and damaged organelles for cellular homeostasis. This process, 

activated by cellular stress, plays a central role in malignancies and can help tumor cells 

overcome tissue injury due to radiation therapy and chemotherapeutics causing acquired 

chemoradiation resistance. Recent literature revealed autophagy as a mechanism of 

resistance to anti-angiogenic therapy, induced by hypoxia and severe nutrition deficit. While 

several challenges will need to be overcome to translate these insights into therapeutic gain, 

studies to date provide a source of optimism that we may someday be able to prolong the 

efficacy of anti-angiogenic therapy and enable this therapeutic modality to fulfill its promise.
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PDGF platelet-derived growth factor

GBM glioblastoma

mRCC metastatic renal cell carcinoma

TKI tyrosine kinase inhibitors

VEGFR VEGF receptor

TAN tumor associated neutrophils

EPC endothelial progenitor cells

FDA Food and Drug Administration

CMA chaperone-mediated autophagy

LAMP-2A lysosomal-associated membrane protein 2A (LAMP-2A)

Atg autophagy-related proteins

ER endoplasmic reticulum

ULK1 Unc-51-like kinase 1

TFEB transcription factor EB

AMBRA1 activating molecule in Beclin 1-regulated autophagy protein 1

GABARAP γ-aminobutyric acid receptor-associated proteins

PI3P phosphatidylinositol-3-phosphate

PE phosphatidylethanolamine

LC3 Mmicrotubule-associated protein light chain 3

LIR LC3-interacting region

SNAP synaptosomal-associated protein

VAMP vesicle associated membrane protein

STK serine/threonine-protein kinase

ROS reactive oxygen species
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Fig. 1. Adaptive mechanisms of evasion to anti-angiogenic therapy in cancer.
While some cancers may be intrinsically resistance to anti-angiogenic therapy, other tumors 

that are initially responsive may acquire adaptive resistance to anti-angiogenic therapy. 

These established mechanisms of resistance are as follows. Mechanism 1: Activation of 

other pro-angiogenic factors like basic fibroblast growth factor (bFGF), ephrins, placental 

growth factor (PlGF), angiopoietins, or interleukin 8 (IL-8) resulting in tumor vessels to 

replenish (from brown to red). Mechanism 2: Recruitment of bone marrow-derived 

progenitor cells for vasculogenesis. This is mediated by secreted factors such as interleukin 

6 (IL-6) and stromal derived factor-1α (SDF-1α) which recruit bone marrow-derived 

endothelial progenitor cells (EPCs) into the tumor for vasculogenesis and replenishing 

vessels (brown to red). Mechanism 3: Increased pericyte coverage, driven by platelet derived 

growth factor (PDGF), which also nurtures depleted (brown) vessels. Mechanism 4: 

Hypoxia-induced autophagy, mediated by Hypoxia Induced Factor-1α and BNIP3, which 

helps tumor cells thrive in a hypoxic environment. Mechanism 5: Increased invasiveness of 

the tumor, mediated by matrix metalloproteinases (MMPs) and hepatocyte growth factor 

(HGF), which helps tumor cells invade despite depleted (brown) vessels and survive.
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Fig. 2. Mechanisms underlying autophagy-mediated resistance to anti-angiogenic therapy.
Hypoxia results in anti-angiogenic therapy resistance by either selective autophagy (green), 

that is mediated by p62/NBR1, which sequesters targeted protein aggregates for autophagy, 

or by (B) non-selective autophagy (pink), which is mediated by two mechanisms (i) First is 

driven by HIF-1α that activates downstream mediators such as BNIP3. This mediator 

interacts with Beclin-1 and activates downstream autophagy pathways. Alternatively, 

hypoxia-induced mitochondrial stress can lead to autophagy activation. (ii) Second, 

starvation and cellular stress can modulate the Akt/mTOR pathway that can subsequently 

activate the autophagy pathway as an adaptive mechanism. Additionally, hypoxia can 

directly activate AMPK that interacts with the Akt/mTOR pathway and leads to activation of 

autophagy.
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Table 1

Early and Late inhibitors of autophagy from preclinical studies.

Class of Inhibitor Name Targeted Stage of Autophagy Target of Inhibitor

Early Inhibitors 3-methyadine [106]
GSK-2126458 [107,108]
PT210 [109]
Wortmannin [110]

Induction PI3K

Compound 6 [111]
MRT68921 [112]
SBI-0206965 [113]

Induction ULK

Compound 31 [114]
PIK-III [115]
Spautin-1 [116,117]
SAR405 [118,119]
Verteporfin [120,121]
VPS34-IN1 [122]

Phagosome
Nucleation/Autophagosome
Formation

Vps34

NSC185058 [123] Autophagosome Maturation Atg4

Late inhibitors Bafilomycin A1 [124,125,126] Acidification of autophagolysosome V-ATPases

E64d [127,128]
Leupeptin [129]
Pepstatin A [127,128]

Breakdown of endocytosed product Proteases

ARN5187 [130]
Chloroquine [92,131,132]
Clomipramine [133]
Hydroxychloroquine [132,134,135,136]
Compound 30 [137]
Lucanthone [138]
Lys05 [139,140,141]
ROC325 [142]

Breakdown of endocytosed product Lysosomes
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